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ABSTRACT

Geophysical data - primarily magnetic field measurements, bathymetry,
and seismicity data - are presented for the area between New Zealand and
Antarctica from zpproximately 145°W to 155°E, The data are used to determine
the structure of the Pacific-Antarctic boundary, the oceanic part of the
Pacific plate and the area of intersection of the Indian, Pacific and Antarctic
plates.

In the southwest Pacific basin the magnetic anomalies are very clear and
an extensive pattern of anomaly lineations with some offsets is mapped. The
magnetic anomalizs show that the uniform Pacific basin area formed between
about 83 and 63 umybp. The Pacific=Antarctic boundary is shown to differ either
side of about 173°W. To the east it is a relatively uniform aseismic spreading
ridge, offset by some transform faults., West of 175°W, to 161°E, the boundary
consists of a scismically active zone of disturbed bathymetry and magnetic
anomalies striking about N70°W. The zone, the Pacific-Antarctic fracture zone,
probably consists of several fractures striking about N45°W., The area between
the Pacific-Antarctic boundary and the southwest Pacific basin represents the
interval 10 to 55 mybp, and only in the east are anomaly lineations clear.

The Indian-Antavctic-Pacific triple junction is near 61.5°S, 161°E and is a
stable ridge-fault-fault junction; the Indian-Antarctic boundary being the
ridge.

Plate tectonics is applied to the area and the structure is shown to
fit, and be explained by a different rotation pole for each of the major
intervals indicated by the structure, i.e. 0-10 mybp, 10-63 mybp and 63-80 mybp.
The poles, with rotation rates deduced from the magnetic anomalies, are used to
reconstruct the position of New Zealand relative to Antarctica at 80 mybp. The
two continents probably started to separate at close to 83 mybp. The times of
the major changes of structure and plate movement in the area are shown to
coincide with m:jor plate movement changes in the southwest Pacific area and
in the rest of the world.

A new meth.d for determining poles of rotation, based only on enicentre
locations,is presented. The method is applied to independently determine the
Indian-Pacific, Pacific-Antarctic and Indian-Antarctic poles. The poles shcul!!
form a consistent set and they do. The method yields effectively instantaneous
poles, is quantitative, and is applicable to most plate boundaries.

Earthquake magnitude-frequency relationship b values for the plate boun-
daries in the areca are determined. Couwparisons with results from elsewhere
indicate an association of high b with high temperature and conversely.
Several factors which have previously been suggested as determining b value
are shown to not be determinants.

A revised aznd extended magnetic reversal time scale based on model
studies of the southwest Pacific basin anomalies is presented. Other model
studies indicate that a magnetized layer thickness of at least 2 km is probable.
Variations of anomaly amplitudes are studied.

A detailed study of the application of numerical correlation techniques
to magnetic anomalies is presented. Tt is concluded that horizontal scale
variations and discontinuities in profiles can be critical. Methods for .over-
coming some of the problems, and for determining quantitative error estimates,
are given. The methods, and conclusions, are applicable to any correlation
problem.
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PREFACE

SCOPE OF THE THESIS WORK

Geomagnetic studies of the seafloor between New Zealand and Antarctica
have been carried out by various New Zealand groups since 1958. Christoffel
(1§6la, b) was the first to present magnetic anomaly profiles and as more
data were collected they were analysed by Adams and Christoffel (1962) and
Christoffel and Zoss (1965). .Ross (1966) completed a preliminary analysis
of all the data available up to and including 1965. Most of the data were
between 165°E ani 180°. The amount of magnetic data in that area has more
than trebled since 1965; mainly through a research programme of the Physics
Department of Victoria University of Wellington, operating from the New
Zealand Navy Antzrctic resupply vessel HMNZS Endeavour. This thesis is a
part of that res2zarch programme. Data from several other sources are included
and the study exends over a large area of the southwest Pacific.

The primary data are magnetic field measurements, but bathymetry and
seismicity data are also used extensively. The data are used to investigate
the crustal structure and tectonic history of the oceanic area between New
Zealand and Antarvctica, between approximately 145° and 155°E. (See Fig. 0.1
in Vol. 2). The major results are presented in a magnetic anomaly map for
the area 45° to 70°S, 145°W to 155°E. With the work of Herron (1971) east of
lSOOW, and Weisszcl and Hayes (1972) west of 1650E, the map presented here
completes prelim nary magnetic coverage of the southern oceans from 70%W to
100°E.

The initial intention was to concentrate on the southwest Pacific basin
between 165°E and 180°., The work of Christoffel, Adams, and Ross in part of
that area had shown that there was a pattern of lineated magnetic anomalies.
Additional data ware available, and more could be obtained as the area was
accessible from EMNZS Endeavour. It was of interest to study the area in
detail, especially as Vine (1966) had pointed out that the magnetic anomaly
pattern was similar to that off the west coast of the U.S.A. The data of
Pitman et al. (1968) subsequently indicated that the lineations west of 180°
were part of an extensive pattern, which east of 180° extended from the
New Zealand continent to the Pacific-Antarctic ridge. Their data, and addi-
tional unpublished data, were made available by Lamont-Doherty Geological
Observatory and the analysis was extended to all of the southwest Pacific basin
south of the Chatham Rise and west of 150°W. The extension to 150°W compli-

ments the work of Herron (1971) which covers the area east of 150°W.




The increasing success of plate tectonics as a unifying and predictive
theory indicated that broadening of the study beyond the southwest Pacific
basin would be useful, The Pacific-Antarctic ridge system is the boundary of
the Pacific and Antarctic plates (see Fig. 0.2, Vol. 2) and to understand the
southwest Pacific it was necessary to consider data at least to the Pacific-
Antarctic boundary in some detail. Magnetic and bathymetric data for the
boundary from 145°W to 160°E are analysed. A preliminary examination of data
south of the boundary has also been carried out. To investigate the western
end of the Pacific—Antarctic boundary a special study was made of the area near
60°S, 160°E where the Indian, Antarctic and Pacific plate intersect. This
study is complemented by the work of Weissel and Hayes (1972), Christoffel and
R.F. Falconer (1973), and others, in which large extents of the Indian-
Antarctic and Indian-Pacific boundaries are examined.

In the course of the study of the area several specific studies which
have more general applications have been carried out. These specific studies,
which are described below, are a significant part of the whole study.

The primary data for the whole study are magnetic anomalies, and the
analysis of these data is very dependent on correlation of anomaly profiles.
Recognition of the difficulties of visual correlation led tc a study of numerical
correlation methods. The methods were applied to the southwest Pacific basin
anomalies but the conclusions of the study are relevant to any correlation
problem.

The magnetic anomalies in the southwest Pacific basin were also used in
a study of the origin of the magnetic anomalies. The results obtained are
relevant .uv other oceanic areas.

The seismicity data for the area were compiled to supplement the magnetic
and bathymetric data., This led to two special studies which utilise the
seismicity of the Macquarie ridge complex portion of the Indian-Pacific boundary
and all of the Pacific-Antarctic and Indian-Antarctic boundaries. One study
is an analysis of earthquake magnitudeéfrequency relationships for the plate
boundaries in the area and comparison of the results with other oceanic plate
boundaries. The other study presents a new method for determining poles of
rotation, with applications of the method to the Indian-Antarctic, Pacific-
Antarctic and Indian-Pacific poles. The method is applicable to other plate

boundaries.

THESIS FORMAT

There are ten chapters. Chapter . presents background material assumed
in subsequent chapters. Chapter 2 is a review of previous work in the area.

Chapter 3 describes the sources, reliability and methods of reduction of the



basic data. Chapter 4 presents the data, and from it a detailed description
- of the structure of the area. Chapter 5 is a study of the application of
numerical correlation techniques to magnetic anomaly profiles. Chapter 6
presents magnetic anomaly model studies. Chapter 7 is a study of earthquake
magnitude-frequency relationships. Chapter 8 presents a description and
applications of a new method of determining poles of rotation from epicentres.
Chapter 9 draws on the previous chapters to present a discussion of the tec-
tonic development of the southwest Pacific area. Chapter 10 is a very brief
review with comments on possible future work. The material in chapters 5, 6
and 7 is not central to the description of the structure of the area, and
could be omitted at a first reading,

Preliminary accounts of some of tﬂe work have been presented in
Falconer (1972, 1973a, b) and Christoffel and R.K.H. Falconer (1972, 1973).
All the material in those papers is presented more fully here, with some
revisions where additional data have led to reinterpretation of preliminary
conclusions. The papers will therefore not be referred to repeatedly. Copies
of them are cont:ined in the pocket at the rear of Vol. 2.

A significant amount of the information is presented in diagram form.
For the reader's convenience all the diagrams are in Vol. 2, while all the
text is in Vol. 1. The diagrams are numbered with respect to the chapter
in which they are first referred to, e.g. Fig. 5.3 is the third figure of
Chapter 5. Three large diagrams are contained in the pocket in the back of
Vol. 2, but reduced copies of them are in with the other diagrams.

Appendices zre at the end of Vol. 1, numbered and lettered with respect
to the éh?pter to which they apply, e.g. Appendix 6B is the second appendix

for Chapter 6. Tigures for the appendices are at the end of Vol. 2.
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CHAPTER 1

THE SEAFLOOR : OBSERVATIONS AND THEORTES

This chapter presents background material that is assumed in subsequent
chapters. An introduction (1.1) is followed by descriptions of the major
morphologic features and crustal structure of the oceanic areas (L2 Y
Then major theories concerning the evolution of the crust (1.3) and some

extensions of these theories (1.4) are discussed. A footnote follows (1,.5).5

1.1 INTRODUCTION

In the last two decades there has been a tremendous increase in the
knowledge of the oceanic areas of the earth. Probably the most important
conclusion from the new knowledge is that there is a great unity in the struc-
ture of the seafloor. Magnetic anomaly patterns in the South Atlant~c are
virtually identical to those south of Australia (Heirtzler et al., 1968).
Paleomagnetic reversal sequences in deep sea cores from the Scotia Sea are
the same as those from the North Pacific (Opdyke, 1972). Earthquake first
motion patterns from the North Atlantic are just like those from the Indian
Ocean (Sykes, 1968). Gravity anomalies across the Japan Trench are very
similar to those off Chile (Hayes and Ewing, 1971). Many other examples
could be given. There is also much diversity in the oceanic areas and it
is probable that this diversity contains many clues to a better understanding
of the development of the earth's structure. It is therefore useful to know
as much as possible about different areas of the earth.

This study is a contribution on one area, the southwest Pacific. The
area cannot be fully understood in isolation from the rest of the earth and
throughout this study facts and theories concerning other areas have
consciously, and unconsciously, been used to a large extent. It is therefore
necessary to briefly discuss some of the knowledge and theories of the struc-
ture of the earth. The discussion that follows concentrates on aspects which
are most important to this study. Consequently most of it concerns oceanic
areas, and even then concentrates on particular topics. The literature on
all these topics is now extensive and the references given are frequently to

the more recent papers which refer also to earlier work.

VICTORIA UNIVERSITY OF WELLINGTON



1.2 MORPHOLOGY AND CRUSTAL STRUCTURE OF THE SEAFLOOR

1.2.1 General

The most obvious classification of the earth is into areas of land and
areas of ocean. The latter cover 71% of the earth's surface (Wyllie, 1971).
However many of the land masses are surrounded by shallow shelves which
structurally are more properly considered part of the land area. This
reduces the oceanic areas of the earth to 63% of the total area (Menard and
Smith, 1966). There is a basic difference in elevation and crustal structure
between the continental (land) areas and oceanic areas; and the transition
between the two areas is relatively abrupt. Seismic refraction results
(Raitt, 1963; James and Steinhart, 1966) and earthquake surface wave studies
(0Oliver and Dorman, 1963) show that the thickness of the crust is 30-40 km
in continental areas but only 6-7 km in oceanic areas (Fig. 1.1).

The oceanic crust is not a single layer but consists of several layers
which are defined primarily from compressional wave velocities (Fig. 1:1)s
Not all the layers are always present but the crustal structure of undisturbed
oceanic basins is remarkably uniform and can be considered as "average"
oceanic crust (Ludwig et al., 1971). It has the following structure.

Firstly one or more layers of sediment, whose thickness is controlled by

many factors but ranges from several kilometers to virtually zero. Then a
basement layer (Layer 2) of velocity'averaging 5 km/sec. The range of

Layer 2 thicknesses is 1-6 km but most results are between 0.8 km and 2 kn
(Shor et al., 1971a). In some areas two or more component layers are observed
in Layer 2 (Den et al., 1969; Talwani et al., 1971). Beneath Layer 2 is
Layer 3 which has an average velocity of 6.8 + 0.3 km/sec and an average
thickness in the basins of about 5 km. Layer 3 is termed the oceanic layer
and Menard (1967a) considers that the essential characteristic of oceanic
crust is that it contains this layer. The crust/mantle boundary is defined by
the Mohorovicic discontinuity (Moho) below which compressional wave velocities
are greater than 7.8 km/sec. The Moho lies at deptls between 10 and 13 km
below sealevel in ocean basins.

A knowledge of the morphology and crustal structure of the major features
of the seafloor has been central to all theories on the evolution of oceanic
areas. Heezen and Menard (1963), reviewing the topography of the seafloor,
considered that there are three main morphologic divisions: continental
margin, ocean-basin floor, and mid-oceanic ridge. Each division is subdivisible
and there is a certain amount of overlap. There are also features which do not
readily fit into the main divisions. Details of the major features are dis-

cussed in following subsections, but first a comment on geophysical techniques.



1.2.2 Geophysical techniques

The techniques used for investigating the structure of the oceanic areas
will not be reviewed here. They have been fully discussed in many publica-
tions, in particular in Volumes three and four of The Sea (Hill, 1963;
Maxwell, 1971). An important new development not discussed there is the deep
sea drilling project which provides the ability to drill and sample all of
the sedimentary layer and at least the upper part of the basement layer of
the seafloor.

Deep sea drilling has yielded several important results relevant to the
interpretation of results from the primary techniques of investigating
oceanic sedimentary deposits i.e. seismic reflection profiling (Hersey, 1963)
and sonobuoys (Houtz et al., 1968; Le Pichon et al., 1968). Seismic
reflections show only interfaces across which the acoustic impedance changes
and they provide no direct evidence of sediment age. Deep sea drilling
has shown that (1) Prominant continuous reflectors may not be isochron
surfaces as previously thought (Fischer et al., 1970; Ewing et al., 1970;
JOIDES 1971a). (2) There may be substantial changes in lithology and
major time discontinuities which are undetected by seismic profiling
(Kennett et al., 1972; JOIDES, 1973a,b). (3) Sediment at the seafloor
may be more than 50 million years old (JOIDES, 1973d), which is dramatic
confirmation of the previously recognized importance of bottom water currents
as an erosional process (Ewing et al., 1969; Le Pichon et al., 1971b;
Watkins and Kennett, 1972). These results have to be kept in mind when

seismic reflection records are discussed.

1.2.3 Continental Margin

The continental margin consists of the areas associated with the tran-
sition from continent to ocean floor. There are two general types of margin.
(1) the Atlantic type; consisting of continental shelf, continental slope and
continental rise which merges into the oceanbasin; and (2) the Pacific type;
that typically has a narrow continental shelf, then a continental slope which
goes into a trench, beyond which is the ocean basin (Heezen and Menard, 1963).

The continental shelf varies in width from O to 1500 km, averaging
78 km. Gradients on the shelf average 1:1000 and the outer edge is usually
delineated by a sharp increase in gradient to the continental slope. The
depth of the shelf break averages 133 m but ranges from 20 to 550 m (Menard
and Smith, 1966). Where geophysical and direct sampling data coverage is

good the continental shelves are found to be similar to their adjacent land



mass (Ludwig et al., 1971). The mejority of continental shelves are of
Guilcher's (1963) "constructional subsiding" type, which is characterised by
a subsiding shelf capped with thick continental sediments (Ludwig et al.,
1971).

In some places there are shelf-like features at depths greater than the
continental shelf and separated from the regular shelf by a scarp or low con-
tinental slope. Heezen et al., (1959) have termed these features marginal
plateaus but some examples are referred to as terraces (Hayes and Conolly,
1972) . Notable examples are the Malvinas (Falkland) Plateau (Lonardi and
Ewing, 1971) and the Blake Plateau (Pratt and Heezem, 1964). The marginal
plateaus usually have crustal structure similar to the adjacent continental
shelf (Ludwig et al., 1971). They are generally only associated with Atlantic
type continental margins.

There are several independent shelves separate from the continents and
the large ‘continental) islénds such as Madagascar. These independent
shelves are not large and rangc in depth from shallow, e.g. Rockall Bank
(Jones et al., 1972) and the Seychelles (Davies and Francis, 1964) to more
than 1000 m, e.g. Agulhas Plateau (Laughton et al., 1971) and South Tasman
Rise (Hayes and Conolly, 1972). Geophysical and direct sampling data (e.g.
Davies and Francis, 1964; Jones et al., 1972; JOIDES, 1973c) indicate that
they are continental.

The continental slope is effectively the outer edge of the continental
block (Worzel, 1965). Gradients on the slope range from near vertical to
1:40, and the steepness makes it difficult to determine the crustal structure
of the slope. Recent geophysical results (e.g. Luyendyk and Phillips, 1970;
Hayes and Ewing, 1970; Talwani and Eldholm, 1972, 1973; Scrutton and du
Plessis, 1973) indicate that the structure is more complex than previously
thought (e.g. Worzel, 1965). There may be subsided continental crust under
the slope, and the continental-oceanic crust boundary may be marked by buried
or partly exposed ridges with deeper basement landward.

The continental rise of an Atlantic type margin is a transition area
between the steep continental slope and the flat ocean basin. The rise area
is discussed further later, as from its crustal structure it is more approp-
riate to consider it part of the basin.

The trenches which characterise the Pacific type margins reach depths of
more than 10 km and are mostly less than 100 km wide. Gradients on the land-
ward walls range from 1:10 to near vertical. The seaward walls are usually
not so steep and often exhibit benches indicative of faulting (Fisher and
Hess, 1963; Hayes and Ewing, 1971). The floors of some of the trenches are



flat due to the presence of undisturbed turbidite deposits (Scholl et al.,
1970; Hayes and Ewing, 1971). The nature or even existence of sediments
landward of the trenches is difficult to determine. Small amounts of ponded
sediment are not infrequent (Hayes and Ewing, 1971) but substantial sediment
deposits have been detected only off Japan (Ludwig et al., 1966) and the
Aleutians (JOIDES, 1971c; Holmes et al., 1972; von Huene, 1972). Highly

disturbed incoherent sediment would be hard to detect with present techniques.

1.2.4 Mid-ocean Ridge

The most prominent feature of the oceanic areas is the mid-ocean ridge
system, which covers 33% of the deep ocean floor (Menard and Smith, 1966).
The existence of a continuous world-encircling ridge was postulated in the
late 1950's on the basis of sparse bathymetric and earthquake epicentre
data (Heezen et al., 1959). Subsequent work has verified its existence and
Heezen (1969) pointed out that not a single gap has been proven throughout
its more than 50,000 km length. The Australian-Antarctic discordance (Hayes
and Conolly, 1972) may now be an excepticn to Heezen's (1969) statement that
no fundamental local or regional variations have been found in the essential
characteristics of the ridge.

Earthquake epicentres are associated with the axis of the ridge system
and the general continuity of the ridge through the Arctic, Atlantic, Indian
and Pacific oceans is readily seen from epicentre maps (e.g. Fig. 0.2).
Topographically the ridge is approximately triangular in crossection. The
depth of the axis varies between 1000 m and 3300 m but is usually between
2300 and 2800 m (Sclater et al., 1971; Anderson et al., 1973). In some
areas, particularly the Atlantic and southwest Indian oceans, the axis is
marked by a rift up to 2000 m deep, and the ridge flanks have relief up to
1500 m. Elsewhere the triangular crossection is remarkably uniform with
relief less than a few hundred meters (Heezen and Ewing, 1963; Heezen, 1969).

At the axis of the mid-ocean ridge sediment thickness is virtually zero
(Ewing and Ewing, 1967, 1971). It increases outward from the axis with most
of the sediment on the flanks being of pelagic origin. Ponding in hollows
and current scour produces some smoothing of the flanks (Ewing et al., 1969;
Keen and Manchester, 1970) but flat topography is not generally found until
the distal margins of the abyssal plains.

The upper surface of Layer 2, the basement layer, is exposed at the
sediment free areas of the ridge. The thickness at the axis of the basement
layer is roughly inversely proportional to the spreading rate of the ridge

(see later), and there does not appear to be much change in thickness away



from the axis (Menard, 1967b; Shor et al., 1971a). The thickness at the axis
of the oceanic layer, Layer 3, ranges from zero on slow spreading ridges

(e.g. North Atlantic) to 4-5 km on fast ridges (e.g. East Pacific Rise).

Away from the axis the oceanic layer everywhere thickens to an average of
about 5 km (Le Pichon et al., 1965; Shor et al, 197la).

Seismic activity clearly delineates several branches from the main mid-
oceanic ridge system (Fig. 0.2). Of these branches the Chile ridge (Herron
and Hayes, 1969), Galapagos ridge (Raff, 1968; Herron and Heirtzler, 1968)
and probably the Southwest Atlantic ridge (Morgan and Johnson, 1970) are
similar to the main ridge system in structure and tectonic nature. The
Macquarie ridge (Hayes and Talwani, 1972) and the Azores-Gibralter ridge
(Krause and Watkins, 1970; Laughton et al., 1972) are also seismicly active
branches but their morphology is complex and they are not tectonically part

of the mid-oceanic ridge system (see later).

1.2.5 Ocean basins

The deep ocean basins occupy approximately 40%Z of the oceanic area
(Menard and Smith, 1966) but it may be misleading to specify an area because
there is a continuous transition from the mid-ocean ridge to the deep basins
which flank the ridge. The transition to the continental margin is usually
more marked.

In areas accessible to sedimentg from the continents there are usually
flat abyssal plains with gradients less than 1:1000; the flatness being due
to the horizontal nature of turbidity current deposits (Hamilton, 1967a).
Elsewhere the basins consist of abyssal hills which have relief ranging
from a few meters to 500 m (Heezen and Menard 1963); and the only cover over
the basement is pelagic sediment usually less than 300 m thick (Ewing and
Ewing, 1971). In areas where detailed surveys have been done the abyssal
hills are found to be elongate parallel to the ridges they flank (Moore and
Heath, 1967; Menard and Mammerickx, 1967; Naugler and Rea, 1970).

The major accumulations of sediment in oceanic areas are in continental
rises and basins adjacent to Atlantic type margins (Ewing and Ewing, 1971;
Ewing et al., 1973). The continental rises are essentially sedimentary
aprons consisting of highly stratified sections, occasional slump structures,
and a general pattern of layers thickening landward. Sediment thicknesses
up to 5 km are observed at some margins (Houtz and Markl, 1972). The increase
in sediment thickness toward the margin is partly due to increasing depth to
the top of the basement. The basement often has a similar outline to the

trenches of the Pacific type margins which has led Worzel (1965),



Ludwig et al., (1971), and others to suggest that the continental rise is a
sediment-filled trench, and that the Atlantic and Pacific type margins are
basically similar. However there are Atlantic type margins with thick sedi-
ment at which there is no depression of the basement (Houtz and Markl, 1972;
Houtz and Davey, 1973).

The upper surface of the basement layer is usually just as rough under
the sediment cover of the basins as it is where it is exposed on the ridges
(Ewing and Ewing, 1971). Where the deepest reflector observed is relatively
smooth it may represent very low viscosity basalt flows (Vogt and Johnson,
1973) but more probably it represents not smooth basement but highly reflec-
tive layers of chert or ash interbedded with sediment (Houtz et al., 1970;
Vogt and Johnson, 1973).

1.2.6 1Island arcs and marginal basins

The term island arc as now used generally implies a morphologic feature
consisting of hoth a trench not associated with a continental margin and an
arc structure. The latter consisting of one or more ridges made up of active
or inactive volcanoes (Karig, 1970). Some island arecs are arcuate but others
are linear and the term arc does not imply any specific shape. The island
arc trenches are similar to those associated with Pacific type continental
margins (Hayes and Ewing, 1971). On the opposite side of the arc from the
trench there is a basin. These basiﬁs, termed marginal basins (Menard, 1967a;
Karig, 1971) have depths equal to or less than typical ocean basins. Most of
them are of oceanic crustal structure in that they have the oceanic Layer 3,
although they often have irregular Layer 2 structure (Menard, 1967a;

Shor et al, 1971a,b).

1.2.7 1Islands and Seamounts

A seamount may be defined as a more or less isolated elevation of the
seafloor of circular or elliptical plan with at least 1 km of relief and
comparatively steep slopes (Menard and Ladd, 1963). All are considered to
be of volcanic origin (Heezen and Menard, 1963). Evidence of current volcanic
activity has been detected for some seamounts (Kibblewhite, 1966; Johnson,
1970), but the majority are relicts of previous activity. If the islands
associated with island arcs and microcontinents (e.g. Seychelles) are
excluded, oceanic islands may be considered special cases of seamounts.

Some islands are associated with the mid-oceanic ridge, e.g. Azores,
Ascension, Prince Edward and St. Paul; but most rise from the ocean basins.

Seamounts (and isiands), unlike abyssal hills, are not randomly distributed.



Many of them occur in approximately linear chains. The most notable examples
are the Hawaiizn Islands and the Emperor seamount chain but numerous other
examples can be seen on charts. In some cases the chains rise from a low
rise, which presumably is a result of piling up of material from the
volcanoes (Mensrd and Ladd, 1963). Other chains consist of relatively iso-

lated seamounts rising directly from the ocean floor.

1.2.8 TFracture Zones

Fracture zones are long, narrow zones of irregular topography. Their
topography can consist of elongate troughs, large steep ridges, scarps, sea-
mount lineations, and combinations of all of these (Menard and Chase, 1971;
Van Andel, 1971). Different regional depths are often characteristic of the-
two sides of a fracture zone (Menard, 1964). Where they intersect the mid-
oceanic ridge they usually mark offsets in the axis, and deep troughs with
depths as great as those in the deep basins may occur (Heezen et al., 1964a,b;
Heezen and Nafe, 1964; Matthews et al., 1967). Away from the mid-ocean
ridge fracture zones are most commonly indicated by narrow ridges up to
3 km high (Menard and Chase, 1971; Herron, 1971; Rea and Naugler, 1971).
but troughs also occur (Erickson et el., 1970; Collette and Rutten, 1972).

1.3 MAJOR THEORIES

The major itheories which are central to present understanding of the
evolution of the earth'svcrust are continental drift, seafloor spreading and
plate tectonicaz. A fourth newer concept, plumes, is likely to become a
major theory but it is probahbly fair (if conservative) to say that it has not
yet achieved the status of the other theories. All the theories are inter-

related but it is easiest to describe them in historic sequence.

1.3.1 Continental drift

The term continental drift is used to describe the concept that the
continents may formerly have been in different positions relative to their
present positions. Serious scientific debate about the concept dates from
the early twentieth century. Wegener (e.g. 1929) was the first major advocate
and he received strong support from Taylor (1910), du Toit (1927; 1937) and
others. The main lines of evidence were paleoclimatology, paleontology, the
geometrical fit of the continents, and the match of stratigraphy and trun-
cated structures across the oceans. Much of that type of data was and still.
can be (Meyerhoff and Meyerhoff, 1972a) considered equivocal. However the
main objection concerned the mechanism of drift. Jeffreys (1924, 1959)



showed that the rigidity of the crust was such that the continents could not,
as had been suggested, "sail through the oceans'. He, and others, considered
that lack of a suitable mechanism for continental drift was a fundamental
objection, and the concept did not achieve widespread support until after
interest in the debate revived in the late 1950's with the advent of paleo-
magnetic studies (Takeuchi, et al., 1970).

The essence of paleomagnetic methods is that the direction of remanent
magnetization im suitable rock samples can be used to estimate the positioh of
the magnetic pole at the time the rock formed (Runcorn, 1962). Two assumptions
are inherent. (1) The mean geomagnetic field has always been dipolar.

(2) The rocks used acquired a magnetization which was closeiy parallel to the
direction of the field at the time of their formation and which has been
retained unchanged since.

A wide variety of experimental results indicate that provided suitable
precautions are taken the assumption of stable magnetisation is valid (Creer,
1970). The dipole field assumption is more difficult to verify (Stehli 1968,
'1970). The magnetic field is not axially symmetric or completely dipolar
today (Vestine, 1967). However it appears that when averaged over a few thou-
sand years the field during at least the last 20 million years (hereafter my)
has been approximately that of an axial dipole (Irving, 1964; Opdyke and
Henry, 1969) although not necessarily a geocentric dipole (Wilson, 1971;
McElhinny, 1973b). For earlier periods the evidence is more indirect:

(1) There are theoretical reasons for believing that the field would always
be closely axially symmetric (Bullard and Gellman, 1954; Lilley, 1970).
(2) Internal consistency of paleomagnetic results argues strongly for a
dipole field (Rumcorn, 1962; Irving, 1964; Creer, 1970). (3) A recent
spherical harmounic analysis of paleomagnetic data (Benkova et al., 1973)
indicates that the field has been dipclar since the Mesozoic.

The specific contribution of paleomagnetism to the continental drift
debate is data for the position of the magnetic pole with respect to different
continents at various times. TFor any one continent the pole positions delineate
a regular path with time. If this is interpreted as movement of only the pole
the paths for different continents would be the same (Runcorn, 1956). The
paths are similar but they diverge from each other going back in time. The
logical conclusion is that the continents have moved relative to each other
(Runcorn, 1962)., Furthermore the movements suggested are compatible with the
continental drift suggested from other data (Runcorn, 1962; Irving, 1964;
McElhinny, 1973b).

There are now reasonably good polar wander curves for most continents

(Runcorn, 1965; Creer, 1970; McElhinny, 1973b) and with care it is possible
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to reconstruct the former positions of the continents at various times entirely
from paleomagnetic data (Francheteau and Sclater, 1969; McElhinny and Luck,
1970). Fine detail in the movements of the continents is not usually deter-
minable but broad constraints can be placed on their positions at major inter-
vals, e.g. Permian, Jurassic, Cretaceous. Unfortunately there is virtually

no data for the movements during Tertiary times (McElhinny, 1973b).

Despite some opposition (Beloussov 1968a,b, 1970; Meyerhoff and Meyerhoff
1972a, b) continental drift is now widely considered to be a proven fact, but
in the early 1960's there was much less certainty, mainly because of the diffi-
culties of a suitable mechanism (Jacobs et al., 1959). Convection in various
forms had been suggested (e.g. Holmes, 1931; Griggs, 1939) but it was the
seafloor spreading concept which provided the first wide acceptance of the

plausibility of continental drift,

1.3.2 Seafloor spreading

The concept of seafloor spreading formulated by Hess (1962) and Dietz
(1961) arose through attempts to explain the known structure of the seafloor.
The basic principles of the concept as expressed by Hess (1962) are as
follows. (1) The mantle is convecting. (2) The convecting cells have rising
limbs under the mid-ocean ridge and mantle material comes to the surface on
these ridges. (3) The continents are carried passively on the mantle with
convection and do not plow through oceanic crust, but their leading edges are
deformed when they impinge upon downward moving limbz of convecting mantle.
(4) The cover of sediments on the seafloor "ride down into the jaw crusher of
the descending limb are metamorphosed and eventually probably welded onto
continents". (5) The ocean basins are impermanent features, and the continents
are permanent, although they may be torn apart or welded together and their
margins deformed. Even if an ocean basin is assumed to be old the seafloor
itself may be much younger as the older seafloor can have descended back into
the mantle at a downwelling site - usually assumed to be a trench.

It is not now considered that the oceanic crust is directly part of the
convecting system or that the convecting cells are tied to ridge axes (see
later), but otherwise the basic principles stated above are still assumed.

Many facts of oceanic crustal structure are explained by-the concept.
(1) Hot mantle material upwelling at the ridge axes readily explains the high
heat flow near the mid ocean ridge (approximately eight times that of the
basins (Langseth and von Herzen 1971)). (2) The uniform thickness of Layer 3
is explicable if its base represents a present or past isotherm at which a
temperature and pressure reaction occurred. Any of the suggested reactions

for the production of Layer 3 would take place in the high temperature regions
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of the mid-ocean ridge (Hess 1962, 1965; Cann, 1968, 1970; Vine and Moores,
1972) and as seafloor spreading carries the crust away the reaction boundary
is frozen in. (3) The lack of the very thick sediment that would have been
expected in permanent ocean basins is explained by the impermanent nature of
the basins. (4) The now well known pattern of sediment thickness being zero
at the ridge axis and increasing outward is just what would be expected with
seafloor spreading from the axis.

Deep sea drilling results have provided widespread confirmation that as
predicted by scafloor spreading the maximum age of the sediment increases away
from the ridge axis (Fischer et al.,, 1970; Maxwell et al, 1970; Van Andel,
1972). This is convincing support for the concept of seafloor spreading but
even prior to deep sea drilling very convincing support had come from the study
of oceanic magnetic anomalies. That Hess should formulate his hypothesis
without any reference to them may today seem surprising but in the early 1960's
there was only a small amount of magnetic data available (Heezen et al.,

1953; Mason, 1958) and no ready explanations for it (Bullard and Mason, 1963).

It was Vine and Matthews (1963) who first clearly stated the hypothesis
which has become fundamental to the interpretation of marine magnetic anomaly
data. Details of the hypothesis will be discussed more fully in subsequent
sections and chapters but briefly the principles are as follows. New crustal
material forms at the axis of the mid-ocean ridge and becomes magnetized in
the direction of the earth's field at the time at which it cools through the
Curie temperature. Seafloor spreading moves the cool material laterally away
from the ridge axis and new material upwells., If the earth's magnetic field
periodically reverses as spreading continues successive strips of crust
paralleling the ridge will be alternately normally and reversely magnetized.
Provided remanent magnetization is more important than induced magnetization
the alternately magnetized blocks produce an increase or decrease in the
ambient field, thus producing linear anomalies.

At the time Vine and Matthews stated their hypothesis seafloor spreading
was a relatively new concept and there was no proof of its validity, the
importance of remanent magnetization was not widely appreciated, and the
existence of reversals had only just been recognized (Wilson, 1962). The
acceptance and proof of the Vine and Matthews hypethesis has been a gradual
process so it is probably not surprising that three important corollaries of
the hypothesis appear to have come into widespread use without a single clear
statement of their existence (See Appendix 1A for a bibliographic note).

These corollaries are as follows:
(1) TIdentical anomaly profiles at different places imply that the sea-

floor at those places is of the same age.
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(2) 1If the reversal dates are known the seafloor can be dated from
magnetic anomalies,

(3) If the seafloor age is known reversal dates can be determined from
magnetic anomalies.

The first one: identical anomalies imply identical ages follows from
the fact that reversals are a world wide phenomena hence all the seafloor
formed at any one time has the same polarity. As the seafloor spreads it
records the field reversals in taperecorder fashion and all seafloor formed
during the same time interval irrespective of where it is on the earth contains
the same taperecording. Consequently the anomalies observed in different
areas will be the same if the areas formed at the same time., The age of the
areas does not need to be known for it to be possible to say that they are of
the same age, all that is required is the same anomalies. Of course the
reversal sequence, hence magnetic anomaly sequence, has to be sufficiently
unique so that 1t can be assumed that it would not have occurred more than
once in time,

The second corollary: reversal dates known, seafloor age determinable,
also relies on a unique sequence of anomalies. If the dates of all the
reversals in a particular time interval are known it is possible to calculate
the magnetic anomaly profile that would be observed over seafloor that had
formed by seafloor spreading at a chosen rate during the time interval.

If an observed anomaly profile matches the calculated profile it is legitimate
to say that the seafloor beneath the observed profile formed during that time
interval. Then the age of the seafloor at a point of the profile can be
determined. The use of a time interval is important as without several
reversals it is not possible to have a sequence which can be matched with a
reasonable degree of uniqueness.

The third corollary: seafloor age known, reversal dates determinable,
depends on the assumption that the anomalies observed over a section of sea-
floor are produced by a sequence of normally and reversely magnetized blocks.,
Not all anomalies need originate this way, especially if there are contrasts
of topography or crustal structure, but the assumption is useful in
relatively uniform areas. The positions of the boundaries between the normal
and reverse blocks are chosen such that a model profile calculated from the
blocks fits the observed profile. The age of the seafloor at the block
boundaries then defines the date of the field reversals.

In practice all the corollaries are often used in an intertwined fashion.
The literature contains many examples of their use but some more important
ones are as follows. Vine and Wilson (1965) used reversal dates determined

by Cox et al. (1963) from continental lavas to show that the magnetic
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anomaly pattern either side of the Juan de Fuca ridge was what would be
expected. This was the first confirmation of the Vine and Matthews hypothesis.
Vine (1966) and Pitman and Heirtzler (1966) identified the same anomaly pattern
over other ridges and used known reversals during the last 3.5 million years
before present (hereafter mybp) to determine spreading rates across several
ridges. Pitman and Heirtzler (1966) assumed uniform spreading at the East
Pacific rise and from the anomalies deduced reversal dates for the last 10 mybp.
Vine (1966) went further and calibrated an anomaly sequence in the northeast
Pacific back to 80 mybp. He also observed that similar anomalies, hence
similar age seafloor could be seen south of New Zealand and in the northeast
Pacific., Heirtzler et al. (1968) and many others have identified similar
anomaly patterns throughout most of the oceans. Heirtzler et al. (1968)
have tabulated the dates of reversals for the last 75 mybp which will simulate
the observed anomalies, Minor revisions to these dates have been given by
Talwani et al. (1971) and others. Deep sea drilling results (Maxwell et al.
1970; Van Andel 1972) have provided general confirmation of the Heirtzler
et al. reversal scale, which was based on a twenty fold extrapolation.
Larson and Pitman (1972) have correlated magnetic anomaly lineations in
seQeral areas in the northwest Pacific with the north Atlantic and used deep
sea drilling dates to date the lineations as 110 to 150 mybp. These are the
oldest anomalies to which dates have been assigned. As yet undated anomaly
lineations exist in the southeast Pacific (Herron, 1971).

Many more examples could be given. The impact of magnetic anomaly
studies on the seafloor spreading concept has been very significant, and
coupled with deep sea drilling results has provided virtual proof of seafloor
spreading. There are some difficulties with the original concept as expressed
by Hess and Dietz if the mantle convection is assumed to take place right up
to the seafloor. However the new concept of plate tectonics avoids the diffi-
culties inherent in simple seafloor spreading and provides an even more complete

understanding of the structure and evolution of the earth's crust.

1.3.3 Plate Tectonics

The concept of plate tectonics is an extension of the ideas of continental
drift and seafloor spreading. The key elements were set out by McKenzie and
Parker (1967) but Morgan (1968) formalized the concept. The basic assumption
is that the earth's surface can be considered to be a mosaic of rigid plates,
the boundaries of which are determined by present-day tectonic activity.

Fig. 0.2 shows that large areas of the earth are aseismic; these areas are

the rigid plates. Most of the seismicity is concentrated in narrow belts,
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which mark some of the boundaries between the plates. There are three types
of boundary (Fig. 1.2)

(1) Extensional, where plates move apart and new crustal material
emerges.

(2) Compressional, where plates move towards each other and material is
either absorbed or compressed.

(3) Pure slip, where plates slide parallel to each other and surface
material is neither created nor destroyed .

The assumption of rigid plates permits the use of a geometrical framework
for describing the motion of the plates. A rigid plate on a sphere can be
moved to any other orientation by a single rotation about a properly chosen
axis through the centre of the sphere. This means that the relative motion
between any two plates can be described by an angular velocity vector. The
direction of the vector is specified by the point at which the axis of rota-
tion cuts the surface of the earth. The point is referred to as the
rotation pole. The magnitude is specified by the angular speed, referred to
as the rotation rate. Details of the methods for determining the rotation
vectors are given later but briefly they are as follows.,

The position of the rotation pole for two plates can be determined from
a knowledge of the direction of motion at two or more points on the boundary
between the plates. The rotation rate can be determined from the rate of
motion at one or more points. It is also possible to determine the angular
velocity vector for two plates without any data from their boundary. This is
possible because the angular velocity vectors describing plate motions add
vectorially. If the roiation vector w(a,b) is known for plates A and B, and
w(b,c) is known for B and C then the vector for A and C, w(a,c), is given by

vector addition.

w(a,b) + w(,c) + w(c,a) =0 e Pl

and w(a,c) = - w(c,a)

Any number of terms can be included in equation 1.1 so it is possible to
use circuits involving more than three plates. Morgan (1968) and Le Pichon
(1968) illustrate examples with up to five terms.

The power of plate tectonics is that it is a theory which is able to
make predictions. If the pole of rotation for two plates is known it is pos-
sible to predict the direction of motion at any pecint on their boundary.

If in addition the rotation rate is known the rate of motion at any point can
be determined. The vectors of relative velocity between two plates must lie

along small circles about the rotation pole. If the boundary between two
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plates is along a small circle only pure slipping motion will occur and the
boundary will be a strike-slip fault. If the boundary crosses a small circle
either compression or extension will occur, which one depending on the sense
of rotation (Fig. 1.2). Thus in principle it is possible to use data from

one area of the world to predict quantitatively what is happening in another

area.

Le Pichon (1968) was the first to exploit the predictive nature of plate
tectonics, He subdivided the earth into only six plates so that with the
available data from five plate boundaries he could determine all possible
interactions. He was then able to calculate relative velocities at boundaries
for which he had no data. Isacks et al. (1968) discussed global seismicity
data in terms of plate tectonics. In particular they showed that directions
of motion given by slip vectors deduced from the earthquake focal mechanism
studies of Sykes (1967) and others agreed with the directions predicted by
Le Pichon. Boundaries where pure slip was predicted had strike-slip focal
mechanisms and were generally areas of known strike-slip faults. Boundaries
where extension was predicted were mid-ocean ridge axes where seafloor
spreading was occurring. Boundaries at which compression was predicted were
either fold mountains or trenches., The fold mountains were where continental
crust was compressed against continental crust. The trenches were where
oceanic crust was involved: the island arc trenches where the compression
was oceanic-oceanic, the Pacific type continental margin trenches where it
was oceanic-continental compression (Fig. 1.3)..

The plates are defined by the tectonic activity that defines their boun-
daries, not from the distribution of continental or oceanic crust. Many
plates contain both continental and oceanic areas (Fig. 0.2). However the
two types of arust do behave differently. Intermediate (70-300 km) and deep
(300-700 km) earthquakes at trenches indicate that the oceanic parts of a
‘plate are going down as a rigid slab (Oliver and Isacks, 1967) - the plate is
being "subducted". The lower density of the continental crust prevents it
being subducted and when it is under compression only intense folding occurs.
Thus the permanence of continents in Hess's (1962) seafloor spreading concept
is clearly retained in plate tectonics, and his impermanence of oceanic crust
arises from removal of the crust in subduction zones.

The crust as defined by the Moho is only the upper part of the rigid
plate. The plate is considered to comsist of all of the rigid outer part of
the earth below which is a low strength asthenosphere. Attenuation of seismic
waves and travel time residuals at trenches indicate that the down going plate
is 75-100 km thick (Oliver and Isacks, 1967; Davies and McKenzie, 1969;
Aggarwal et al., 1972). Global velocity studies (Kanamori and Press, 1970;
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Press, 1970) indicate that the base of the lithosphere is at 70-80 km'in
oceanic areas and up to 150 km in continental areas. It is the whole of the
lithospheric layer which is considered to move as a rigid plate. Although the
plate thickness of 70-100 km is substantial some plates are up to 10,000 km
long so they are really very thin.

A major difficulty in the original seafloor spreading concept was
that the seafloor at the mid-ocean ridge was assumed to be the upper
surface of a convection cell. The ridge axis is frequently offset to
form short sections of spreading ridge and it is very difficult to
suggest a plausible pattern of convection currents which will fit the ridge
configuration (Heirtzler, 1968). Plate tectonics alleviates the problem as
any convection is assumed to take place below the rigid plate and no corres-—
pondence between ridge axis and convection cell is required. The question of
whether material upwells passively at ridges because plates are pulled apart
or whether it forces them apart is an open question (Morgan, 1972b), but the
addition of new material at the mid-ocean ridge is regarded as a plastering
onto the vertical side of a sideways moving slab (Sclater and Francheteau,
1970; McKenzie, 1972a) rather than the earlier idea of the rolling over
of a rising limb of a mantle convection cell.

Plate tectenics incorporates all the ideas of seafloor spreading except
the details of convection, and it provides a much greater understanding of
global tectonics., However it provides only a kinematic description of the
plate movements. It does not answer the question of what drives the plates.
Various driving mechanisms have been discussed by, for example, Hales (1969),
Jacoby (1970), Elsasser (1971) and Neluon and Temple (1972). Convection in
the upper mantle has featured in most mechanism discussionc but it usually
presents some difficulties. A new concept of convection plumes from the lower
mantle may permit a dynamical description of plate motions, and the hot spots
associated with plumes may also provide information on the absolute movements
of the plates. If so the usefulness of the concept of plate tectonics will

be even greater than it is now.

1.3.4 Mantle plumes and hot-spots

The Hawaiian Islands are a long linear volcanic chain the age of which
gets progressively older to the northwest. This is explicable if the Pacific
plate is moving north westward over a fixed source of volcanism (Wilson, 1965).
Other chains of islands and seamounts, and aseismic ridges, that get older
away from presently active volcanic sources also can be explained if the litho-
spheric plates are moving away from or over fixed volcanic sources (Wilson 1963,

1965; Morgan, 1971). The trajectories of four major volcanic lineations in
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the Pacific fit a simple rotation of the Pacific plate about a pole, which
indicates that the sources are fixed with respect to each other (Morgan, 1972a).
Similar analysis for other volcanic chains indicates that the positions cf

most of the sources are fixed with respect to each other. These sources are
now referred to as mantle hot-spots (Morgan, 1971).

The primary criterion for selecting the locations of the active hot-spots
is recent volcanism not associated with island arcs. There are more than 20
hot-spots (Morgan, 1972a) the majority of which are in oceanic areas and near
spreading axes. Many of them are associated with positive regional gravity
anomalies, which led Morgan (1972a,b) to suggest that the hot-spots are the
surface expressions of deep mantle plumes roughly 150 km in diameter extending
from the lower mantle. The rising material in a plume spreads out in the
asthenosphere producing stress on the base of the lithospheric plates. Order
of magnitude estimates show that the stresses could have a significant
influence on plate motions.

There is increasing interest in the concept of plumes and hot-spots
especially as a means of further explaining some of the changes in earth
structure that have been deduced from continental drift, seafloor spreading,
and plate tectonics. It is difficult to definitely showvthat the plumes are
stationary with respect to the mantle (McElhinny, 1973a,b) but if they are they
provide a valuable reference frame for determining absolute plate motions
(Dietz and Holden, 1970; Morgan, 1972a,b). The lifetime of an active plume
may be of the order of tens of millions of years and the formation of and
decay of plumes could be the cause of major changes of plate motions., The
location rf plumes with respect to plate boundaries could control the symmetry
of seafloor spreading. The ivitiation of a plume under a continent could

provide the forces required to start continental drift.

1.4 DETAILS AND EXTENSIONS OF THE MAJOR THEORIES

In this section some particular topics that arise from the major theories

described above are discussed.

1.4.1 Plate boundaries, triple junctions, and continental margins

The boundaries of the plates assumed in plate tectonics are defined by
tectonic activity. The terminology usually used for the three types of boun-
dary is as follows

(1) Pure slip boundaries are referred to as fault boundaries.

(2) Compressional boundaries are referred to as trenches, irrespective

of whether they are morphologically trenches or fold belts.
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(3) Extensional boundaries are referred to as ridges. The extensional
areas which have been postulated in marginal basins (Packham and Flavey, 1971;
Karig, 1971) are not included in the ridge definition as unlike ridges they are
not narrow sites of extension.

Earthquake activity is associated with virtually all of the plate boundaries,
the only significant exception being sections of spreading ridge with half-
spreading rates greater than 3 cm/yr (Barazangi and Dorman, 1969).

Three plates may meet at one point, referred to as a triple junction
(McKenzie and Morgan, 1969). The intersecting boundaries can be of any type
and this leads to the classification of triple junctions in terms of the inter-
secting boundaries. For example the intersection of a ridge and two transform
faults would be a ridge-fault-fault junction. In general the position of the
junction moves relative to at least one of the intersecting plates. The move-
ment can produce substantial changes in tectonic activity in an area, especially
if one of the plate boundaries is a continental margin (McKenzie and Morgan,
1969; Atwater, 1970).

The two types of continental margin discussed in section 1.2.3 are clearly
distinguished in plate tectonics (Fig. 1.3). The Atlantic type margin is a
boundary between continental and oceanic crust and there is probably also some
change in plate thickness across it, but it is not presently the site of any
relative movement - it is not a plate boundary. The Pacific type margin,
characterized by a trench, is a plate boundary. It is where an oceanic plate
is being subducted under a continent, The similarities of the trenches of
island arcs and Pacific type margins are easily understood in plate tectonics
as both are subduction zones. The Atlantic type margins are consideied to have
originally been rift boundaries formed by the break-up of a continental mass
(Dewey and Bird, 1970). The deepening of the basement at some Atlantic margins
is then not a filled trench but is a consequence of the original rifting
(Houtz and Markl, 1972; Sleep 1972). Where there is no basement deepening
the initial movement may have had a large component of slip (Le Pichon and

Hayes, 1971; Houtz and Markl, 1972).

1.4.2 Transform faults

Wilson (1965) recognized the continuity of the active tectonic belts of the
earth's surface and he discussed how the three tectonic types: mid-ocean
ridges, mountains (and trenches), and major faults with horizontal movement,
were transformed from one to another. He introduced the tern transform fault
for the ‘ault which links ridge and ridge, ridge and trench, or trench and

trench. Examples of each type are shown in Fig. 1.2.



19

Transform faults have a special place in plate tectonics. Usage df the
term transform fault is often loose but in this study it is taken to mean a
boundary at which the relative velocity vector is parallel to the boundary,
i.e. the motion is pure slip with no components of extension or compression,
Earthquake focal mechanisms would indicate pure strike-slip motion. As an
example Fig. 1.4 shows a plate boundary along which a ridge (AB) is transformed
into a trench (DE). The section BC is a transform fault, but the section CD is
not because the direction of motion is not parallel to the boundary.

The term transform fault also needs to be clearly distinguished from the
term fracture zone. Fracture zone is a morphological term (section 1.2.8) but
it is also used for a line across which a feature is offset. Fig. 1.5 shows
two ridges linked by a ridge-ridge transform fault (AB). The anomaly lineations
produced by the two ridges are offset along A'B' so A'B' defines a fracture
zone. Sections AA' and BB' are referred to as inactive fracture zones because
there is no relative movement along them. Motion takes place only along AB
which is an active fracture zone., The term transform fault implies relative
motion and so applies to only the section AB. Earthquake activity would occur

only along the ridges and the transform fault.

1.4.3 Orthogonality of ridges and fracture zones

The active fracture zones on ridge boundaries can be identified from tho
offset of the topographic axis of the ridge, the offset of anomaly lineations,
and seismicity. Tocal mechanism studies of earthquakes on the fracture zones
(Sykes, 1967; Tobin and Sykes, 1968; Banghar and Sykes, 1969) almost invariably
indicate pure strike-slip motion. The active fracture zonecs are thus transform
faults. It appears to be generally true that wherever a ridge axis is offset
the active fracture zone and the ridge axis are orthogonal. Since the direction
of spreading is parallel to the relative velocity vector the orthogonality of
the axis and the fracture zone implies that the spreading directicen is perpen-
dicular to the ridge axis. This is not a necessity within the concept of plate
tectonics as there is no geometrical reason why an oblique ridge couldn't exist.

Nature tends to minimise the total dissipation of energy so the prevalence
of orthogonal ridges and transform faults indicates that that is a minimum
energy configuration. Analysis of the dynamics of the configuration (Lachenbruch
and Thompson, 1972) shows that friction per unit length on a transform fault must
be less than the tensile resistance per unit length on a ridge. This suggests
that boundaries will tend towards a configuration that minimizes the length of
ridge axis. If a change in plate motion makes an existing spreading boundary

oblique, or a new oblique spreading boundary forms, the boundary will readjust
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into a series of short offset ridge sections. If the forces at ridge boundaries
exert a significant influence on plate motions the preference for the minimum

"length of spreading ridge may partly dictate the patterns of plate motionm.

1.4.4 Symmetry of spreading

It is often stated that all magnetic anomalies are symmetrical about the
ridge axis thus indicating that seafloor spreading is symmetrical. However
magnetic anomalies south of Australia indicate differences of up to 30% in
the spreading rate either side of the ridge (Weissel and Hayes, 1971, 1972), and
asymmetry is also evident elsewhere (Herron, 1971; Barker, 1972).

Morgan (1972a) argued that symmetrical spreading indicated that material
upwelled passively at the ridge axis due to ridges being pulled apart. '
However he concluded later (Morgan, 1972b) that "we do not know whether rises
are characterised by compressive stresses aiding the plate motion or by temsile
stresses acting as a brake to plate motion". He argued (1972b) that the impor-
tant factor is the temperature distribution., The lithosphere strength is
strongly temperature-dependent so the plates always break at the hottest point,
which will be where the previous material was injected. If the temperature dis-
tribution is symmetrical the seafloor spreading will be symmetrical. Morgan
(1972b) suggests that symmetry will be best maintained if the material being
added at the surface is drawn from shallow depths. Symmetrical spreading will
then occur when one plate is fixed and the other plate and the ridge move
(Fig. 1.6a) and when the two plates move apart from a fixed ridge (Fig. 1.6b).
However if the rising material is strongly coupled to the lower asthenosphere
(a plume?) symmetrical spreading will occur if both plates move (Fig. 1.64d)
but not if one plate is fixed (Fig. 1.6c).

The question of asymmetry is important when data are available for only one
side of the spreading centre. For example Larson and Chase (1972) have suggested
that some Mesozoic anomalies mapped in the central Pacific were formed at the
Pacific-Antarctic ridge. On the assumption of symmetrical spreading they then
suggest that up to 10,000 km of crust has been underthrust beneath West
Antarctica or South America. If so it could have great significance for the
structure of those areas. However if asymmetrical spreading occurred no under-

thrusting need have taken place.

1.4.5 Topography and age

Mid-ocean ridges exibit a correlation between age and depth, depth increasing
with age. Fig. 1.7 shows that many of the ridges have similar depths for the
same age. The depth of the axis varies between 1000 m and 3300 m throughout the
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oceans but all ridges spreading faster than 4.0 cm/yr have axial depths

greater than 2600 m. Axial depths less than 2000 m occur only on ridges
spreading at less than 2.0 cm/yr (Anderson et al., 1973). Irrespective of the
depth of the axis the depth at 10 mybp is close to 1000 m below the axial depth.
Almost all ocean basins older than 80 mybp have mean depths between 5500 and
6000 m (Sclater et al., 1971; Andersen et al., 1973).

A good match to observed topography can be obtained with models of an
isostatically compensated lithospheric slab moving away from the ridge axis.
The increasing depth being due to thermal contraction as the slab cools
(McKenzie and Sclater, 1969, 1971; Le Pichon and Langseth, 1969; Sclater
et al., 1971). The agreement with theory has led to widespread use of an
empirical depth~age curve (Sclater et al., 1971) as a means of estimating the
age of seafloor from topography alome. Places where the active ridge crest may
have jumped to a new location have been identified this way (Sclater et al.,
1971; Herron, 1972). Changes in spreading rate or cessation of spreading
leading to steps in topography have also been elucidated (McKenzie and Sclater,

1971; Anderson and Sclater, 1972; Kasameyer et al,, 1972),

1.4.6 Determination of rotation vectors

There are several different methods for determining the rotation pole and
the rate of rotation for two plates, but all methcds depend on two basic gco -
metrical principles of plate tectonics: (1) The direction of relative movement
is along a small circle about the rotation pole; (2) The rate of relative move-

ment varies as the sine of the distance from the pole, i.e.
v(B) = Vi sin(0) e T2

where v(0) is the velocity at arc distance 6 from the pole and . is the
maximum velocity given by v,o=we radius of the earth; w being the angular
rotation rate.

In general to determine rotation vectors, rates and directioms of relative
movement at various points are required. A direction can be determined from the
slip vector of an earthquake focal mechanism solution or the strike of a fault
or fracture zone, If the latter are used they must be active and pure strike-
slip (Harrison, 1972a, 1973). The only rates of motion usually used are rates
of spreading determined from magnetic anomalies at ridges. Rates determined
from earthquakes (Brune, 1968) are mot much better than order of magnitude
estimates.

The simplest method for determining the rotation pole uses the fact that the

perpendicular to a velocity vector is a line of longitude to the pole.
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Knowledge of the slip vector at two or more points enables the pole to be

found from the intersection of the longitudes. The first two '"plate tectonics
papers" (McKenzie and Parker, 1967; Morgan, 1968) used this method.

Le Pichon (1968) introduced a more quantitative method which uses the differences
between observed directions and directions calculated with an assumed pole
position. The pole position is varied and the position which minimizes the
differences is taken as the rotation pole.

With any method once the pole position is known the rotation rate w can in
theory be found using equation 1.2 with data from only one point on the boundary.
A best fitting rate from several points is preferable.

The rotation pole and the rotation rate can be found at the same time from
data of rates of movement (Le Pichon, 1968). The rate at a known direction at
several places is required and the method is similar to that using only direc-
tions except that the maximum rate of movement is also a parameter to be varied.
The method is very sensitive to the value of the maximum rate.

Pitman and Talwani (1972) have described a method based on rotation an
anomaly lineation on one side of a ridge about a trial pole until it is super-
imposed on the same anomaly on the opposite side of the ridge. Some fracture
zones are requived for constraints. The rotation rate is determined by the
age of the anomaly and the angle of rotation.

McKenzie and Sclater (1971) and Chase (1972) have developed numerical
methods in which directions and rates are used at the same time. Chase's method
provides a simultaneous solution of the rotation wvectcrs for any n interacting
plates. It requires data from at least n-1 boundaries. He has obtained a
solution using eight plates, The method yields the optimum set of vectors so

it is possible that the vectors found will be such that
w(a,b) + w(b,c) = w(a,c) SR L

does not hold exactly.

A new method for determining the rotation pole will be given in Chapter 8.

1.5 ACKNOWLEDGEMENT OF ASSUMPTIONS

In the following chapters geophysical data from the southwest Pacific
area will be presented and discussed. A conscious effort has been made to
separate the description of the data from the interpretation of the data but
that is not always possible. In this chapter the basic principles of continental
drift, seafloor spreading, and plate tectonics have been described. In cuhsequent

chapters these basic principles are assumed to be valid.
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CHAPTER 2

AN INTRODUCTION TO THE SOUTHWEST PACIFIC AREA

This chapter is an introduction to the area studied, based mainly
on previously published results. An introduction (2.1) is followed by
details of specific areas: the southeast New Zealand plateau (2.2),
Antarctica (2.3), Macquarie ridge complex (2.4), Alpine fault (2.5),
Tasman basin (2.6), southeast Indian ocean (2.7), south Pacific east of
150°W (2.8), and the southwest Pacific west of 150°W (2.9).

2.1 INTRODUCTICN

The interpretations of the structure of the southwest Pacific area pre-
sented in this thesis have been influenced by, and are dependent on, previous
work both in the area studied and in the surrounding areas. It is therefore
appropriate to briefly review published results for the whole southwest
Pacific area. The review will serve as an introduction to the primary area
of study and will describe current knowledge of the surrounding areas. Recent
results are included but it should be borne in mind that not all of the
results were available when some of the interpretations presented later were
made. For example the seismic reflection profiles in the southwest Pacific
basin were not available when the magnetic anomaly data were being interpreted;
and the major publicationé on the southeast Indian ridge were not available
when a part of that ridge near the triple junction was studied.

The main features of the whole southwest Pacific area are shown in
Fig. 0.1 and the primary area of study in Fig. 2.1. To facilitate the dis-
cussion the following gross simplification of the structure of the area is made.

The New Zealand continent extends southeast of subaerial New Zealand in
the form of the Campbell plateau and Chatham rise. South and east of the con-
tinent is the southwest Pacific basin which is bounded on the south by the
Pacific-Antarctic ridge system. A complex ridge and trough system, the
Macquarie ridge complex, extends south of New Zealand to about 60°S, 160°E,
where it meets the western end of the Pacific-Antarctic ridge system and the
eastern end of the southeast Indian ridge system. Oceanic basins separate the
Pacific-Antarctic and southeast Indian ridge systems from the Antarctic con-
tinent, which includes the Ross Sea area.

In terms of plate tectonics the area comsists of parts of the Pacific,
Antarctic and Indian plates (Fig. 0.2;. They intersect near 60°S, 160°E.

The Pacific-Antarctic boundary is the axis of the Pacific-Antarctic ridge

system. East of 180° it is a relatively simple active ridge with some ridge-
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°, to the triple junction it is a broad

ridge transforms, but from 6508, 180

fractured zone - the Pacific-Antarctic fracture zone. The Indian-Pacific

boundary from the triple junction to New Zealand is the Macquarie complex

and is predominamtly a transform fault. The boundary continues through

New Zealand, the relative motion becoming pure subduction further north in

the Tonga-Kermadec arc. The Indian-Antarctic boundary is the axis of the

southeast Indian ridge system. It extends west of the triple junction in a

series of active east-west ridge sections offset by north-south transforms.
Details of specific parts of the southwest Pacific area are given in the

following sectioms, but there are fuller discussions of particular data and

interpretations at relevant places in subsequent chapters.

2.2 THE SOUTHEAST NEW ZEALAND PLATEAU

The New Zealand plateau consists of subaerial New Zealand and the
surrounding generally flat areas that are elevated above the abyssal ocean
floor (Brodie, 1964). It includes the Lord Howe rise and Norfolk ridge north-
east of New Zealand,and the Chatham rise and Campbell plateau to the southeast.
The two latter are of most interest here.

The Campbell plateau is an extensive area mostly 500 to 1000 m deep.

This is deeper than typical continental shelves and a low continental slope
separates the plateau from the <200 m deep shelf adjacent to southeast

New Zealand. The area can be considered a marginal plateau. Surface wave dis-
persion studies (Adams, 1962) indicate a crustal thickness of 17-23 km, which
is significantly less than the typical continental thickness, 30-40 km, of

New Zealand (Thouwson and Evison, 1962). The geology of the islands oa the
plateau, and numerous dredge samples indicate that the plateau is petrologi-
cally continental (Summerhayes, 1969; Fleming, 1969). Seismic reflection
profiles (Houtz et al., 1967) reveal relatively undisturbed sediments, up to

1 km thick in the centre but thinning towards the edges.

The plateau is considered to consist of a basement of Permo-Jurassic
schists and greywackes similar to those of New Zealand, overlain by upper
Cretaceous-Tertiary sediment (Houtz et al., 1967; Summerhayes, 1969). Deep-
sea drilling at site 277 (Fig. 2.2) did not reach basement but penetrated
470 m to mid-Paleocene (60 mybp) sediment. There was virtually no sediment
younger than 30 mybp, which suggests that an erosion surface which is wide-
spread over the Campbell plateau (Summerhayes, 1969) may reflect a major
increase in bottom water velocity over the area in the late Cenozoic (Carter
and Landis, 1972; JOIDES, 1973d).

The western margin of the plateau is the steep Auckland slope. Post-

depositional faulting of sediments (Houtz et al., 1967, 1971) and some low
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level seismic activity (Adams, pers comm 1973) indicates slight tectonic
activity. The other margins of the plateau are relatively undisturbed
(Houtz et al., 1967). The southeastern margin, here referred to as the
Campbell slope, is moderately steep with gradients up to 1:4. Seismic reflec-
tion profiles (Fig. 2.3) show that the oceanic basement does not dip down at
the margin. JOIDES site 275 on the Campbell slope (Fig. 2.3, profile B)
yielded upper Cretaceous sediment within 15 m of the surface. Site 276 at
the foot of the slope indicated Eocene or older sediment at the surface.
Neither site reached basement. These JOIDES results confirm the important
erosional effect of the strong western boundary current that sweeps the
eastern side of the Campbell plateau and Chatham rise (Reid et al., 1968;
Warren, 1973).

The Bounty trough forms the northern margin of the Campbell plateau.

The trough is an unusual seafloor feature in that it is a transition from
shoreline to deep ocean basin that extends over a much longer distance than
normal (Krause, 1966). In the upper part of the trough there are sediment
thicknesses of 1.5 km or more, the deeper parts of the sedimentary column
being crumpled (Houtz et al,, 1967, 1973). The trough probably acts as a
channel for turbidity currents, which have deposited 1 km of turbidite
deposits at the seaward end between the Campbell plateau and the Chatham
rise (Houtz et al., 1967; Ewing et al., 1969).

The Chatham rise is shallower than the Campbell plateau and has a more
ridge-like structure. It consists of a Permo-Jurassic schist and greywacke
basement, overlain by Tertiary sediments (Cullen, 1965; Houtz et al., 1967;
Austin et al., 1973). The northern slope of the Chatham rise is ver; linear
but the southern slope is more irregular. At the base of the south Chatham
slope beyond the Bounty trough, basement pinnacles or ridges are present
(Fig. 2.3, profile D). The eastern end of the rise (Fig. 2.3, profile E)
is much less steep than any of the other margins of the Campbell plateau or
Chatham rise.

There is considerable interest in the relationship of the Campbell plateau,
Bounty trough, and Chatham rise to each other, and to New Zealand. The main
geological trends within New Zealand form an inverted S-shape (Wellman, 1956;
Fleming, 1969), the southern end of which strikes offshore in the southeast of
the South Island (Fig. 2.4a). A structural break at the western end of the
Chatham rise (Krause, 1966; Houtz et al., 1967) and the intermediate crustal
thickness of the Campbell plateau (Adams, 1962) suggests that the plateau and
rise are not completely continuous with New Zealand. Cullen (1967a) has pos-
tulated a fault just off the east coast of the South Island (Fig. 2.4a) with
the Chatham rise being a displaced continuation of the South Island schigt axis.
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Such large horizontal displacement is not supported by the continuation of
the Southland syncline magnetic structures to at least 300 km offshore
(McMullen, 1967). Fleming (1969) extends the South Island structure onto the
Chatham rise without finite displacement but with pronounced curvature

(Fig. 2.4a). Wellman (1973b) prefers to link the Southland syncline with
east-west magnetic trends on the northern Campbell plateau (Ross, 1966;
McMullen, 1967).

The east-west trend of the offshore structures is generally considered
(e.g. Fleming, 1969; Griffiths, 1971; Wellman, 1973b) as having arisen from
anticlockwise rotation of the Campbell plateau-Chatham rise area with respect
to New Zealand (Fig. 2.4). However Austin et al., (1973) have proposed the
opposite rotation, with the Chatham rise formerly against the east coast of
the North Island. All models consider the Bounty trough to be an extemsional
feature formed by relative separation of the Chatham rise and the Campbell
plateau.

The major orogenic activity associated with the formation of the
Campbell plateau and Chatham rise is believed to have been complete by the
end of the Rangitata orogeny in mid-Cretaceous times (Fleming 1969, Suggate
1972). Since then the area has been characterised mainly by slow subsidence
and continuing sedimentation (summerhayes, 1969). Pliocene volcanic activity
on Chatham, Campbell and Auckland Islands (N.Z. Geol. Survey, 1972), and
Quaternary activity on the Antipodes Islands (Cullen, 1969b) could be related
to similar activity in the southeast of the South Island, but it probably does
not indicate major tectonic activity. The times of various proposed rotations
and/or translations of Campbell plateau and Chatham rise with respect to
New Zealand range from pre mid-Cretaceous (Fleming, 1969) to late Cretaceous-
early Tertiary (Cullen, 1970; Austin et al., 1973). Most authors consider
that the Bounty trough had formed before the end of the Cretaceous, and that
no major tectonic activity has taken place within the southeast New Zealand

plateau since then.
2.3 ANTARCTICA

The Antarctic continent can be considered two separate regions; east
Antarctica - mainly in east longitudes, and west Antarctica - mainly in west
longitudes. Surface wave dispersion studies, reviewed by Adams (1972a), and
seismic and gravity data (Woollard, 1962) indicate that the crustal thickness
of east Antarctica is 35-45 km, while that of west Antarctica including the
Ross shelf is 25-35 km. Geologically (Adie, 1962; Hamilton, 196'b) east
Antarctica is a stable pre-Cambrian shield area bordered on the west by the
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Paleozoic orogenic belt of the trans-Antarctic mountains. The western side of
these mountains is usually considered to be the boundary between east and west
Antarctica. West Antarctica is smaller, younger, and has had a more complex
tectonic history than east Antarctica. It may comsist of several large,
separate blocks,

Relative movement between east and west Antarctica and/or rotation of
blocks within west Antarctica has been suggested by, for example, Schopf (1969),
van der Linden (1969), Cullen (1970), and Hayes and Ringis (1973). The move-
ments, mostly pre-Tertiary, have been proposed mainly to accommodate continental
reconstructions based on geology or seafloor spreading. Paleomagnetic data,
reviewed by McElhinny (1973b), provide some support for relative movements.
Different paleomagnetic pole positions from various parts of west Antarctica
suggest that several separate regions are involved, not necessarily related
to east Antarctica. The data are too few to permit reliable determinations
of the relative movements, but movements do not appear to have been great
since the upper Cretaceous.

There is a complete absence of tectonic earthquakes in Antarctica (Evison,
1967; Adams, 1972b) which suggests, but does not prove, that currently there
is no movement between east and west Antarctica, and no plate boundaries in
Antarctica. However there is active and recent volcanic activity at several
places on the Victoria Land coast (western side of the Ross Sea) and Cenozoic
volcanism in Marie Byrd Land, West Antarctica (Hamilton, 1967b). The former
could be related to past, or incipient, movements between east and west
Antarctica; tha latter could be related to former movements within west
Antarctica or subduction of material produced at the Pacific-Antarctfc ridge.
There is no evidence of any recent subduction.

The part of Antarctica that is of most interest to this study is the
Ross Sea area, the coast to the east (Marie Byrd Land), and part of the coast
to the west (Wilkes Land). Little is known of the continental margin off
Marie Byrd Land but the presence of thick, gently dipping turbites in the
Pacific-Antarctic basin indicates that the margin has been tectonically inactive
for some time (Ewing et al., 1969; Houtz et al., 1973). On the Wilkes Land
margin there are no geophysical data for 170°E to ISOOE, but further west
seismic reflection and sonobuoy data reveal that the oceanic basement of the
south Indian basin dips steeply towards the margin (Houtz and Markl, 1972).
Sediment thickness in the continental rise reaches 6 km, with the basement
at least 9 km below sealevel even at 150 km from the continental margin -
the nearest to the slope that its depth is known. On both the Wilkes Land
and Marie Byrd Land coasts the depth of the continental shelf break is
200 to 700 m, which is deeper than in most areas of the world.
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The Ross shelf, with a mean depth of about 500 m (Houtz and Davey, 1973)
is also deeper than many continental shelves, but it is interesting to note
that its depth is similar to that of the Campbell plateau. All the available
data indicate that the Ross shelf is continental: crustal thickness about
30 km, no appreciable magnetic anomalies (Adams and Christoffel, 1962; Ross,
1966; unpublished data), marble and gneiss basement at deepsea drilling site
270 (Fig. 2.2) (JOIDES, 1973c), basement velocities typical of continental
areas (Houtz and Davey, 1973), and gravity anomalies compatible with continental
structure (Davey, pers comm 1973). Iselin Bank, which extends northward at
180°, is probably also continental but data are lacking to establish that it
is structurally continuous with the Ross shelf proper. .

The margin of the Ross shelf can be divided into two parts (Houtz and
Davey, 1973). West of Iselin Bank the margin is complex with several basement
ridges and the oceanic basement depth not exceeding 4.5 km (Fig. 2.5, profile
F). East of Iselin Bank the continental slope and rise are relatively gentle
due to a wedge of sediment up to 4 km thick (Fig. 2.5, profile G). Houtz and
Davey consider that this profile shows a rift-like structure and major down-
fault of the basement. They note that no similar rift is seen off the Campbell
plateau, which may once have been adjacent to the eastern Ross shelf, and they
suggest that either the faulting occurred after separation or the marginal rift
remained at the Ross shelf margin. Interpretation of the tectonic history of
the margin is very dependant on the details of any Antarctica-Campbell plateau

reconstruction.

2.4 MACQUARIE RIDGE COMPLEX

Hayes et al. (1972a) introduced the term Macquarie ridge complex for the
complex ridge and trough structure that extends southward from southeast
New Zealand to a connection with the Pacific-Antarctic and Indian-Antarctic
ridge systems near 61.5°S, 161°E (Fig. 2.1). The complex consists of a narrow
discontinuous topographic high, the Macquarie ridge, and several flanking
trenches and elongate deeps.

Simplified bathymetry of the area is shown in Fig. 2.6 and some repre-
sentative bathymetric and magnetic profiles in Fig. 2.7. The two major struc-
tural elements of the complex are the ridge and the deeps. The relative
positions of these delineate four sections.

(1) A northern section, New Zealand to 5193, where a prominent trench, the
Puysegur trench, lies to the west of the ridge (Fig. 2.7, profile A).

(2) A central section, 51°S-56°S, where the Macquarie trench lies to the
east of the ridge (profile B). '
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(3) A southern section, 56°S to about 6008, where the arcuate Hjort trench

is west of the ridge (profile D). In this section the ridge is less pro-
nounced than further north. It branches eastwards and does not extend as
far as 60°S.

(4) South of 60°S to about 61.5°S. This section is not considered in the
Macquarie complex by Hayes and Talwani (1972) but it will be shown in later
chapters that it is part of the Indian-Pacific boundary and should be included
in discussions of the complex. It is characterised by a trough that strikes
SSE from near the southern end of the Hjort trench.

The Macquarie ridge area has attracted a lot of attention recently and
in only the last six years at least 40 papers have appeared which discuss
detail some aspect of the area. Hayes and Talwani (1972) have pointed out
that most studies have been confined to limited portions of the area or have
treated only one or two geophysical properties. This has led to differing
conclusions on the nature of the complex. It has been considered a mid-ocean
ridge (e.g. Ewing and Heezen, 1956; Kibblewhite and Denham, 1967), an island
arc (e.g. Summerhayes, 1967, 1969; Cullen, 1967b) and a transform fault ‘
(e.g. Christoffel, 1971; Houtz et al., 1971).

The concept of plate tectonics has been important to the recent discussions
of the area. The complex is seismically active and it delineates the southern
part of the Indian-Pacific boundary (Fig. 0.2). There have been several deter-
minations of the Indian-Pacific pole position (see later) all of which put it
less than 20° east of tie complex. They all predict that the dominant motion
on the complex is right lateral strike-slip motion. Focal mechanism studies
(Sykes, i967; Banghar and Sykes, 1969; Johnson and Molnar, 1972) indicate
this type of motion, and also some thrust motion of the Pacific plate over the
Indian plate.

All the earthquakes on the complex are reported as shallow, but in the
southwest of New Zealand (Fiordland) there are earthquakes down to 140 km
(Hamilton and Evison, 1967; Smith, 1971). These intermediate earthquakes,
the presence of the Puysegur trench, pronounced gravity anomalies off Fiordland
(Hayes and Talwani, 1972; Woodward, 1973), and the Quaternary andesite vol-
canism of Solander Island at the head of the Solander trough, have led to
suggestions that the northern part of the complex and Fiordland is a subduction
area. The Fiordland seismic zome dips to the southeast which is not in accord
with northeastward motion predicted by the Indian-Pacific rotation vector.
Christoffel and van der Linden (1972) and Hayes and Talwani (1972) have dis-
cussed several solutions to this conflict. Hayes and Talwani prefer to
consider that the area is not a subduction zone but merely a boundary where

oceanic plate is slipping past continental plate.
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The "trenches" and deeps that are a part of the complex are all narrower
than typical trenches, and only Macquarie trench east of the central part of
the ridge has any sediment in it. Deep troughs are common in active fracture
zones and plate tectonics suggests that the complex is primarily a major frac-
ture zone., The "trenches" could all be fracture zone features rather than
subduction features.

Christoffel (1971) has used finite rotations about the Indian-Pacific
pole to investigate the evolution of the complex during the last 10 my. One
of his models predicts crustal extension in the central part of the complex;
the part that contains Macquarie Island. Varne et al., (1969) and Varne and
Rubenach (1972) have concluded from the geology of the island that it is a
section of typical oceanic crust uplifted by about 3 km. The date of the up-
lift is tentatively mid-Miocene (15 mybp). Extensional tectonics would not
be expected to produce the substantial uplift of the island, but major strike-
slip motion with some thrusting could. Williamson and Rubenach (1972) have
pointed out that oceanic crust of Macquarie Island need not have formed in situ
i.e. it doesn't necessarily imply crustal extension in that portion of the
complex.,

The complex is separated from the Campbell plateau by the Solander trough
and the Emerald basin. The Solander trough contains at least 1.5 km, probably
more, of well layered sediment, and parts of the Emerald basin contain up to
1 km of sediment (Houtz et al., 1971, 1973; Hayes .-id Talwani, 1972). The
southern part of the Emerald basin is separated frow. the smooth southwest
Pacific basin by a zone of rougher topography that extends from the end of
the Auckland slope to the southern end of the Hjort trench (Fig. 2.8). The '
bathymetry shows the Solander trough-Emerald basin area as an elongate enclosed
basin. The basement depth of most of it would be 4.5-5 km so if the depth-age
relationship (Fig. 1.7) is valid for the area the age would be at least 30 my.
At deepsea drilling site 278 in the Emerald basin (Fig. 2.6) pillow basalt
basement was reached at 4.1 km below sealevel and the contact sediment was of
mid-Oligocene age (30 mybp). The basement age could be considerably older than
this if bottom currents had eroded sediment. At present bottom currents in
the area of the complex are substantial and flow patterns are critically
dependent on the relatively small gaps in the Macquarie ridge (Gordon, 1972).
Even minor changes in the configuration of the ridge could significantly alter
sediment deposition and erosion east of the complex.

No magnetic lineations have been detected in the southern Emerald basin,
although there are significant anomalies (Christoffel and R.F. Fezlconer, 1973).
Further north between 51° and 53°S Christoffel and R.F. Falconer, and indepen-
dently Hayes and Talwani (1972), have tentatively identified lineations east
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of , and parallel to, the complex. The anomalies do not obviously match any
of the Tertiary anomaly sequence,and as they are associated with basement
relief Christoffel and Falconer suggested that they may have originated from
fracturing accompanying the formation of the complex.

Deepsea drilling site 279 was on the southern end of the northern part of
the Macquarie ridge (Fig. 2.6). It reached vesicular basalt basement at
3.6 km below sealevel and the contact sediment was of mid-Miocene age (15 mybp).
Again the basement age could be older.

Basement ages, or ages of uplift of the Macquarie complex would not neces-—
sarily relate to the age of the seafloor either side of the complex. The sea-
floor age to the west as determined from magnetic anomalies (Weissel and Hayes,
1972; Christoffel and R.F. Falconer, 1973) ranges from zero at 61.5°S to
35 mybp at 5308, and probably older further north (see later). The age of the
Solander trough-Emerald basin area is not known but the depth suggests 30-50
mybp. The complex itself is a zome of active shear, and for any part an age of
uplift, or leaky transform crustal formation (Menard and Atwater, 1968) could
range from present day to whenever motion commenced.

The complexity of the area may be largely due to the proximity of the
rotation pole for the boundary. Small changes in the pole position and/or the
orientation of parts of the boundary with respect to the relative velocity
vector could lead to substantial changes in tectonics. The history of the area
is likely to have been complex but the dominant motion along the boundary has

probably been strike-slip motion.

2.5 THE ALPINE TFAULT

The zone of seismicity that defines the Indian-Pacific boundary (Fig. 0.2)
continues north of the Macquarie ridge complex through New Zealand to the
Tonga-Kermadec arc. In addition to shallow seismicity throughout the zone,
westward dipping deep and intermediate earthquakes (Isacks et al., 1968;
Hamilton and Gale, 1968) indicate that as far south as the northern end of
the South Island the Pacific plate is subducting under the Indian plate.
Further south all the seismicity is shallow, apart from the localised zone of
intermediate depth earthquakes in Fiordland that was referred to in the previous
section. The lack of deep or intermediate earthquakes in the South Island
does not necessarily indicate lack of compression, and the active uplift of
the Southern Alps suggests that there is some compression. However directions
of motion calculated from the Indian-Pacific pole (Hayes and Talwani, 1972)
indicite primarily strike-slip motion along the South Island seismic belt.

The motion is generally considered to be associated with the Alpine fault and

its branches.
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The Alpine fault is a major fault that extends from Fiordland to at
least the northern end of the South Island (Fig. 2.4a) (Wellman, 1956;
Suggate, 1963). In the northern part of the South Island several major
faults branch from the main trace, and all these faults are often included
in the Alpine fault zone. Continuation of the faults into others in the
North Island has been suggested (e.g. Suggate, 1963; Wellman, 1972) but
definite evidence is lacking. In terms of plate tectonics the Alpine fault
zone in the Scuth Island is the shear zone boundary between the Indian and
Pacific plates. In the North Island area the relative plate movement is
mainly subduction and the surface trace of the plate boundary is probably
the Hikurangi trench. The North Island faults therefore do not indicate the
plate boundary.

The Alpine fault can be very clearly defined from the offset of major
Paleozoic and Mesozoic geological structures. The offset is 450-480 km in
a dextral sense (Wellman, 1956; Suggate, 1963; Fleming, 1969). The fault
is also morphologically distinct and exhibits recent dextral movement and up-
lift (Suggate, 1963; Wellman, 1973a). Most authors accept that there has
been some very recent strike-slip movement but there are considerable dif-
ferences of opinion on when most of the 450 km offset occurred. Suggate
(1963, 1972) and Fleming (1969) conclude that all the movement took place
during the Rangitata orogeny (upper Jurassic-lower Cretaceous). P. Wellman
and Cooper (1971) have the majority of the movement during the Rangitata oro-
geny but 120 km of movement in the last 10 my. Griffiths and Varne (1972)
have all the movement between 50 and 10 mybp. Wellman (1973a) has it all
since 25 mybp with most of it since 10 mybp. Christoffel (1971) has it all
since 10 mybp.

Various plate tectonic models predict rates of movement on the fault of
3 to 6 cm/y during the last 10 my. This would take up all the observed off-
set in less than 15 my. As Weissel and Hayes (1972) point out, what then
would be the nature of the Indian-Pacific boundary prior to 15 mybp?
Griffiths and Varne (1972) conclude that the total offset of the New Zealand
geosyncline (Fleming, 1969) since mid-Cretaceous is 1200 km, The Alpine
fault offset is only a small part of this and the extra offset may represent
movement prior to the Alpine fault movement. Griffiths and Varne suggest
bending and stretching rather than simple strike-slip motion. A better under-
standing of the movements in the New Zealand area is required to adequately

understand the evolution of the whole southwest Pacific area.
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2.6 TASMAN BASIN

Many models of the evolution of the southwest Pacific area (e.g.
van der Linden, 1969; Cullen, 1970; Griffiths, 1971; Suggate, 1972)
start with a much distorted New Zealand plateau adjacent to eastern
Australia in the Mesozoic. To understand the evolution to the present con-
figuration a knowledge of the age and mode of formation of the Tasman basin
is clearly important. It is only from recently obtained magnetic data
(Hayes and Ringis, 1973) that definite conclusions have been possible.

Hayes and Ringis (1973) have mapped throughout most of the central
Tasman basin a pattern of magnetic anomaly lineations that trend northwest.
The anomalies are symmetrical about an axis that is coincident with a buried
basement ridge revealed by seismic profiler data. The anomaly at the axis
is number 24 (60 mybp)* and the anomalies either side extend clearly to 32A
(74 mybp) and tentatively to 36 (80 mybp). Anomaly 36 lies close to the
continental edges of east Australia and the Lord Howe rise and the magnetic
pattern occupies all of the basin south to about 4508. All of the central
Tasman basin therefore appears to have formed by conventional seafloor
spreading that started at 80 mybp and ceased at 60 mybp. The half spreading
rate was about 2.2 cm/y.

There is a distinct morphological boundary between the central Tasman
basin and the southern Tasman basin. Magnetic anomaly lineations in the
southern basin (see later) are related to the southeast Indian ridge and
are almost orthogonal to the central Tasman anomalies. The southern Tasman
area ic younger than 50 my so the boundary between the areas must have been
an area of major shearing Ivom 80 to 60 mybp.

Hayes and Ringis (1973) have used the central Tasman basin anomalies to
reconstruct the former position of the Lord Howe rise-western New Zealand
area with respect to Australia. They then use the Sproll and Dietz (1969)
Australia-Antarctica reconstruction (see later) and 480 km of movement on
the Alpine fault, to obtain a fit of Australia, Antarctica, and the
New Zealand plateau. The reconstruction produces some overlap of the southern
Campbell plateau on Marie Byrd land. Further discussion of New Zealand-

Antarctica reconstructions will be given in Chapter 9.

*Throughout this study the magnetic anomaly numbering system used 1s that
established by Pitman et al. (1968) and extended by Christoffel and

Falconer (1972) and this study. The anomaly dates are from Heirtzler et al,
(1968), Talwani et al. (1971) and Falconer (1973b). Details are given later.
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2.7 SOUTHEAST INDIAN OCEAN

Most of the current knowledge of the southeast Indian ocean between
Australia and Antarctica is presented in several papers in Volume 19 of the
Antarctic Research Series. For this study the most important papers are
those on the morphology (Hayes and Conmolly, 1972), the magnetic anomalies
(Weissel and Hayes, 1972), and the seismic profiler results (Houtz and Markl,
1972). Their results are summarized in Fig. 2.9. The area further west is
less well surveyed and Fig. 2.10, from McKenzie and Sclater (1971), shows
the main elements of what is known of that area. Throughout the whole south-
east Indian ocean area the interpretations of the bathymetric and magnetic
data have been influenced by the seismicity data : epicentres from Barazangi
and Dorman (1969), USCGS, and Sykes (1970a); and focal mechanism studies of
Sykes (1967) and Banghar and Sykes (1969).

The dominant morphological feature of the area is the southeast Indian
ridge. It extends from the Indian-Antarctic-Pacific triple junction near
61.5°S, 161°E, to the Indian-Antarctic-Somali-triple junction in the central
Indian ocean near 25°S, 10°E. Eastward of 140°E the ridge "steps" southwards
in a series of short ridge sections offset by seismically active fracture
zones. The inactive traces of these fracture zones can be traced for large
distances away from the ridge axis. From 140°E to 100°E the ridge trends
approximately east-west. Further westward it "steps' northward to the
central Indian ridge-ridge-ridge triple junction.

Throughout most of the length of the ridge topographic relief on the
ridge is minor, the axis is aseismic, and the present spreading rate is
3.3-3.7 cm/y. However at the western end the topography is rougher, there is
a median rift, there is seismicity on the axis, and the spreading rate is
3.0 cm/y. This contrast in ridge character is seen elsewhere in the world
and the data from this area support the suggestions of Menard (1967b) and
Cann (1968) that the cutoff between the two types is at a spreading rate of
about 3.0 cm/y.

A major exception to the regularity of the ridge is the Australian-
Antarctic discordance between 120%and 128°E. The discordance is unlike any-
thing yet reported in the world oceans. It is a very disrupted area in '
which the topographic grain trends at right angles to the axis of the ridge.
It is deeper than the uniform ridge areas east and west of it, is seismically
active, and recent (< 10 mybp) magnetic anomalies have not been identified
in it. The zone of disturbed morphology and magnetic patterns extends only
500 km either side of the inferred ridge axis and is bounded by a clearly
observed anomaly 6 (20 mybp). This suggests that the discordance is a
relatively recent feature. It may be produced by down-welling in the mantle

(a negative plume?).
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Magnetic anomaly lineations have been mapped in some detail from the
Macquarie ridge complex to 100°E by Weissel and Hayes (1972), and in less
detail further west by McKenzie and Sclater (1971). Anomalies out to
number 21 or 22 (55 mybp) have been identified either side of the ridge
between 140°E and 110°E. Older anomalies have not been identified, and off
both Australia and Antarctica there are gaps of about 200 km between
anomaly 22 and the continental shelf. Magnetic quiet zones occupy most of
the gaps. East of 140°, where the ridge axis "steps" southward, magnetic
lineations are not well known south of the ridge but to the north they extend
to 45 mybp in the southern Tasman basin. Lineations extend right to the
Macquarie ridge complex and so provide the age of the seafloor on the western
side of the complex. The age ranges from zero at 61.5°S to 35 mybp at 52°S,
and possibly older further north (Weissel and Hayes, 1972; Christoffel and

R.F. Falconer, 1973).
Seismic reflection and sonobuoy data (Houtz and Markl, 1972) have pro-

vided information on the configuration of the oceanic basement throughout

much of the area. It was mentioned in section 2.3 that off the Antarctic
margin there is a considerable thickness of sediment and the basement dips
steeply. At the Australian margin there is less sediment but the shape of

the basement is very similar. Houtz and Markl have noted that there are no
indications of subduction on either margin so the deepenéd basement presumably
formed at a rifting margin. The margin of the western side of the Tasmanian
shelf is more complex and is similar to that west of Iselin bank - where
Tasmania is fitted in most reconstructions of the former positions of Australia
and Antarctica.

A computerized reconstruction based on the fit of the 1000 fm contour
(Sproll and Dietz, 1969) is shown in Fig. 2.11. Smith and Hallam (1970)
have obtained a very similar reconstruction using the 500 fm contour. The
time for which the reconstruction is appropriate is not accurately known.
Paleomagnetic results (McElhinny and Wellman, 1969) and the magnetic anomaly
lineations (Weissel and Hayes, 1972) indicate that Australia has been moving
northward with respect to Antarctica since 55 mybp. At that time the conti-
nents were about 400 km apart so some separation had taken place prior to
then. Smith and Hallam (1970), Jones (1971) and others believe that initial
rifting began in the mid-Jurassic with the main phase in the Tertiary.
However paleomagnetic results (McElhinny, 1973b) indicate that Australia and
Antarctica were considerably more than 4C0 km apart in the Jurassic.
McElhinny concludes that the tectonic history of eastern Australia was more
complicated than a simple rifting history.

In the reconstruction shown in Fig. 2.11 the south Tasman rise (Fig.
2.9) is not included. The rise is continental (JOIDES, 1973d) and if it had
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been retained in its present position with respect to Australia it would
have overlapped Iselin bank and part of the Ross shelf. A second "discre-
pancy" is that the present ridge axes east of 140°E are too far south to
accommodate symmetrical spreading (Weissel and Hayes, 1972). The tectonic
history of the eastern-most part of the southeast Indian ocean appears to
have been complex.

The magnetic data in the southeast Indian ocean are important to under-
standing that region, but the observation that in one area there was a period
of asymmetrical seafloor spreading is of very general importance. Weissel
and Hayes (1971, 1972) have shown that from 40 to 15 mybp between 128°and
140°E, material was accreting on the northern side 30-40% faster than on the
southern side. In the adjacent area to the west spreading was symmetrical
during the same interval. The total rate of opening was the same in both
areas so there was no deformation within the separating plates. At the
time asymmetry commenced the spreading ridge was not offset between the two
areas so the asymmetrical spreading led to an offset which increased with
time. Had the ridge initially been offset the offset would have either
increased or decreased, depending on the particular configuration. The docu-
mentation of asymmetric spreading in this area has important implications for

the interpretation of other oceanic areas.

2.8 SOUTH PACIFIC EAST OF 150°W

Pitman et al. (1963) have presented magnetic data for the whole south
Pacific east of 1800, end have shown that there is an extensive pattern of
magnetic anomaly lineations symmetric about the Pacific-Antarctic ridge.

A more detailed analysis of the area east of 150°W has been presented by
Herron (1971) (Fig. 2.12). Her analysis was based primarily on bathymetric
and magnetic profiles and seismicity data, available up to 1968. Vine (1966),
Pitman and Heirtzler (1966), and Pitman et al. (1968) had previously discussed
some of the magnetic profiles in detail. Sediment distribution in the area
has been described by Ewing and Ewing (1967), Ewing et al. (1969), and Houtz
et al. (1973). The seismicity has been discussed by Sykes (1963, 1967),
Barazangi and Dorman (1969), Northrop et al. (1970), Forsyth (1972) and
Northrop (1973); and the bathymetry by Zhivago (1962), Menard (1964),

Heezen and Tharp (1972) and others. All these results lead to an adequate
preliminary understanding of the area north of 60°S, but the area further
south is not adequately known.

The dominant feature of the area (Fig. 2.12) is the Pacific-Antarctic
ridge, which is also referred to as the Albatross cordillera. The ridge is

a "type" example of a fast (> 3 cm/y) spreading ridge - almost triangular
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in cross-secticn, no rift valley, aseismic, small scale relief no greater
than a few hundred meters except where there are fracture zones, virtually

no detectable sediment within several hundred kilometers of the axis, and
easily identifiable magnetic patterns either side of the ridge. Several
fracture zones offset both the axis of the ridge and the ancmaly lineations
either side. At some of the ridge offsets deep troughs occur, with up to

5 km relief. ‘way from the ridge axis the fracture zones are often expressed
as narrow ridges or steps in the topography. Virtually all the seismicity in
the area is associated with the offsets of the ridge axis.

Fig. 2.12 shows Herron's (1971) interpretation of the area. All the
magnetic anomalies identified throughout the area are part of the sequence
1 to 32 (0 to 75 mybp), except for some possibly older anomalies in the
extreme southeast. The fracture zone identifications were based on topo-
graphy, magnetic anomaly offsets, and to a lesser extent the earthquake
epicentres. Herron pointed out that the trends of some of the fracture
zones, especially in the southern part of the Eltanin fracture zone, were
not well established from bathymetry, and the fractures were drawn perpendicu-
lar to the maguetic lineations.

The magnetic lineations in the area follow two main trends: north-
easterly following the Pacific-Antarctic ridge axis, and northwesterly sub-
parallel to the Chile rise axis. West of the Eltanin fracture zone only the
northeasterly trends are present: on the north side of the ridge out to at
least anomaly 32 (west of lSOOW, see later) and on the south side out to
anomaly 27 (67 mybp). (Herron's identification of anomaly 32 in the south
is dubious.) E[ast of the Eltanin fracture zone the extent of the nuvrth-
easterly trendiog anomalies decreases to the north, until at 36°s anomaly 5
(10 mybp) is tha oldest northeasterly trending anomaly that can be identified.
The boundary with the northwesterly trending Chile ridge anomalies is clear,
but the inferred northwesterly trends west of the Pacific-Antarctic ridge are
based on anomaly identifications that are at best weak., Northwesterly
trending anomalies may be present there, but any anomaly pattern is cer-
Fainly not aé clear as that west of the Eltanin fracture zone,

Morgan (1%68) and Le Pichon (1968) used Pitman et al.'s (1968) magnetic
data to determine the Pacific-Antarctic pole of rotation. Both obtained
poles within 2° of 7008, 120°E. Le Pichon then used rotations about his
pole to reconstruct the relative positions of Antarctica and the New Zealand
plateau at 38 and 72 mybp. His conclusions need to be modified in the light
of more recent data. Herron (1971) concludes that the more complete data
east of 150°W fit a pole near 70°s, 120°E only for the last 10 my. Prior to

then a pole near 6205, 165°E would be more suitable.
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Herron also concludes that the uniform anomaly patterns west of the
Eltanin fracture zone indicate relatively uniform seafloor spreading there
for the last 75 my, while the two different trends east of the Eltanin frac-
ture zone indicate that the present Pacific-Antarctic ridge there, is a
comparatively young system that has developed on the western flank of an
older northwest trending system. Although the portion of the Eltanin fracture
zone within the Pacific plate can be interpreted as the inactive trace of the
present Pacific-Antarctic ridge-ridge transform, Herron believes it could have
been the major plate boundary between a large plate consisting of most of the

Pacific, and a smaller southwest Pacific plate.

2.9 SOUTHWEST PACIFIC WEST OF 150°W

The data which will be presented and analysed in this study are primarily
from the southwest Pacific basin and the Pacific-Antarctic ridge system, west
of about 150°W (Fig. 2.1). A brief description is given here of the major
features of the area, and some of the previous work that has been done in the
area. The description will serve as an introduction to the more detailed
discussions in subsequent chapters.

All the major morphologicél features of the area are effectively
summarized in the bathymetric contours of Figs.0.l and 2.1, and the bathymetric
profiles of Fig. 2.13. Common seafloor features such as mid-oceanic ridge,
deep basin, Atlantic type continental margin, continental shelf, and seamounts,
are all present; and there is also a very extensive fracture zone.

The major feature of the southwest Pacific area is the vast triangular
southwest Pacific basin. In the northeast it extends 5000 km from the
Pacific-Antarctic ridge to the Tonga-Kermadec trench, while in the southwest
it extends less than 500 km from the Pacific-Antarctic fracture zone to the
Campbell plateau. This study is concerned only with the southwestern part.
There the basin is bounded on the south by the Pacific-Antarctic ridge system,
and on the north by the Campbell plateau and Chatham rise. It is narrowest at
the west where there is a marked boundary between it and the Emerald basin
(Fig. 2.8). Eastwards it broadens into the south Pacific but for this study
the term southwest Pacific basin will refer to only the area west of the
Louisville ridge.

Choice of the Louisville ridge as a boundary is somewhat arbitrary as
there are no obvious morphological differences in the basin either side of it.
However it does appear to be a continuous feature of some sort. Hayes and
Ewing (1971) first pointed out its extent, and they state that it is evident
as a narrow topographic high on every sounding track across a line from the

Eltanin fracture zone to the Tonga-Kermadec trench at 26°S. It is usually
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less than 100 km wide and although its depth varies from <500 m to 4000 m

its relief with respect to the basin is always 800 m or more. Herron (1971)
and Hayes and Ewing (1971) consider that the Louisville ridge may be a relict
plate boundary. If it is, the basins either side of it could be structurally
different.

Most of the southwest Pacific basin has a depth close to 5 km. It does
not have an abyssal plain as there are no flat-lying turbidite deposits,
except locally near the mouth of the Bounty trough (Ewing et al., 1969).
Sections of the only published seismic reflection profiles in the basin are
shown in Fig. 2,14 and it can be seen that there is little sediment. A sedi-
ment isopach map of Houtz et al. (1973), compiled from additional unpublished
data indicates that sediment thickness is mostly less than 200 m throughout
the basin, except near the continental margin. Sediment deposition near the
margin is very influenced by bottom currents, which hydrographic data (Reid
et al., 1968; Warren, 1973) and direct measurements (Jacobs et al.,, 1970)
indicate are substantial. All the available seismic reflection profiles at
the margin are shown in Fig. 2.3. The JOIDES rvresults at profile B, discussed
in section 2.7, indicate that the observed sediment does not represent a com-
plete time section. Houtz (Pers comm, 1972) reports that for profile B a
sonobuoy gave a 5.6 km/sec refraction precisely tangent to acoustic basement,
so the visible basement is undoubtedly the top of Layer 2. None of the pro-
files across the margin indicate basement dipping towards the margin.

The southwest Pacii”’c basin merges in the south into the northern flanks
of the Pacific-Antarctic ridge system. There is a marked contrast in the ridge
system within the area and this contrast is well illustrated by the two pro-
files in Fig. 2.13, East of about 175°W the ridge is aseismic, broad, symme-
trical, has only minor relief, the axial depth is 2500-2800 m, and there is
no sediment within several hundred kilometers of the axis. From about 175°W
to the junction with the Macquarie complex and southeast Indian ridge near
61.505, 161°E the ridge system has all the characteristics of a major fracture
zone rather than a uniform ridge. Christoffel and Falconer (1972) have
suggested thg term Pacific-Antarctic fracture zone for this section. It is
characterised by seismic activity, extremely rough topography, relief of 4 km
or more, depths as shallow as 1 km, marked asymmetry, and some sediment close
to the axis (Fig. 2.15).

South of the Pacific-Antarctic boundary there is also a contrast east
and west of about 1750W. The area between 180° and 150°W is not well surveyed
but the indications are that the Pacific-Antarctic ridge symmetry extends
south into the Pacific-Antarctic basiai. East of 150°W the basin is known to
bave at least 1 km of sediment (Houtz et al., 1973), considerably more than in
the southwest Pacific basin. The difference is probably due to the availa-

bility of sediment from Antarctica and different bottom current patterns.
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The Balleny basin south of the Pacific-Antarctic fracture zone could be
considered a transition between the Pacific-Antarctic basin east of about
175°W;and the south Indian basin west of about the Balleny Islands. Two
features of the Balleny basin are conspicuous. ,

(1) It is almost 2 km shallower than the southwest Pacific basin and the
difference is not all attributable to sediment fill. There is up to 1 km of
sediment in the Balleny basin (Figs. 2.15, 2.16) but the asymmetry across the
Pacific-Antarctic fracture zone is still evident in the basement.

(2) Seamounts and large banks are numerous. This is a marked contrast to the
other basins in the southwest Pacific-southeast Indian area, where seamounts
are virtually unknown. Many of the Balleny basin seamounts are associated
with large magnetic anomalies and they are presumably volcanic. The Balleny
Islands at the west are of volcanic origin (Berninghausen and van Padang,
1960) and consist of olivine basalt (J.W. Cole, pers comm 1973). Scott Island
to the east is also of volcanic origin, Ash in deepsea cores indicates that
there has been wvolcanic activity in the Balleny basin area for at least the
last 2 my (Lisitzin, 1962; Huang et al., 1972; Goodell, 1973). )

The numerous seamounts, the volcanic activity, the very distorted sediments,
and the graben-like structure (Fig. 2.16) all suggest a complex tectonic
history for the Balleny basin area.

It has usually been assumed that all the area between the New Zealand
plateau and Antarctica is of oceanic crustal structure. Surface wave disper-
sion on paths to Antarctica from earthquakes in the Tltanin fracture zone and
further east, indicate a crustal thickness of 5-10 km for the Pacific-
Antarctic ridge and the Pacific-Antarctic basin (Evison et al., 1960; Adams,
1964). Adams (pers comm, 1973) has found similar thicknesses for the southwest
Pacific basin. There are no seismic refraction data to confirm the surface
wave results but a variety of other geophysical data indicate that it is
valid to assume that the area is oceanic.

Gravity data on the tracks shown in Fig. 2.17 have been published (Hayes
et al., 1972b), and Talwani and Meijer (1972) have briefly discussed them.
The data are typical of what could be expected from the morphology of the
area. Large free-air anomalies are observed across the disturbed topography
of the Pacific—-Antarctic fracture zone, but the Balleny and southwest Pacitic
basins are featureless. Data across the continental margins are in agreement
with the seismic profiler evidence that the basement does not dip towards the
margins.

Heat flow data in the southwest Pacific area are shown in Fig. 2.17.

The data are too few to draw any definite conclusions from but there is

nothing unusual in any of the results.
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Magnetic data are the primary data for this study, and have been the
primary data for most of the previous geophysical work in the area.
Christoffel (1961 a,b) from only two magnetic profiles identified correlations
in the southwest Pacific basin. Adams and Christoffel (1962), and Christoffel
and Ross (1965) extended the correlations with two more tracks. Ross (1966)
presented a more detailed anmalysis of ten tracks, some with bathymetric data
also. He later (Ross, 1967b) discussed the Pacific-Antarctic fracture zone
in more detail, although not as a fracture zone. He noted the depth asymmetry
across the feature and concluded from estimates of depth to magnetic basement
that the basement was also asymmetric.

All the work of Christoffel, Adams, and Ross was between 170°E and 180°.
They all clearly came up against a loss of correlation between tracks south
of the flat part of the southwest Pacific basin, and not surprisingly no
symmetrical anomalies were observed. Operation Deepfreeze data across the
Pacific-Antarctic ridge between 180° and 150°W which contain symmetrical
anomalies were gresented in a data report (U.S. Navy Hydrographic Office,
1962) but although reverse magnetization was noted (Appendix 1A) the symmetry
was not recognized. It wasn't until 1966 that Vine (1966) and Pitman and
Heirtzler (1966) identified symmetrical anomalies on the Pacific-Antarctic
ridge east of 150°W. Vine also pointed out that the southwest Pacific basin
anomalies described by Christoffel and Ross (1965) were identical to those
in the northeast Pacific. The full impact of this was not apparent until
1968 when Pitman et al. (1968) presented more data east of 180° that showed
that there was a pattern of lineations, with some offsets, extending from the
Pacific-Antarctic ridge to the New Zealand plateau. All or some of the same
pattern could also be seen in other areas of the world, and from it Heirtzler
et al. (1968) established the magnetic reversal time scale which is now widely
used. '

It is tempting to speculate on what might have happened if the early
tracks of Christoffel, Adams, and Ross had been a bit further east beyond
1800, where the magnetic anomaly patterns are clear right to the symmetrical
Pacific-Antarctic ridge. The amount of data between 165°E and 180° has more
than trebled since 1965 but the correlations are still not much clearer than
those established by Christoffel and Ross (1965). There is however a much
better understanding of the relationship of that area to the rest of the
southwest Pacific; and a preliminary picture of the tectonic history of the
whole southwest Pacific area can be presented. This will be done in subsequent

chapters.
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CHAPTER 3

‘THE DATA : SOURCES AND REDUCTION

This chapier presents details on the sources, reliability, and methods
of analysis of the primary data used in the study. An introduction (3.1)
is followed by details of the magnetic and bathymetric data sources (3.2),
navigation calculations (3.3), magnetic data reliability and reduction
(3.4), bathymetric data (3.5), seismicity data (3.6), map projections (3.7),

and computer programs (3.8).

3.1 INTRODUCTION

The primary data for this study are magnetic field measurements; bathy-
metry; and data from earthquakes in the area. Some of the bathymetric and
magnetic data have been discussed previously by Christoffel (1961 a,b), Adams
and Christoffel (1962), Ross (1966; 1967 a,b), Christoffel and Ross (1965,
1970) and Pitman et al., (1968). The data used by these workers were available
in source form for this study. It has been analysed "afresh" with a large
amount of new data. .

The limitations of the data and the methods of processing it are very
relevant to the conclusions drawn from the data. This chapter describes the
basic data and the methods used to prepare it for geophysical interpretation.
The brevity of the description belies the considerable amount of time and
effort expended by many individuals and organizations that have been involved

in the collection and reduction of the data.

3.2 MAGNETIC AND BATHYMETRIC DATA SOURCES

The tracks for which magnetic data were available are shown in Fig. 3.1.
Tracks for south of 70°S, the Macquarie Ridge Complex, the Campbell Plateau
and north of 45°S are not shown as those areas were not part of the magnetic
anomaly study. The data used came in various forms from several sources.

In some cases the reliability of the data is related to the source so the
nomenclature used throughout for identifying profiles is indicative of the
source. The nomenclature and sources are as follows:

(1) One or two alphabetical letters, e.g. H, AA: Data obtained on
New Zealand Navy antarctic resupply trips between New Zealand and McMurdo
Sound, Antarctica. Three institutioas were involved in collecting the
magnetic data. Two profiles, C and F, were obtained in 1958/59 by the Naval
Research Laboratory from the "o0ld" wooden hulled HMNZS Endeavour.
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All subsequent profiles were obtained from the "new'" steel-hulled HMNZS
Endeavour; four by tbe Geophysics Division of DSIR, 19 by the Physics
Department, Victoria University of Wellington., Bathymetric data from most
of the tracks is held by the New Zealand Oceanographic Institute, DSIR.

(2) ELT plus two digits, e.g. ELT23: Data collected by Lamont-Doherty
Geological Observatory from the U.S. National Science Foundation ship USNS
Eltanin.

(3) ODF plus one digit, e.g. ODF3: Data obtained by the U.S. Navy on
Operation Deep Freeze cruises.

(4) The letter A plus three digits, e.g. A708: U.S. Naval Oceanographic
Office, Project Magnetic aeromagnetic flights, _

(5) V16: Lamont-Doherty Geological Observatory, cruise 16 of R.V. Vema.

(6) CO8: Lamont-Doherty Geological Observatory, cruise 8 of R.V. Conrad.

(7) MN: Scripps Institution of Oceanography, Monsoon Expedition,

R.V. Argo.
(8) AR: Scripps Institution of Oceanography, Aries Expeditionm,
R.V. Thomas Washington.

There are 52 separately designated tracks but some, e.g. A408, consist of
two or more sections which for convenience are seperately labelled, e.g.
A408N and A408S. This gives 67 labelled sections, varying in length from
200 km to more than 2000 km. The data are not continuous on all the sectionms,
For convenience all the non-New Zealand data are referred to as USA data

as it all originated from USA sources,
3.3 NAVIGATION

A1l the magnetic and bathymetric data were obtained from ships or air-
craft. The original data were recorded with respect to time and with a know-
ledge of the position with time the original data were reduced to positional
data, Navigation uncertainties are a significant factor in the use of the
data.

Navigation calculations for all the shipborne USA data were done at
Lamont-Doherty Geological Observatory using the computer system described by
Talwani (1969). Navigation calculations for all the New Zealand data were
done by "hand" but some of it was also computer reduced at Lamont-Doherty
Geological Observatory by D.A. Christoffel. There are no significant dif-
ferences between the results of the two methods. The basic principles of
the hand and computer methods are the same, and are as follows.

The raw navigation data are records of all course and speed changes,
fixes obtained, and dead reckoned positions (usually at 0800, 1200 and
2000 hours); as well as pitlog mileage and estimated speed every hour.
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With this data the track is reduced to a series of segments over which the
course and/or speed is assumed constant. The segments aré delineated by '
navigation points. The only real fixed points are where satellite or astro-
nomical fixes, or coastal sightings, are obtained. The track between fixes
is calculated using the logged course and speed changes to give a dead
reckoned track from one fix to the time of the next fix. The difference
between the second fix and the dead reckoned position is attributed to a
constant "current". This "current" is then applied to the navigation points
between the two fixes to obtain the adjusted track.

The US Navy satellite navigation system (Guier, 1966) was used on Eltanin
cruises 20 onwards, and on the Aries cruise, The system provides fixes at
intervals of usually less than three hours and the accuracy of the fixes is
normally better than 1 km (Talwani et al., 1966). All other cruises used
only celestial navigation for which fixes are unlikely to be accurate to
better than * 4 km, frequently worse. In some cases no reliable fixes were
obtained for sections of more than 1000 km. With course and speed changes
and varying weather conditions dead reckoning over long distances can be very
inaccurate. Scme dead reckoned positions were found to be up to 100 km in
error when fixes were obtained,.

The navigation data for each aeromagnetic track consisted of a list of
navigation points, between which the course speed and altitude was assumed
constant. The flight altitudes were mostly between 2.5 km and 3.0 km.
Navigation accuracy for the aeromagnetic tracks is probably comparable with
the non-satellite controlled shipborne tracks.

The accuracy of the satellite controlled tracks is probably better than
+ 5 km. The other tracks must be considered much less reliable but from
tracks which intersect or are very close it appears that errors are mostly
less than 25 kmn. Aﬁart from a few cases, which will be specifically referred
to, none of the tracks has been adjusted on the basis of other tracks. Areas
in this study where the track density is good, and detailed surveys elsewhere
(e.g. Grim and Erickson, 1969, Chase et al., 1970; Loncarevic and Parker,
1971) show that small irregularities in magnetic anomalies patterns and
bathymetry are common. Adjusting tracks on the basis of the features being
investigated might obscure valid detail.

It must be noted that IN SOME AREAS NAVIGATION UNCERTAINTIES ARE THE
FUNDAMENTAL LIMITATION ON THE USEFULNESS OF THE DATA.
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3.4 REDUCTION OF MAGNETIC DATA

3.4.1 General

The form in which the magnetic data were finally used was mainly anomaly
profiles, either plotted linearly against latitude or distance, or plotted
on mercator charts perpendicular to the ship's track. Whether processed by
hand or computer several steps were required to get the data to that form from
the original magnetometer records. The original records were available for
all the New Zealand data, but not for the USA data., The latter were provided
in some or all of the following forms. (1) Computer listings of data
(Fig. 3.2). (2) Computer plotted linear profiles of magnetic anomalies -
(Fig. 3.3). (3) Anomaly profiles computer plotted on mercator projections
(Fig. 3.4). Some of the USA data have been published in reports (listed in
Appendix 3A) but the magnetic data as used in this study were more detailed
than shown in the reports.

The first step in the process of reducing the data of each track was
the digitizing or replotting of the original record. For the New Zealand
data the sampling interval was five minutes or less, always ensuring that
sampling was sufficient to record all the detail which could reliably be
read in the records. In the USA data the sampling interval was variable
but it is believed that all significant detail was retained. After the digi-
tizing or replotting the record of field viz. time was combined with the
navigation data to produce a record of total field viz. position. From this
a record of magnetic anomaly viz. position was prepared., Before describing
the last step in more detail the reliability of the total field readings

will be discussed.

3.4.2 ‘Accuracy of total field readings

All the shipborne magnetic data were obtained with proton precession
magnetometers, which give an absolute measurement of the total field., The
calibration of the electronic system should be better than +2nT but as most
data were digitized off chart records the final accuracy is unlikely to be
better than *10nT, Noise in the system can lead to errors and in some
New Zealand data variations of up to *50nT occur. The sensing lead is towed
behind the ship to minimise the effect of the ship and spinning of the sensor
could give errors of *25nT (Barrett, 1968) but errors as large as that do not
appear to be present. The New Zealand systems had preamplifiers in the towed
"fish" which contained the sensing coil and it is possible that magnetic parts
of the preamplifiers (e.g. relays) could have a slight effect on the field
at the sensor. This would not significantly affect the use of the data for
crustal studies, but might be significant for studies of the total field.
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The aeromagnetic data were obtained with fluxgate magnetometers. They
are not absolute instruments but the calibration should be better than *10nT.
Uncertainties in digitizing the microfilm copies of the original analogue
records are probably +20nT.

The field measured at the sensor may contain a component due to the
permanent and/or induced magnetization of the ship or aircraft. For aero-
magnetic flights special precautions are taken to minimize the effect of the
aircraft. For all the USA shipborne data the sensor was at least two
ships' lengths astern, which should make the effect of the ship negligible
(Bullard and Mason, 1961). TFor the New Zealand data precise information on
the distance astern is not known for most trips, but it is known that for the
"new" Endeavour the distance was frequently less than the ship's length
(110 m). The effect of the ship is definitely significant for distances
less than 80 m (See Appendix 3B) and it must be assumed that at least some
of the New Zealand data may have been affected. This is not likely to produce
disturbances with wavelengths comparable to those of crustal anomalies, but

it could be significant for regional anomalies.

3.4.,3 Time variations of the field

Repeated measurements of the field at any place would show that the
field changes with time. Fluctuations with periods of seconds to a few days
are produced by effects external to the earth. Longer periods of tens to
hundreds of years, termed secular variation, are produced by changes within
the earth's core. Secular variation is not very important for crustal
studies but the short period fluctuations can be.

Due to the motion of tte ship or aircraft time variations of the field
appear as pseudo spatial variations. For aircraft, periods less thgnf 10
minutes produce effects comparable to crustal anomalies. For ships, short
periods appear in the records as high frequency "noise", but bay-type
disturbances (periods of minutes to several hours (Matsushita, 1967)) would
not be distinguishable from crustal anomalies. Duirnal variations would
appear as regional anomalies with wavelengths of 250-500 km, depending on
the ship speed.

Ionespheric effects are very latitude dependent, being greatest in the
auroral zone which lies directly across much of the region (Fig. 3.5). 1In
the auroral zone area short period field variations could be more than 1000nT
under severe ionespheric storm conditions. Magnetic recording stations at
Amberley, Macquarie Island, and Scott Base (Fig. 3.5) could provide records
of magnetic field variations, but it is impractical to use those records to

correct aircraft or ship-borne data as there is commonly no direct relation~-
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ship between the amplitudes or phases of field variations at points even
100 km apart (Sato, 1965; Roberts and Knapp, 1958). All that can be done
is to determine when severe disturbances were likely to have occurred.
Since ionespheric storms are in general worldwide the planetary magnetic
index Kp (Lincoln, 1967) is a convenient indicator of when disturbed
conditions occur. The index is based on disturbances recorded at selected
stations throughout the world. It is defined for three hour intervals and
indicates peak, not average, conditions during the intervals. It may not
adequately indicate conditions in auroral zones (Lincoln, 1967) but the
general level of likely variations can be obtained from the local K values
assigned to given amplitude ranges at a magnetic observatory. Table 3.1

gives the ranges for observatories in the area.

Table 3.1 Magnetic observatory K indices and local field variationms.

Maximum peak to peak amplitudes (in nT) for K values

Station

K=20 1 2 3 4 5 6 7 8 9
Amberley 5 10 20 40 70 120 200 330 500 > 500
Macquarie 15 30 60 120 210 360 600 990 1500 >1500
Scott 20 40 80 160 280 480 800 1320 2000 »2007

The published Kp indexes (e.g. Lincoln 1966) for all the periods during
which magnetic data had been obtained were checked. Periods with Kp >5
were noted and the magnetic data examiued for those periods. There were
four occasions when shipboard personnel had noted that the records were noisy,
readings fluctuating by up to 75 nT with periods up to a few minutes. All
four occasions were either in, or adjacent to, three hour intervals with
Kp > 7. Profile P of Fig. 3.6 shows one of these disturbed intervals.

During part of the Kp = 7 period fluctuations were severe enough to make the
record indecipherable. However as Fig. 3.7 shows "noise" was not apparent
throughout all of the period of high Kp. Such differences can be expected
because of local variations and because Kp is defined from peak, not average,
conditions. _

Where the high frequency noise is not too severe it can be averaged out
when the records are digitized. However it is not possible to know whether
the temporal variations also had longer periods and so produced pseudo crustal
anomalies. Some of the short wavelength anomalies in profile P (Fig. 3.6)
may be temporal variations, but this section of the profile is over the

Pacific-Antarctic Fracture Zone and short wavelength crustal anomalies could
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be expected. Profile N (Fig. 3.6) from similar water depths, but obtained
in quiet ionespheric conditions, has "real" short wavelength anomalies
similar to the possibly pseudo anomalies in profile P. Only an extremely
accurately navigated repeat track along profile P would resolve the ambiguity.

In general it is impossible to be certain that a record has not been
affected by ionespheric disturbances. The only practical solution is to
note when disturbances (say Kp > 5) occur and treat the data concerned with
reserve. Temporal variations are unlikely to produce features which would
be correlated between tracks so the worst effect is a loss of correlation

when there may have been some,

3.4.4 Removal of regional field

The magnétic field measured at or near the earth's surface contains

spatial variations in two general wavelength domains; less than 200 km and
greater than 2000 km (Alldredge and van Voorhis, 1961, Alldredge et al., 1963).
The long wavelengths originate from the earth's core, the shorter wavelengths
from the crust. The crustal variations have amplitudes typically less than
2000 nT, which for the‘area studied is less than 5% of the total field.
Since it is the short wavelength variations which are of interest for this
study it is convenient to remove the larger long wavelength regional field.
This is done by determining the regional field at each data point and sub-
tracting it from the measured total field, to leave what is referred to as
the magnetic anomaly.

First the regional field has to be determined. A practical method is
to determine the field from the total field data itself. For a sinele pro-
file a regional trend can be estimated either visually (Ross, 1966) or numeri-
cally (Schlich and Patriat, 1967) on the assumption that the regional wave-
length is long. If there are several profiles in an area a local regional
field can be determined either by simple averaging (Heirtzler et al., 1966)
or by fitting a polynomial in latitude and longitude (Krause, 1966). An
alternative method for determining the regional field is to use a field
which is based on independent data. Analysis of global data has enabled
the earth's field to be expressed in terms of spherical harmonic coefficients
up to degree and order 1l. Given the coefficients it is possible to calcu-
late the field at any given point for a particular time. Several different
sets of coefficients have been published. Some (e.g.Hurwitz et al., 1966)
are defined for only one time, but others (e.g. Cain et al., 1967; IAGA,
1969) take into account secular variation and so are applicable over a period
of time.

For all the computer reduced data regional field values were calculated

from spherical harmonic coefficients. The coefficients used for most of
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the data were those for the International Geomagnetic Reference Fieid (IGRF)
(IAGA, 1969), but for a few tracks and for all the data in the Lamont-
Doherty data reports the coefficients used were those for the field GSFC
12/66 (Cain et al., 1967). The latter yielded magnetic anomaly profiles with
mean values of -200 nT to -400 nT. The IGRF field gave mean values varying
from approximately -100 nT to +100 nT. More detailed comparisons between
observed and calculated fields are discussed later. It is sufficient to say
here that the anomaly profiles produced with the spherical harmonic fields
are adequate for the analysis of crustal anomalies.

For the hand reduced New Zealand data regional field values were
determined from the data itself. The method used was as follows. After
navigation calculations for a track had been done the total field data were
plotted in profile form, usually with respect to latitude as most tracks '
were approximately north-south. Then a smooth regional field was sketched
on the profile, based on the assumption that the mean anomaly level is zero.
Significant course changes had to be noted as they can change the gradient
of the regional field. The magnetic anomaly profile is then obtained by sub-

tracting the regional field value from the total field at each point. When
data were available from several tracks a better estimate of the regional
field was obtained by plotting regional values estimated from each track and
contouring the values. Fig. 3.8 shows an example of the regional field
determined this way. Because of the effects of secular variation tracks
from only one summer seuson (Dec-Feb) were used at any one time. The regional
field obtained from the nap was then applied to the total field profiles to
get anomaly profiles. In this way local effects and errors in a single
profile were minimized.

The "hand" method yields anomaly profiles which are quite adequate for
this study, but the methods based on numerically calculated regional fields
are preferable. The latter are better suited to computer data reduction
methods, but more importantly (Bullard, 1967) they are objective and it is
always possible to know exactly how particular data have been treated.

The primary use of the regional field data is the production of anomaly
profiles from the original total field data. However the seperation of the
local (crustal) anomalies from the total field also provides information on
the regional field. Ross (1966) presented two applications. (1) The use
of regional field maps of different epochs to study changes in the regional
field. (2) The mapping of regional anomalies with wavelengths of more than
100 km. Both topics are of interest but they are not central to this study
of the structure of the crust. They are discussed further in appendices;
regional anomalies in Appendix 3C, and changes in the regional field in

Appendix 3D.
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3.5 BATHYMETRIC DATA

The bathymetric data used were mainly echosounding profiles; charts
were used to a lesser extent. The profiles were obtained on tracks shown
in Fig. 3.1 but bathymetric data were not available for all the tracks.

Since the bathymetric profiles were obtained simultaneously with the magnetie
data there are no navigation uncertainties when relating magnetics and
bathymetry.

For New Zealand profiles the original records were available. They
were obtained with an Edo sounder and details less than 100-200 m are not
well resolved in water deeper than 800 m. Horizontal resolution is not better
than 2 km. Most of the USA profiles were obtained with precision depth
recorders. Resolution would be better than 5 m in flat areas but less in
rough areas due to side echoes. However most of the USA data were available
only from the published reports (See Appendix 3A) in which the resolution is

not better than 100 m vertically and 5 km horizontally. Profiles from parts
of tracks ELT 27, 32 and 33, ODF5, and Aries were available in a slightly
more detailed form. The profiles were not corrected for variations of the
velocity of sound in water. The corrections would be of the order of
+ 150 m in 5000 m of water.

Bathymetric charts which were consulted are listed in Appendix 3E.

Being compiled from numerous tracks they suffer the navigation limitations
discussed in section 3.3. Iven the most recent charts contain only a small
number of satellite controlled tracks. The Macquariz Ridge is the only area
for which the charts are adequate, and even there the data coverage is
insufficient to resolve several important problems. New data have shown that
parts of some existing charts are incorrect. Contours shown in various dia-
grams are based on the latest charts of the relevant areas, adjusted where

necessary from the available profiles.

3.6 SEISMICITY DATA

3.6.1 Introduction

The seismicity data used in this study are the times, epicentre co-
ordinates, depths, and magnitudes of earthquakes detected in the area.
The ability to detect an earthquake and the accuracy with which it can be
located depends on the number, distribution and quality of the seiswograph
stations observing the earthquake. Prior to the installation of many stations
in Antarctica during and after the IGY (1957) reliable detection in the south~
west Pacific was probably limited to earthquakes of magnitude greater than 6.0.
The installation of the World Wide Standard Network, begun in 1961,
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3.6.3 Reliability of data

It is difficult to assess the accuracy of the epicentres because the
true position is not known for any of the earthquakes. Everenden's (1969)
theoretical analysis of the capabilities of the World Wide Standard Network
indicated that errors of 30 km are likely in the Macquarie Ridge area, with
even larger errors elsewhere in the region. He considered a minimum con-—
figuration of only four stations, whereas the minimum number of stations for
any earthquake in the USCGS file is six, and only 13% of the earthquakes
were observed by less than 10 stations.

Sykes (1970a) relocated only the better observed earthquakes, and for
most earthquakes he used more data than the USCGS. He noted that his locations
show less scatter than the USCGS locations for 1961 to 1967 given by Barazangi
and Dorman (1969). Sykes considered 66 of the 73 earthquakes which are in
the USCGS file for the overlapping period. Differences between the positions
given by Sykes and the USCGS for the same earthquake show no strong bias
(Fig. 3.11). Only seven differences are greater than 30 km and the standard
deviation is 24 km. Breakdown of the results into the three plate boundéries
involved indicates no bias on a particular boundary. The seven USCGS earth-
quakes which were not considered by Sykes were observed by less than 10
stations and may be less accurately determined than the others.

Evernden's results and the Sykes:USCGS comparison suggest that most o
the epicentres used in this study are accurate to within 30 km, but errors of
50 km could be present. This estimate of accuracy relates to the precision
of the computations involved. In addition there may be systematic errors
due to velocity inhomogeneities in the earth. Errors in location of up to
55 km attributable to inhomogeneities have been reported for explosion
locations, i.e. accurately known epicentres (Davies and McKenzie, 1969).
Systematic errors could be particularly significant in the Macquarie Complex,
where velocity inhomogeneities might be expected and various elements of
structure "swap sides".

The reported depths of all the earthquakes in the USCGS file are
shallower than 44 km. Earthquakes down to 140 km are observed between 44°3
and 46°S in Fiordland (Hamilton and Evison 1967; Smith, 1971) but these do
not extend offshore. However the distribution of stations is not favourable
for determining depths and Adams (pers comm 1972) says that for the northern

Macquarie Complex some earthquakes listed as crustal could have been deeper.
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3.6.4 Time variability

The earthquakes are not uniformly distributed in time; most of them
occur in clusters. Each cluster consists of several earthquakes near one
place, all occurring within hours or days. Spatially all the earthquakes
within a cluster could be at one place as positions vary by less than 40 km.
However the spatial scatter could be real as most of the stress would not be
released at one point.

The majority of clusters consist of only two or three earthquakes with
a range in magnitude of less than 0.3. They are therefore not typical
foreshock or aftershock sequences associated with one main earthquake
(Mogi, 1963b; Sykes, 1970b). On the northern Macquarie Complex there are
three larger clusters of five, seven and ten earthquakes respectively.

These clusters are probably aftershock sequences as cach began with an earth-
quake of magnitude greater than 6.0.
In addition to the time clustering there are longer length time trends.

The most notable is on the 500 km of the Macquarie complex south of 57°s.

‘There was no activity for three years then in the following three years

there were nine separate "events" for a total of 15 earthquakes. Another
example is the short, well-defined fracture zone at 5505, 144°E for which
all the activity is from only two years.

It is clear that the addition or omission of a few years data can con-
siderably alter the apparent pattern of seismicity. Currently the spreading
ridges are aseismic and most of the activity is on fracture zones. However
there are also well defined fracture zones which are aseismic. The guiding
principle must be that seismic activity reflects tectonic activity wbut

aseismicity does not necessarily indicate lack of tectonic activity.

3.7 MAP PROJECTIONS

Several different map projections have been used as each one has proper-
ties most suitable for particular purposes. None is without some distortion -
an unavoidable consequence of the spherical nature of the earth. Measure-
ments involving distances and directions have taken into account the
particular projection used or were calculated accurately assuming a spherical

earth.

All the navigation calculations were done on mercator projections. The
magnetic anomaly trends were also compiled and are presented on mercator
projections. Two factors influenced this choice of projection for the
magnetic data. One, the relationships between tracks are most important and

as much of the data were hand plotted tracks were most easily plotted on
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mercator projections. Two, the data reduced at Lamont-Doherty Geological
Observatory had anomaly profiles drawn aleng tracks plotted on mercator
projections. Am additional advantage of using the mercator projection is
that the main magnetic anomaly chart which will be presented here is the
same projection and scale as the anomaly charts of adjoining areas presented
by Herron (1971} and Weissel and Hayes (1972).

The mercator projection does produce large area distortions, especially
in polar regions. For small areas it is adequate but for large areas “azi-
muthal projections are better. Several of these have been used, all as polar
projections - (L) The equidistant projection: convenient for hand plotting
data. (2) The equal area: has obvious advantages for comparing areas.

(3) The stereographic: has the very useful property that a circle on the
earth projects as a circle on the map, although the geometrical centre of a
circle on the mip is not necessarily the geographical centre of the circle,
Ordinary rectangular grids are used in a few situations.

Most forms of profile presentation involve some distortion as tracks
have to be projscted on to a line. Anomaly profiles shown in some diagrams
are from mercator projections and so do not have a fixed linear scale. All
distances, spreading rates, etc. quoted have been accurately measured off

charts or calculated assuming a spherical earth.

3.8 COMPUTER FPROGRAMS

Much of the work has involved use of computers. Where possible
available progrsms were used but several programs had to be developed for
specific probleus; in particular for the numerical correlation studies of
‘Chapter 5, the epicentral method of Chapter 8, and general map plotting.
Brief details of the programs are given in Appendix 3F. The program
listings are not given as the programs were developed specifically for
this project and are not very general. They were also written specifically
for the Elliott 503 computer of the Applied Mathematics Division, DSIR.

The programing language is a modificd form of ALGOL 60. Some of the
programs which may be of interest are being modified to make them

suitable for more general use.

Postscript to section 3.7 : Map Projections

It nas been discovered that the Xerox machine that some of the diagrams
were copied on produced non-linear distortion. This is an unfortunate
addition to the distortion already produced by representing the earths

surface on a flat surface.
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CHAPTER 4

THE STRUCTURE OF THE SOUTHWEST PACIFIC AREA

This chapter presents the available data and describes the structure of
the southwest Pacific area. A statement of the approach taken (4.1) is
followed by an introduction (4.2). Then specific areas are described:
the southwest Pacific basin (4.3), Pacific-Antarctic ridge system (4.4),
the transition area between the previous two (4.5), triple junction area

(4.6), and the area south of the Pacific-Antarctic ridge system (4.7).

4,1 STATEMENT OF PRINCIPLES

In this chapter geophysical data are presented, and used to describe
the structure of the southwest Pacific area. The emphasis is on a description
of the structure not on interpretation of that structure in terms of tectonic
models. Poles of rotation are not discussed, spreading rates are not calcu-
lated, detailed magnetic anomaly model studies are not given, and fracture
zones are not compared with arcs about rotation poles., Such topics will be
discussed, but only in later chapters.

The separate presentation of interpretation and description of the struc-
ture reflects the approach that was adopted during the data analysis. When-
ever possible data were examined, integrated with other data, and the
structure of an area mapped from the data. Then an =2xplanation of the
structure was sought, or the structure was compared with what was expected
from a hypothesis. A conscious effort was made to: aveid examining the data
with an "expected structure" in mind.

The main results of this chapter are presented in Fig. 4.1, and most of
the chapter will be a detailed explanation of that diagram. The diagram is
almost entirely based on magnetic data, but bathymetry and seismicity have
played an important subsidiary role. A full understanding of the area cer-
tainly requires data other than magnetic data, and in the detailed discus-
sions in subsequent sections all the available geophysical data are considered.

The lineations shown in Fig. 4.1 have been mapped by visually identifying
features common to two or more magnetic anomaly profiles. The lineations are
numbered according to a system established by Pitman et al. (1968) and .
extended in this study. The numerical values of the numbers are not
significant, as the numbers are only labels used to designate particular
characteristic anomalies. The use of the numbering system is hovever signi-
ficant, as it implies that the anomaly pattern in the southwest Pacific is

part of a sequence of anomalies that has been observed in many areas of the
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world. Acceptamce of the origin of the anomalies as being due to seafloor
spreading implies age similarities with other areas. According to current
estimates the seafloor will range in age from 82 my at anomaly 37 to zero at
anomaly 1. Recognition that the southwest Pacific area is part of a global
pattern, and knowledge of the age of the seafloor in the area, are not
strictly necessary for this chapter. The structure of the area could be
described in isclation but there is no point in not using nomenclature that
is widely used, where it is appropriate.

There are substantial areas in Fig. 4.1 where no anomaly identifications
are shown. In some areas there are no data, but in others there are data and
there are anomalies. The lack of identifications in the latter areas indi-
cates that no lineations or distinctive anomalies have been identified there;
it does not merely mean that there are none within the sequence 1-37. The
standards used for accepting either identification of a distinctive anomaly
in a single track or correlations between tracks are conservative. The
structure of all the area is not simple, the available data tracks are not
very numerous, and for many of them navigation uncertainties are significant.
There is little point in assuming that every anomaly is produced by seafloor
spreading or that data from one track must correlate with other data nearby.
Mapping features in an area is important but it has been considered just as
important to not map a feature which has not been adequately identified.
Areas which are too complex to interpret simply, need to be recognized as

such, as their ccmplexity is information that may be as useful as that of

the easily understood areas.

4.2 INTRODUCTION

Fig. 4.2 shows five bathymetric and magnetic profiles that are represen-
tative of the area. They are also representative of the data available, which
are not continuous on all the tracks in the area (Fig. 3.1). The profiles
illustrate several features, the identification of which simplifies the des-—
cription of the area.

The ELT25 bathymetric profile shows a relatively smooth symmetrical
ridge, which merges into a basin to the north. The northern end of the track
goes up the Bounty trough which accounts for the gradual continental slope.
The magnetic profile shows a section of high amplitude short wavelength
anomalies symmetrical about the ridge axis. Longer wavelength anomalies are
clearly seen in the basin but the anomalies on the ridge flank are in general
of low amplitude.

The ODF5 magnetic profile is similar to ELT25 in that symmetry is seen

about an axis. The sequence of anomalies from 25 to 32 is also clearly seen,
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but although the sequence is of similar length to that in ELT25 it is closer
to the ridge axis.

The magnetic profile H shows the anomaly group 25-32 with similar
length to the previous profiles. No symmetry centre is obvious in either the
bathymetric or magnetic profile. The topographic axis is relatively rough
and the flat basin south of it is conspicuously shallower than the basin to
the north.

Profile B still shows anomalies 25-32 but they are closer to "the
ridge". The section of disturbed bathymetry is broader than to the east.

The ELT27b magnetic profile clearly shows symmetry, and the anomaly
sequence agrees closely with that of current spreading ridges. The bathy-
metry is also symmetrical and is subdued.

The representative profiles illustrate: the uniformity and persistence
of a sequence of anomalies in the southwest Pacific basin; the progressive
decrease from east to west of the distance of this sequence from the topo-
graphic axis of the Pacific-Antarctic ridge system; the regular topography
and symmetrical anomaly patterns over the actively spreading Pacific-
Antarctic ridge; the rough topography and lack of symmetry of the Pacific-
Antarctic fracture zone; and only a short distance westward a smooth
symmetrical section of actively spreading Indian-~Antarctic ridge.

These general observations indicate that it is appropriate to consider
the whole area in five sections: (1) the southwest Pacific basin,

(2) the Pacific—-Antarctic ridge system, (3) the are: inbetween those two,
(4) south of the ridge system, (5) the Indian-Antarctic ridge area.

These five areas are discussed separately in the following sections.

4.3 SOUTHWEST PACIFIC BASIN

4.3.1 General

Magnetic anomalies in the southwest Pacific basin are particularly clear
and it has been possible to map magnetic lineations in detail. The results
are contained in Fig. 4.1 but Fig. 4.3 shows them in greater detail. Before
further discussing the results the nomenclature used for the anomalies needs
to be explained.

It has become customary to assign numbers, or other labels, to anomalies
which are distinctive and have been identified at several places. Probably
the best known anomaly sequence is that numbered 1 to 32 by Pitman et al.
(1968) (Fig. 4.4A). 1t is observed in many areas of the world aad the
geomagnetic reversal time scale for the last 75 mybp is based on it (Fig. 4.4B).

A collection of representative profiles from the southwest Pacific basin
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(Fig. 4.5) show that the oldest part of the sequence is represented in the
basin. Fig. 4.5 also shows distinctive anomalies beyond number 32. Their
regular occurrence over a wide area justifies labelling them, which has
been done as follows.

Christoffel and Falconer (1972) assigned the numbers 34 and 36 to the
broad positive anomaly beyond 32. The assignment is unusual in that the
numbers refer to the ends of the same anomaly, not to two separate anomalies.
Number 35 was used in the early compilation stages but it is not now used as
the peak to which it was assigned subsequently appeared to be only a local
feature. Number 33 is here used for the small but distinctive positive
anomaly in the negative beyond 32. It is not mapped as a separate lineation
but it is very important as it contributes to the distinctiveness of
anomalies 32 and 34. Anomaly 32 is also made distinctive by the peak prior
to it, which has been labelled 32A. A positive anomaly beyond 36 has been
numbered 37, but it is more variable in appearance than the other numbered
anomalies, and may be produced by basement structure rather than reversals.

There is unfortunately some duplication in the numbering of the
anomalies beyond 32, because McKenzie and Sclater (1971) used number 33 for
the feature that Christoffel and Falconer (1972) independantly numbered
34-36. Mascle and Phillips (1972) have followed McKenzie and Sclater, but
Hayes and Ringis (1973) have followed Christoffel and Falconer; so the
confusion is already established in the literature. .

The existence of the magnetic lineations in the southwest Pacific basin
has been known for some time from the work of Christoffel (1961 a,b),

Adams and Christoffel (1962), Christoffel and Ross (1965, 1970), Ross (1966),
and Pitman et al, (1968); buut the results shown in Fig. 4.3 are more
detailed than previously shown. All the data of the previous workers are
included in Fig. 4.3, along with almost twice as much new data. New data
have led to minor revisions of some of the earlier work, including the pre-
liminary version of Fig. 4.3 presented by Christoffel and Falconer (1972).
The general pattern of lineations and offsets is not unexpected and is
similar to many such patterns in the world. It is therefore of most interest
to discuss some of the unusual features of the area. Before doing this some
general points should be noted.

In Fig. 4.3 individual anomaly lineations are mapped but the identifi-
cation of an individual anomaly is usually dependant on its relationship
to adjacent anomalies in the sequence. TFor example anomaly 30 "requires"
anomalies on both sides of it, whereas anomaly 31 "requires" no anomaly on
one side of it. Figs 4.6 and 4.7 show most of the profiles on which
Fig. 4.3 is based. Whilst some individual ancmaly identifications may not be
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strong the overall pattern is convincing, especially when working with
anomaly profiles plotted along the tracks and with tracing paper available.
Minor kinks in the mapped anomaly lineations may be real or they may be due
to navigation uncertainties - none of the tracks has been adjusted. The
fracture zones are determined only from the offsets of the magnetic
anomalies, not from bathymetry. They have been drawn straight, but in most
cases they are not tightly determined. They may be wider than the lines
imply. For convenience the fracture zones have been named, and Fig. 4.8
shows a simplified version of Fig. 4.3 with the fracture zones labelled.
Details of the structure of the southwest Pacific basin are discussed

below. In general the discussion proceeds from east to west in Fig. 4.3.

4.3.2 The Louisville ridge

The Louisville ridge strikes through the northeast corner of the area
studied (Fig. 4.3). The squares indicate positions of the ridge listed
by Hayes and Ewing (1971), and observed on ELT17 and ELT28. Two east-west
profiles across the ridge near 161°W are shown in Fig. 4.9. Profile ELT28
is only 45 km north of ELT17 so the difference in the ridge is very marked
over only a short distance. Depths for other crossings in the area are
equally variable.

The ELT28 seismic reflection profile (Fig. 4.10) across the ridge is
interesting because it shows flat "basement" near the ridge. Flat basement,
more probably a flat reflector above basement (section 1.2,5), is rare in
the south Pacific (Houtz, pers comm 1973). The proximity of the flat layer
to the Louisville ridge suggests a causal relationship. If it is ash at
least some part of the ridge must have been subaerial to produce the ash.
If it is smooth basalt flows, volcanic activity associated with the ridge
is still implied. The very variable depth of the ridge suggests a series
of volcanic seamounts, rather than a tectonically controlled ridge such as
the Macquarie ridge.

Magnetic anomalies are clear west of the ridge; see for example
anomalies 32A-36 on profile A409 (Fig. 4.6). East of the ridge there are
anomalies, but they are not similar to those to the west; and even with

Herron's (1971) data east of 150°W no lineations are apparent.

4.3.3 Tairoa fracture zone

The existence of the Tairoa fracture zone (Fig. 4.8) was firest noted
by Pitman et al. (1968) from only profile ELT23 (Fig. 4.11). Additional

data have more clearly established it; see for example the duplication
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of anomalies in C08, ELT23 and A408N (Fig. 4.6) shown by splitting the
profiles. The offset across the fracture is dextral; approximately 340 km
for anomalies 25-31, but less for older anomalies because of a "missing
section" between anomalies 31 and 32 west of the fracture. There is some
bathymetric relief in this missing section on profile ELT23 (Fig. 4.11).
The Tairoa fracture zone as mapped in Fig. 4.3 is not perpendicular to

the anomaly lineations.

The ELT23 profile across the fracture (Fig. 4.11) shows an unusual
blocklike bathymetric feature. The block is 220 km wide and up to 1200 m
higher than the surrounding flat floor. Bathymetric relief greater than
a few hundred metres is rare throughout the southwest Pacific basin.
Presumably the block is related to the fracture zone but it is mostly on
one side of it. It is interesting to note that the western set of
anomalies 27-29 are directly over the block but are not in any way

irregular.

4.3.4 Rangirua-Toarahi area

Between the Tairoa fracture zone and the Rangirua fracture zone
(Fig. 4.8) anomalies 25-29 are quite uniform, but there is a disturbance
of anomalies 30 and 31. Profiles ELT25, ODF6, A408S and V16 (Fig. 4.6)
show a progressive broadening of anomaly 30, until on V16 there is effec-
tively a whole extra anomaly. On ELT25 the section from anomaly 29 to 31
corresponds to a broad 300 m high bathymetric hump.

The irregularities of anomalies 30 and 31 do not appear to be related
to the unusual configuration of anomalies 32A and 32 just east of the
Bollons seamount (Fig. 4.12), Duplication of anomalies 32A and 32 is very
clear on V16 (Fig. 4.6) and less clear but plausible on A408S. The Toarahi
fracture zone is based on this duplication, and numerical studies to be
discussed later support the interpretation. The existence of the Toarahi
fracture zone appears definite but its strike is very uncertain as the
navigation control on V16 and A4085 is not good. A slight shift of either
track would alter the fracture zone direction considerably. The offset is
dextral and about 80 km.

The Rangirua fracture zone is a more substantial feature, evident as a
sinistral offset of the whole anomaly sequence (Fig. 4.3). The offset is
about 100 km in the south, but 150 or 220 km in the north, depending on
whether the offset is measured to the east or west side of the Toarahi
fracture zone. The interpretation at the southern end is not coupletely
clear and the navigation control on ODF8 and DD is extremely poor. There is

nothing noticeable in the bathymetry on the two DD crossings of the fracture



zone. At the northern end no anomalies beyond 32 are evident in V16 or
A408S and the bathymetric and magnetic profiles are featureless to the
shelf edge.

4.3,5 Bollons seamount

The Bollons seamount is interesting for several reasons. Firstly
because it doesn't appear to be where it is shown on most maps. Fig. 4.13
shows one chart of the area, and bathymetric profiles in the area are
shown in Fig. 4.14. 1t is clear that the seamount is not between X and X'

on V16 where the chart puts it. A location about 110 km to the southeast,
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between A and Z, seems more probable; and profiles T and W indicate that it

is not a single peak feature. On neither T or W are there any short wave-
length magnetic anomalies associated with the peaks, which suggests but
obviously does not prove, that Bollons seamount could be continental in
structure.

The very flat seafloor at the foot of the continental slope on V16,
W, and T (Fig. 4.14%) probably reflects turbidite deposits. The channels

at the foot of the slope on W and T suggest that the strong western boundary

current may sweep between the plateau and Bollons seamount.

4.3.6 The Waimori, Matua, and Pahemo fracture zones

From the Rangirua fracture zone to about 178°E the anomaly lineaticns
are in general very uniform. The only minor feature is uncertainty of
anomalies 25 and 26 at the western end; see for example profiles L, ODF5
and A706 (Figs 4.6, 4.7). This uncertain area is associated with minor
bathymetric roughness.

Between 178°E and 175°E Christoffel and Ross (1970) mapped a fracture
zone with sinistral offset tending to zero at 60°S. The addition of more
data indicates that the area is more complex and three fracture zones are
present: the Waimori, the Matua, and the Pahemo (Fig. 4.8).

The Matua and Pahemo fracture zones are each orthogonal to the linea-
tions, have a sinistral offset of about 50 km, and are not conspicuous in
bathymetric profiles that cross them. The ELT32b seismic reflection pro-
file (Fig. 2.14, profile I) crosses the Matua fracture zone between 0 and
45 km, and shows that basement expression of the fracture zone is slight.
North of the line of the Matua fracture zone (Fig. 4.3) magnetic anomalies
are random, see for example profiles S, F and K (Fig. 4.7), and no
lineations have been identified.

The Waimori fracture zone is identified from the offset of anomalies

32A-34, see for example profiles ODF5, ELT27 and H (Figs 4.6, 4.7).
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The offset is dextral, about 80 km. The fracture zone is a very local fea-
ture as only anomalies 32A-34 are offset, but the distance from anomaly 34
to 36 just east of the fracture is atypical and could be related to the
fracture. The interpretation in Fig. 4.3 shows track ELT32b just west of
the fracture, not crossing it, but there is a disturbance in the basement
just south of anomaly 32 on this track - see Fig. 2.14, profile I, 350 to
400 km. This suggests that the trend of the Waimori fracture zone may be
more northeast than shown in Fig. 4.3. Even with the trend shown it is

not parallel to the other fracture zones and is not orthogonal to the

lineations.

4.3.7 West of 175°E

West of about 175°E the anomaly pattern is clear (Fig. 4.3), and a
complete sequence of anomalies 25 to 36 is seen either side of the Kohiku
fracture zone (Fig. 4.8). The offset across the fracture zone decreases
from about 80 km at anomaly 25 to about 45 km at anomaly 34. Bathymetry
on profiles C and P is not irregular where they cross the inferred pesition
of the fracture and unfortunately there are no bathymetry data for profile V.
The seismic reflection profile A in Fig. 2.3 is from track ELT32a, and the
pronounced basement step at 115 km is at 5603, just east of the fracture zone
line drawn in Fig. 4.3. The northern part of the fracture probably trends
more northerly than shown, and it could be a broad feature.

The clear anomaly patterns of the southwest Pacific basin do not extend
west of about 166°E. Anomalies 30 and 31 are tentatively identified at
165°E on ODF9 and M (Fig. 4.7) but the other anomalies are not seen.
Christoffel and R.F. Falconer (1973) have independently examined the mag-
netic data west of 165°E and they also found no lineations, although there
are anomalies., Fig. 4.15 shows that the termination of the anomaly linea-
tions probably coincides with the termination of the flat part of the

southwest Pacific basin.

4.3.8 Continental margin

It can be seen in Fig. 4.3 that anomaly 36 is close to the Campbell
slope, and it may be significant that it is equally close to the Bollons
seamount. The fracture zones west of 180° could be interpreted as main-
taining the basically ENE trending anomaly lineations at a uniform
distance from the irregular shaped continental margin.

East of the Bollons seamount anomaly 36 is ndt close to the south

Chatham slope, i.e. the continental margin. The area between the margin and
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anomaly 36 is mot a magnetic quiet zone but no lineations are evident.

Fig. 4.16 shows some bathymetric profiles across the margin and it is
noticeable that in several cases bathymetric, presumably basement, features
occur close to anomaly 36. The basement off the south Chatham slope is
more complex than off the Campbell slope (Fig. 2.3) but in both areas the
uniform basin basement appears to extend to about anomaly 36, It may be
that east of the Bollons seamount the true margin of the southwest Pacific

basin is not the south Chatham slope but is further offshore.

4.4 PACIFIC-ANTARCTIC RIDGE SYSTEM

4.4.1 General

The Pacific-Antarctic ridge system cuts across the area studied (Fig. 2.1);
the latitude of its axis varying from about 60°s at 150°, to 65°S at 180°,
to 61.5°S at 161°E. The axis could be defined by bathymetric, magnetic or
seismicity data, but no one type of data adequately reflects the differing
- nature of the system throughout the area.

Bathymetry profiles (Fig. 4.2) discussed in section 4.2 illustrate the
contrast of the regularity of the Pacific-Antarctic ridge east of 180° with
the roughness of the Pacific-Antarctic fracture zone from about 180° to 161°E.

Earthquake epicentres (Fig. 3.9) show the Pacific-Antarctic fracture
zone to be seismically active while most of the Pacific-Antarctic ridge is
aseismic,

Magnetic anomaly profiles (Fig. 4.17) show at 150%0 a symmetrical
sequence of anomalies so typical of seafloor spreading during the last 10 mybp
that a model profile (Fig. 4.4A) isn't needed to identify the anomalies. An
equally clear sequence exists at the opposite side of the area at 158°E
(Fig. 4.17). In between, the axis of the Pacific-Antarctic ridge system is
mostly characterized by high amplitude, short wavelength anomalies, but only
east of about 175°W are anomalies typical of recent spreading readily iden-
tifiable.

On the basis of the structure of the area, and the available data
coverage (Fig. 3.1) the ridge system (Fig. 2.1) will be discussed in four
sections: (1) near 150°W, (2) 155°W to 166°wW, (3) 166°W to 180°,

(4) west of about 180°.

4,4,2 150°% area

The primary area for this study is west of ISOOW, but to adequately
define the structure of the Pacific-Antarctic ridge near 150°W data

further east have been considered. Fig. 4.18 shows the interpretation of
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the magnetic data in the area near ISOOW, and Fig. 4.19 shows the track
coverage.

Pitman et al. (1968) discussed four of the profiles in the area, noting
that anomalies typical of current seafloor spreading were easy to recognize.
Their profiles were: V16; ODF8 (Fig. 4.17); and ODF6 and ELT19
(Fig. 4.4B). Herron (1971) used also ELT20 and ELT25 in her analysis of
the area east of 150°W (Fig. 2.12). The addition here of ELT33 and ELT43
has led to some revisions of Herron's interpretation. It has also led to
the identification of a new fracture zone at 150°W (Fig. 4.18), for which
the name Hangu fracture zone is here suggested.

The existence of the Hangu fracture zone is very clearly shown by the
magnetic profiles in Fig. 4.20. In profile ELT43, which is almost east-west
(Fig. 4.19), the duplication of the central anomaly is obvious. Profile
ELT25 crosses the fracture close to the offset of the axis and a section of
anomalies is missing. Bathymetry was not available for ELT43 but ELT25
bathymetry does not obviously indicate the existence of the fracture zone.
There is no seismicity associated with the fracture.

The identification of the Hangu fracture zone is significant because it
shows that a fracture zone with a substantial offset (70 km, dextral) may
not be reflected in bathymetric and seismic data.

The fracture zone at 56-57°S betweea 140° and 145°W (Fig. 4.18) is
defined almost completely from bathymetric and seismic data, although its
existence could be weakly inferred from magnetic daia (Fig. 2.12). Bathy-
metrically the fracture zone appears as extreme ridge and trough topography
with up to 4 km relief over distances of less than 10 km. The trend of the
fracture is well determined as there are several éracks across it. The
epicentres suggest that the ridge offset is about 310 km and magnetic data
indicate that it is dextral. It is probably appropriate to refer to the
fracture as the Tairoa fracture zone, as it appears (Fig. 4.1) to be con-
tinuous with the offset of magnetic lineations in the southwest Pacific basin,
that was named the Tairoa fracture zone (section 4.33).

The position of the ridge crest just west of the Tairoa fracture zone
(Fig. 4.18) and the orientation of the ridge just east of the Hangu fracture
zone, suggest that between 145° and 149°W there could be a dextral offset
of the ridge crest of about 75 km. The minor seismic activity could reflect
such a fracture zone., However the anomalies near 60°S, 144°W are offset
sinistrally and Herron (1971) used this to infer a sinistral ridge offset
of 50 km at 149°W (Fig. 2.12). Anomalies 8-12 on the north side of the
ridge are not offset either sinistrally or dextrally. It has been shown in

section 4.3 that in the southwest Pacific basin there are amnomaly offsets
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which are only local. It therefore may be unwise to infer offsets or lack
of offsets in the ridge axis from anomaly lineations away from the axis.
West of the Hangu fracture zone (Fig. 4.18) another fracture zone is
implied by the anomaly positions and "irregularity" of anomalies on the
western end of profile ELT43 (Fig. 4.20). The details of the fracture are
very uncertain as the navigation on ODF8 (Fig. 4.19) is bad and to reconcile
it with ELT43 and ELT25 it has been necessary to shift the anomal?es about
40 km northwards "along the track'. Shifting the track in other directions

could alter the interpretation.

4.4.3 155°W to 166°W

For the Pacific-Antarctic ridge system from about 155°W to 166°W
there were no bathymetric or magnetic data (Fig. 3.1); and earthquake
epicentres prowvide the only information. Fig. 4.21 shows the area.

The active spreading ridge west of 166°W is discussed in the next section.
The epicentres near 160°W appear to form a group with a strike similar to
the fracture zones to the east (Fig. 4.18), and orthogonal to the
spreading ridge. This suggests that these epicentres reflect fracture
zone activity. There may be one fracture zone with a dextral (?) offset

of 200 km, or two shorter fracture zones.

4.4.4 166°W to 180°

The area between about 166°W and 180° cannot be easily interpreted in
terms of anomaly lineations and fracture zones (Fig. 4.22) despite the
reasonable data coverage (Fig. 4.23). The lack of = simple interpretation
probably reflects the complexity of the area, but it is also a product of
the very poor navigation control. In this area north-bo ind tracks are
often just emerging from long periods of numerous course and speed changes
in pack ice, while south-bound tracks have run hundreds of kilometres in
heavy seas. Weather conditions and/or 24 hour sunlight mean that reliable
fixes are rare. Position uncertainties on many tracks could exceed 50 km.
This makes it difficult to reliably map anomaly lineations, as many of the
anomalies have wavelengths of 20 km or less.

There certainly are recognizable anomalies in the area; see for example
Fig. 4.17 profiles MNW, MNH and ODF5; and the existence of the anomalies
mapped in Fig. 4.22 is adequately established. The strikes of the lineations
are probably not reliably determined and no significance can be attached to
variations in their strikes. The strikes of the fracture zones are
also very uncertain. The tentative central anomaly identifications at
178°W and 180° are based on profiles T and ODF3 respectively (Fig. 4.17).
Considering the adjacent profiles: W, L and H; these central anomaly

identifications must be considered at best weak.
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Anomalies of the recent seafloor spreading sequence are relatively clear
at 168°W, but the general pattern becomes more confused westward. The bathy-
metry (Fig. 4.24) also reflects the trend from uniform ridge in the east to
more chaotic structure further westward. In conclusion it can be said that
the characteristic bathymetric and magnetic uniformity of the Pacific-

Antarctic ridge does not appear to extend west of about 175°W.

4,4.5 Pacific-Antarctic fracture zone

The axis of the Pacific~Antarctic ridge system is approximately delineated
by the 3 km contcur (Figs 0.1, 2.1), and it is noticeable that the contours
show a marked change in trend just east of 65°S, 180°. East of there the
trend is southwesterly, while to the west it is northwesterly. Ross (1967b)
was the first to discuss in detail the western section between 180° and 160°E.
From five bathymetric and seven magnetic profiles he showed that the bathy-
metric contours reflect a broad N65°W trending zone of disturbed bathymetry
and magnetics. The data coverage in that area is now extensive (Fig. 3.1)
but it will be shown in this section that the main conclusions are still that
the area is complex. The bathymetric and magnetic profiles which will be
presented are a representative sample of the available data.

Representative bathymetric profiles shown in Fig. 4.25 illustrate the
complex topography. The most notable features are: depths less than 2 km;
relief greater than 4 km; and the marked asymmetry about the topographic
axis., The asymmetry evident in the bathymetry does not reflect symmetrical
basement buried on the south side by sediment. There is sediment there
(Figs 2.15, 2.16) but the basement is still asymmetrical. East and west of
this area the ridges are smooth and symmetrical; the axes are deeper than
2 km; and extreme topography i1s present only at active fracture zones.

Magnetic anomaly profiles shown in Fig. 4.26 indicate a zone of high
amplitude, short wavelength anomalies trending about N65°W. The magnetic
zone is coincident with the rough topography, which is approximately enclosed
by the 3 km contour. The track coverage in the area is quite good (Fig. 3.1)
but no correlations of énomalies between tracks have been established in or
adjacent to the zone of disturbed magnetics. Consequently the magnetic
data do not indicate whether there are any local trends different from the
overall N65°W trend.

It is natural to examine the magnetic profiles for evidence of recent
seafloor spreading, particularly as that can be seen at 175°W and 160°E
(Fig. 4.17). The profiles in Fig. 4.17 between 175°W and 160°E are aligned
approximately on the axis of the rough topography, but more particularly

they are aligned on a squarish anomaly - where one is present in a profile.
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A squarish anomaly is characteristic of the axis of current spreading

(Fig. 4.4A), but to identify recent spreading with any confidence it would

be necessary to also have at least a few of the characteristic anomalies on
both sides, or even only one side, of the central anomaly. With this
criterion currenf: seafloor spreading is not readily apparent anywhere between
about 175°W and 160°E (Fig. 4.17).

One profile which has attracted some attention because of its squarish
anomaly is profile B, shown in detail in Fig. 4.27. T.M. Geddes (pers comm,
1973) has done extensive model studies for this profile, taking account of
the bathymetry. He has used sequences of normally and reversely magnetized
blocks defined by the reversal time scale (Fig. 4.4) and finds that a wide
range of differeat spreading rates, centre positions, or magnetized layer
configurations will simulate at least parts of the profile. Lack of a
simple unique solution is not surprising, considering the complex bathymetry.
Model studies for other profiles in the area would also be dominated by the
effects of extreme topography.

The magnetic profiles (Fig. 4.17) have also been examined for symmetry
of any sort. Limited symmetry could be suggested in several profiles; for
example ODF3, B, MNEb, P and N. Profile N (Fig. 4,27) attracted attention
because of its large amplitude anomalies. There is some degree of symmetry
in its bathymetry, but numerical studies, which will be discussed more fully
later, show that it is difficult to justify choosing a unique magnetic
symmetry centre. Similar conclusions are reached for other profiles,

A zone of seismic activity is coincident with the zone of disturbed
topography and magnetics (Figs 4.26, 4.25). The epicentres are scattered
and their locations could b2 inaccurate by more than 25 km (section 3.6.3),
so there is little point in detailed comparisons of individual epicentres
with bathymetric features. The gaps in seismicity (¥Fig. 4.26) are probably
not significant as the data cover only nine years, and during that interval
events occurred in only six years. It should be noted that east and west of
this area the ridge axes are aseismic and all the seismicity is on active
fracture zones.

The bathymetric, magnetic, and seismic data all suggest that the
prominent feature striking N65°W between about 180° and 160°E is a major
fracture zone. The name Pacific-Antarctic fracture zone was suggested for
it by Christoffel and Falconer (1972).

The area around 60°S, 160°E will be discussed in section 4.6, and it
will be shown that the western end of the Pacific-Antarctic fracture zone
can be fairly reliably determined as 61.508, 161°E. The eastern limit of

o
the fracture zone is less distinct. The seismicity extends to 180°;
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active seafloor spreading is clearly identifiable at 175% (Fig. 4.22);

and the structure inbetween is indefinite. It is reasonable to conclude
that the eastern end of the Pacific-Antarctic fracture zone is between

65° and 6608, and 175°W and 180°. The whole zone is more than 1000 km long
which makes it one of the world's major fracture zones.

The bathymetric relief of the Pacific-Antarctic fracture zone is
typical of major fracture zones, but the width of the disturbed area is
greater than normal. Fig. 4.25 shows that the disturbed zone is 200 km
wide. Fracture zones elsewhere are frequently less than 50 km wide. The
width suggests that the zone may be several fractures with a more northerly
trend. The earthquakes are scattered but could be interpreted as several
sections striking N&SOW, espeéially the group near 165°E. If there are
several fractures there may be short sections of ridge linking them. If the
ridge axes were orthogonal to fractures trending N45°W, they would be less
than 50 km long, as the fractures cannot be much displaced. Such short
ridge sections would be difficult to detect with the data tracks that are
available. .

In the Hayes and Conolly (1972) bathymetric map for west of 169°E
(Fig. 2.8) the Pacific-Antarctic fracture zone area is interpreted as con-
sisting of orthogonal ridges and fractures with the fractures trending about
N30°W. The data coverage in the area is minimal and the contours are clearly
idealised. More detailed New Zealand Oceanographic Institute maps in pre-
paration (Hurley and Krause, 1973a, b), also west of 169°E, show features
trending N45°W. However the contours are not uniquely determined by the
available data, and the interpretation has been partly based on Fzlconer's
(1972) suggestion that fracture zones would trend N45°W. Detailed surveys

are needed to determine local structure within the overall structure of the

Pacific-Antarctic fracture zone.

4,5 BETWEEN ANOMALY 25 AND THE PACIFIC-ANTARCTIC RIDGE SYSTEM

In section 4.3 the southwest Pacific basin was discussed, and it was
shown that there is a clear pattern of magnetic anomalies extending south to
anomaly 25. In section 4.4 the discussion "jumped" to the axis of the
Pacific-Antarctic ridge system. Anomalies out to about number 5 either side
of a smooth axis were shown to be clear east of 175°W, while west of there
is the disturbed Pacific-Antarctic fracture zome. In this section the area
between the basin and the ridge system is discussed. The area can be loosely
definad as being between anomaly 25 and either anomaly 5 or the Pacific~
Antarctic fracture zone. It can also be considered as the northern flanks

of the Pacific-Antarctic ridge system.
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Representative bathymetric and magnetic profiles (Fig. 4.2) show that
the width of the area decreases from east toc west. In the east the distance
from anomaly 25 to anomaly 5 is almost 1000 km. In the west the distance at
170°W between anomaly 25 and the axis of the Pacific-Antarctic fracture zone
is only 200 km, and further west even anomaly 25 is "lost" in the fracture
zone. Fig. 4.1 shows that despite reasonable data coﬁerage only a few
magnetic lineations have been identified in the area. The difficulty of
identifying anomaly lineations is the main characteristic of the are;.

Magnetic anomalies 25-36 in the southwest Pacific basin are distinctive
and easy to ccrrelate, but south of ancmaly 25 the nature of the anomalies
changes markediy. In the east (e.g. profile ELT25, Fig. 4.2) the anomaly
amplitudes between numbers 25 and 5 are low, there is a mixture of wave-
lengths, and the general appearance of the profiles is one of noise rather
than of distinctive anomaly sequences. In the west, e.g. profiles B and H,
the amplitudes are larger but distinctive anomalies are still not clear.

Some idencifications of lineations and individual anomalies have been
made in the area (Fig. 4.1); mainly in the eastern part. Fig. 4.28 shows
several profilzs east of 17OOW with the assumed anomaly identifications.
These identifications are based heavily on the work of Pitman et al. (1968),
who established the correlations shown between profiles ELT23, ELT19, ODF6
and ODF8. The basis of the anomaly numbering system is indicated in
Fig. 4.4A, where a model profile based on a north Pacific type profile is
shown with prcfiles ODF6 and ELT19. It is clear that between anomalies 5
and 24 the corrzelations between the profiles are far less obvious than
between anomalies 25 and 32,

Although anomalies 5 to 25 are observed in many areas of the world
detailed correlations of peaks in the sequence are rarely possible. Usually
great reliance is placed on distinctive features such as: the width of
anomaly 5, the short wavelength group beyond it, the width of 6, the pro-
minence of 13 with a gap beside it, the width of 20 and 21 with a gap
between them, the uniformity of peaks in 21-24, and the double of 25-26 with
gaps either side. When the southwest Pacific profiles in Figs 4.4A and
4,28 are examined legitimate doubts can be raised about some of the assign-
ments of numbers to anomalies: peaks are missing between 23 and 25, the
distinctive gap between 20 and 21 is hardly distinctive, and 13 isn't really
prominent., There are undoubtedly correlations between tracks, and the
lineations shown in the east of Fig. 4.1 are adequately established.

However the assignment of the numbers to exact anomalies between 5 and 25

must be considered much less reliable.
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In the area north of the Pacific-Antarctic fracture zone (Fig. 4.1)
virtually no anomaly assignments have been made, or lineations identified,
despite the high track density. Fig. 4.29 shows some of the profiles from
this area. The most notable features are the decrease to the west of the
distance between anomaly 25 and the axis, and the appreciable amplitudes
of many of the anomalies in the area. Correlation is evident between
profiles ELT27a and H at their northern end but the two tracks are virtually
coincident there. A group of anomalies that could be anomalies 21 to 24 may
be present in, for example, D, H, ELT27a and T; and anomaly 24 has been
included in Fig. 4.1. The identification is not strong though, as it appears
on so few tracks., The identification of anomalies 8 to 12 in ODF5 and T is
possibly more acceptable.. Correlations between profiles could be suggested.
in several places but the anomalies are mostly not distinctive which means
that the correlations are not unique, When the data are examined in map form
with anomaly profiles along the tracks, most correlations are so ambiguous
that they would be of little use.

Bathymetric relief can have a substantial influence on magnetic
anomalies especially if water depths are not great. The rough topography
north of the Pacific-Antarctic fracture zone (Figs 4.2, 4.25) undoubtedly
contributes to the difficulty in correlating anomalies there; but the fact
that the bathymetry is rough, in itself, suggests that the area is complex
and so lack of clear magnetic patterns is not surprising. To the east the
northern flanks of the Pacific-Antarctic ridge are relatively uniform, e.g.
profile ELT25 Fig. 4.2, and it is there that some correlations have been
possible.

A notable relationship between bathymetric and magnetic structure
throughout the area is that the southern boundary of the easily identifiable
anomalies (usually number 25) is the southern boundary of the relatively flat
basin topography. The profiles in Fig. 4.2 illustrate this. On these and
many other profiles it is noticeable that rough topography first occurs just
south of anomaly 25, Admittedly none of the topography in the east is very
rough, but there is usually some significant relief at the magnetic boundary
there. The transition from basin to rough topography becomes more abrupt
towards the west (Fig. 4.25), and invariably occurs close to the southern
limit of the correlatable anomalies.

The lack of identifiable anomaly lineations west of about 165°W
(Fig. 4.1) means that it is not possible to know if the fracture zones to
the north in the southwest Pacific basin extend further south. Further east
it appears that the Tairoa fracture zone exists from the basin to the ridge.

East of that fracture only anomalies down to number 20 are identifiable
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l(profiles A408N and ELT23, Fig. 4.28) but to the west the full sequence is
identified (e.g. profiles ODF6, ELT25). The offset of anomaly 20 is about
350 km dextral, which is similar to the 340 km offset of anomaly 25, and

the 310 km offset of the axis at 56°S. The available tracks are widely
spaced near the fracture so the actual position of the fracture is not

well determined (Fig. 4.1). However it seems reasonable to infer that it
continues from the well determined offset in the basin to the major fracture

at the ridge crest.

4,6 THE INDIAN-ANTARCTIC-PACIFIC TRIPLE JUNCTION

4,6.1 General

In this section the area of intersection of the Pacific-Antarctic and
southeast Indian ridge systems and the Macquarie ridge complex (Fig. 2.1)
is described. The area is referred to as the triple junction area because
it is where the Indian, Antarctic and Pacific plates intersect. Discussion
in terms of plate tectonics is deferred until Chapter 9; here only the
basic structure is described.

Fig. 4.30 shows the area, with the track control for the magnetic data
in the vicinity of the triple junction. The area was included in the
" southeast Indian ocean morphology and magnetic anomaly studies of Hayes and
Conolly (1972) and Weicsel and Hayes (1972) (Fig. 2.9). Falconer (1972)
quite independently studied the area and as he had more data he described
the area in greater detail. The description given hére follows Falconer
(1972) with some additional seismicity data.* Important data that Weissel
and Hayes didn't have are magnetic profiles AA and AR a-e (Fig. 4.30).

Two bathymetric charts of the area, in preparation (Hurley and Krause, 1973a,
b), provide some bathymetric data that Hayes and Conolly didn't have.
There are minor differences of interpretation between the different workers.

There are three major structural features in the area, and they inter-
sect near 61.505, 161°E. These features and the boundaries they define as
follows. (1) Indian~-Antarctic boundary: a section of the southeast Indian
ridge striking N55°E. (2) Indian-Pacific boundary: the Macquarie ridge
complex striking very approximately north-south. (3) Pacific-Antarctic
boundary: the Pacific-Antarctic fracture zone striking about N70°W. It is

most convenient to describe these three features separately.

* .

In Falconer (1972) and some other papers the name Indian-Antarctic ridge
is used for what is here referred to as the southeast Indian ridge. The
usage here follows that of many papers on the area published in Volume 19

of the Antarctic Research Series.
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4,6.2 Indian-Antarctic boundary

The anomaly lineations shown in Fig. 4.30 clearly indicate an actively
spreading ridge striking N55°E between about 62.5°S, 157.5°E and 61.508,
161°E. The magnetic anomaly profiles on which the lineations are based are
shown in Fig. 4.31. Even without the model profile it would be easy to see
that on many profiles anomalies are symmetrical about the anomaly labelled 1;
and it is clear that the sequence of anomalies are those indicative of sea-
floor spreading during the last 10mybp (the outer edge of anomaly 5 is
approximately 10 mybp).

The Aries tracks (label : AR) and the Eltanin tracks (label : EL) are
satellite controlled so the anomaly positions are accurately established.

The anomaly lineations (Fig., 8.30), including several unnumbered ones not
shown, are clesely parallel to the axis. The Aries track ARc in fact con-
sists of four close tracks (two profiles are shown in Fig. 8.31) and corre-
lations show that even over short distances individual anomalies strike N55°E.

Bathymetry also indicates a regular ridge (Fig. 4.32, profile EL27a),
the axis of which coincides with the magnetic axis. Hayes and Conolly (1972)
have inferred offsets in the ridge axis (Fig. 2.9), but Hurley and Krause's
(1973a, b) charts in preparation do not indicate any offsets. Neither are
there any offsets in the anomaly lineations either side of the ridge
(Fig. 4.30).

The western end of the ridge is terminated by a fracture zone striking
N30°W. This feature i- clearly identified from epicentres (Fig. 4.30),
bathjmetry (Fig. 2.8), and offset of magnetic anomalies to the north
(Fig. 2.9). The ridge is o fset about 320 km in a dextral sense. As a
noticeable bathymetric step the fracture zone extends south towards, but
not right to, the Balleny Islands. These islands and nearby submarine banks
(Dawson, 1970) strike about N35°E. It seems reasonable to infer that they
are related to the fracture zone. The fracture zone was named the Balleny
fracture zone by both Falconer (1972) and Hayes and Conolly (1972).

The complete lack of epicentres on the southeast Indian ridge section
(Fig. 4.30) is in marked contrast to the high activity on the Balleny frac-
ture zone. Active spreading ridge sections identified further west on the
southeast Indian ridge are also aseismic, and all the activity is on the
fracture zones offsetting them. It is therefore likely that here the eastern
end of the ridge is marked by the seismicity close to 61.5°s, 161°E. It is
worth noting that Falcomer (1972) used only Sykes' (1970a) epicentres, which
do not include the epicentres at the end of the ridge axis shown in

Fig. 4.30.



73

Falconer (1972) determined the end of the ridge from the bathymetric
and magnetic data. The magnetic anomalies characteristic of recent spreading
cannot be recognized on profile AA (Fig. 4.31) closer to the axis than
anomaly 2' on the south side of the ridge. Profiles A708 and ARb both show
the characteristic anomalies over the southern flank but they are not seen
north of the axial anomaly. The bathymetry of profile ARb (Fig. 4.32) south
of the axis is typical of the spreading ridge (e.g. profile EL27b), but just
north of the axial anomaly there is a marked bathymetric change coincident
with the loss of the characteristic anomalies.

The loss of magnetic lineations, the change of bathymetric character,
and the earthquake epicentres, all indicate that the ridge terminates just
east of the axial anomaly observed on track ARb, and possibly at the axial
anomaly on track A708. This posifion could be given as 61.605, 160.7°E but
an implied accuracy of 0.1° is probably unwarranted and the position will
be taken as 61.503, 161°E.

4.6.3 Indian-Pacific boundary

The Macquarie ridge complex has been discussed in section 2.4 and it
was pointed out there that Hayes and Talwani (1972) did not consider it to
extend south of about 60°S; although they did note that the structure
south of there was not well defined. Here the Macquarie complex is considered
to extend to 61,5°S.

The most prominent feature of the southern part of the complex is the
arcuate Hjort treach (Fig. 4.30). Magnetic lineations can be traced from
the west right to the trench and the bathymetric transition is very abrupt
(Fig. 4.32, profile EL36). East of the trench the topography associated
with the Macquarie ridge is much more subdued than further north., No
magnetic lineations have been mapped between the trench and the southwest
Pacific basin anomalies (section 4,3.7).

As a prominent feature the trench terminates near 59.508, 159.5°E.
However several tracks south of there show troughs, which are partially
reflected in the 3 km confour (Fig. 4.30). These deeps lie on a line striking
$25°E from the end of the trench. This line would intersect the southeast
Indian ridge near 61.5°S, 161°E. Profile ARb (Fig. 4.32) crosses this line
just north of the ridge axis. The profile shows the abrupt transition from
the ridge to the southwest Pacific basin.

The seismicity data (Fig. 4.30) are important as they indicate a con-
tinuity from the Hjort trench area to the point 61.508, 161°E. The epicentres
are scattered but they are on or slightly west of the line defined by the
bathymetry. 1In Chapter 8 this seismicity data will be used to show that the

the feature defined by the seismicity can be best interpreted as a fracture zone.
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The bathymetric data can be interpreted as indicating a fracture zone.
Fracture zones are often characterised by deep troughs and marked differences
in the depth either side. The Hjort "trench" and the line to the south show
these features (Fig. 4.32, profiles EL36 and ARb). Hayes and Conolly map
the line south of the Hjort trench, and refer to it as the Hjort fracture
zone (Fig. 2.9); but no discussion of the feature is given. They extend it

south of the ridge.

4.6.4 Pacific-Antarctic boundary

The Pacific-Antarctic fracture zone was described in section 4.4.5
although its western end was not much discussed. The seismicity east of
161°E in Fig. 4.30 is seismicity of the Pacific-Antarctic fracture zone,

It is clear that this seismicity intersects the southeast Indian ridge and
the southern end of the Macquarie complex near 61.508, 161°E.

Profile ARe, Fig. 4.32 is across the Pacific-Antarctic fracture zone,
and the bathymetric contrast with profile EL27a across the southeast
Indian ridge and profile ARb across the southernmost Macquarie complex,
can be described as truly remarkable. The considerable width of the dis-
turbed bathymetric zone makes it hard to bathymetrically define the precise
trend of the fracture zome. The overall trend west of 170°E is between 65°
and 70° north of west, but as mentioned in section 4.4.5 local trends of
N45°W within the zone are possible.

A marked change in depth across the Pacific-Antarctic fracture zone is
evident in profile ARe (Fig. 4.32) just as a change is evident across the
southern Macquarie complex. The simplicity across the Macquarie line is in
marked contrast to the complexity across the Pacific-Antarctic line.

Both profiles go into the southwest Pacific basin but obviously the two
boundaries are quite different. The Macquarie boundary is probably a simple
fracture zone while the complexity of the Pacific-Antarctic boundary is

probably due to it being several en echelon fractures.

4.7 SOUTH OF THE PACIFIC-ANTARCTIC RIDGE SYSTEM

4.7.1 Introduction

In the preface it was explained that the initial intention of this
study was to concentrate on a limited area of the southwest Pacific basin,
but that when more data became available and the structure of the whole
southwest Pacific area became clearer the study was extended to the axial
area of the Pacific-Antarctic ridge system. The area south of the ridge

system (Fig. 2.1) has also been studied, but in less detail.
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East of about 175 W almost no data were available south of the ridge
system (Fig. 3.1), but data coverage is better in the Balleny basin area
west of 180°. Fig. 4.1 shows that at least from magnetic data little
structure has been mapped south of the ridge system. It should be noted
that the mercator projection used in Figs 4.1 and 3.1 overemphasises the
size of the area south of the ridge system. The equidistant projection of
Fig. 2.1 gives a better idea of the relative areas.

The Balleny basin and the Pacific-Antarctic basin will be discussed
separately, mainly because of the differing data coverage but also because

they are probably structurally different,

4.7.2 Balleny basin

The Balleny basin (Figs 0.1, 2.1) is bounded on the north by the
Pacific-Antarctic fracture zone and on the south by the Antarctic continent.
Its western limit is not clearly defined but can be considered to be the
Balleny Islands and the Balleny fracture zone. The eastern limit may be
a definite structural boundary just east of 180°.

The bathymetry of the basin is illustrated by profiles in Figs. 4.2
and 4.25. The basin is about 3 km deep in the west, deepening to 3.5-4.0 km
in the east. The seafloor is relatively smooth, apparently because of sedi-
ment cover. There is up to 1 km of sediment in the basin (Fig. 2.16) and
most of it is higﬁly distorted sediment, not flat-lying turbidite deposits.
Ross (1967b) determined depths to magnetic basement from magnetic anomalies
in the basin and obtained an average value of 3.9 + 0.3 km, which is in
good agreement with the basement depth indicated by seismic profiling.

Moderately flat basemeat and substantial amounts of sediment extend
right to the Pacific-Antarctic fracture zone (Fig. 2.15, and unpublished
data (Davey, pers comm 1973)). The lack of any transition between the basin
and the fracture is in marked contrast to north of the fracture. At the
Antarctic margin the basement is not deeper than 4-4.5 km and there are
some basement ridges (section 2.3). “

It was mentioned in section 2.9 that the presence of islands and
numerous seamounts in the Balleny basin is atypical of the southwest
Pacific area. The volcanic Balleny Islands at the west of the basin are
at least mildly active, which is interesting since they are about 500 km
from the axis of the southeast Indian ridge (Fig. 4.30). They are probably
related to the Balleny fracture zone. There are no indications of a feature
continuing south of the islands.

Scott Island is at the east of the basin on 1800, and just south of

the iéland is an even more substantial feature (profile L, Fig. 4.25).
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The peaks at the south end of that profile are at the western edge of
Iselin bank (Fig. 2.1), so the basin is very narrow at 180°. Profile CC in
Fig. 4.24 shows that southeast of the Scott Island features there are
another three prominent features. All these features combined must form
an almost continuous structure from the Pacific-Antarctic fracture zone to
Iselin bank; probably marking the eastern end of thé Balleny basin.

Seamounts in the basin are common but the graben-like structure shown
in Fig. 2.16, grofile N, is more unusual. It apparently strikes NNW'and is
at least 120 ka long (Davey, pers comm 1973). It does not continue either
to the shelf or to the Balleny Islands. Deepsea drilling site 274 (Fig. 2.2)
was on the northern flank of the graben, in 3.3 km of water. It penetrated
415 m to basalt and the overlying sediment age was approximately 40 mybp
(JOIDES, 1973c).

Magnetic {ata are frequently incomplete on profiles in the Balleny
basin (e.g. Figs 4.2, 4.17) because pack ice is often encountered there.
However the duia are sufficient to show that anomaly wavelengths are similar
on north-south and east-west tracks. Short wavelength high amplitude anoma-
lies are observed over seamounts, but in general wavelengths are similar or
slightly longer than those observed north of the Pacific-Antarctic fracture
zone, Lineatiens related to the southeast Indian ridge are observed in the
west to just north of the Balleny Islands (Fig. 4.30), but these have not
been traced further south or east. Throughout most of the basin correlations
between tracks can be suggested but numerous altermative correlations, and
hence trends, are equally plausible. Bad navigation control on many tracks
does not help; but even with just satellite controlled tracks corrclations
are no firmer, Teriel Falconer has independently examined the data and
reached similar conclusions.,

All the data indicate that the Balleny basin is a complex area.

4,7.3 Pacific-Antarctic basin

The Pacific-Antarctic basin (Fig. 2.1) is not well surveyed, especially
the western part of it. Bathymetric charts (e.g. Udintsev, 1964; Heezen
and Tharp, 1972} show a gentle basin deepening eastward from about 175°W.
Most of the basin is 4-4.5 km deep, which is shallower than the southwest
Pacific basin, Seismlic profiler results east of 140°W indicate up to 1.5 km
of undisturbed sediment (Houtz et al., 1973), which suggests that the depth
of the basement in the Pacific-Antarctic basin is similar to that in the
southwest Pacific basin.

The only track for which magnetic and bathymetric data were avalilable

in the Pacific~-Antarctic basin area is track ELT33. It crosses the
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Pacific-Antarctic ridge near 6408, 168°w (Fig. 4.23) then heads eastward
(Fig. 3.1). TFrom just south of the ridge axis to east of 140°W most of

the magnetic anomalies are less than 300 nT and no characteristic anomalies
have been identified. Throughout the track there is bathymetric relief of
1 km or more. North of the Pacific-Antarctic ridge such relief is seen
only where fracture zones occur. This suggests that there may be several
fracture zones south of the ridge between 165°W and 150°W. With so little
data extrapolating possible fracture zones from the track to the axis of
the ridge is unwarranted. '

More data are available south of the ridge east of 150° (Fig. 2.12),
but the coverage is inadequate south of about 62°s. This is unfortunate as
it means that throughout‘the southwest Pacific area the structure on only
the northern side of the Pacific-Antarctic ridge system is adequately known.
This seriously limits the analysis of the tectonic history of the southwest

Pacific area which will be presented later.



78
CHAPTER 5

NUMERICAL CORRELATION STUDIES

This chapter presents the results of a study of the application of
numerical correlation techniques to magnetic anomaly profiles. An intro-
duction (5.1) is followed by results from students (5.2), second moment
correlation (5.3) and first moment correlation (5.4). Symmetry in profiles
is considered in section 5.5, and conclusions on the numerical techniques

given in 5.6,

5.1 INTRODUCTION

Marine geophysics has been revolutionised in the last decade, primarily
through the study of marine magnetic anomalies. Of particular importance
has been the identification of almost identical magnetic patterns at widely
separated parts of the earth. 7The identifications are based almost entirely
on visual correlation between profiles and the results presented in diagram
form. Fisher (1970) has said "Diagrams prove nothing, but bring outstanding
features readily to the eye; they are therefore no substitute for such
critical tests as may be applied to the data..." Critical tests, in the
form of numerical correlation calculations, have been applied to profiles
(e.g. Fuller, 1964; Luyendyk et al., 1968; Loncarevic and Parker, 1971,
Vogt et al., 1971a, Schouten 1971) but considering rhe number of publications_
which present correlations the number which contain critical tests is small.
The human eye and brain is a very efficient and adaptable correlator
but it is affected by factors such cc the scale at which profiles are
plotted, prealignment of profiles, isolated large amplii.ude peaks, data
gaps, preconceived ideas, and the availability of tracing paper. The
position that produces maximum agreement is generally taken but that is
not necessarily the position of minimum disagreement. Usually only the
preferred correlation position is shown, which makes it difficult for a
reader to judge whether that is the best alignment position. Even when
different people agree onm a particular correlation they cannot easily compare
their judgements. Numerical correlation should overcome some of the visual
limitations and would at least provide a quantitative estimate of correlation.
In an attempt to evaluate the usefulness of numerical correlation
techniques a study has been made of correlation between some of the magnetic
anomaly profiles discussed in the previous chapter. The intention was not
to identify correlations between the profiles. The profiles considered had

already been correlated visually and in most places definite opinions were
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already held on the correlations. That is why the profiles were chosen.

The intention of the study was to apply to the anomaly profiles various
numerical correlation methods to see if they support the visual correlations,
what are the most important factors and what are the limitations. A brief

study has also been made of symmetry in profiles.

5.2 STUDENTS' VISUAL CORRELATION

An admittedly biased (but realistic) criterion of the usefulness of
any numerical correlation method is that it indicate good correlation for
positions at which profiles visually are considered well correlated. This
will raise the question of whether the profiles are in fact well correlated.
There are many examples in the literature of what are considered well corre-
lated profiles but there are few details on exactly which features of the
profiles are considered indicative of the good correlation. In an attempt
to assess what features of a profile are used when visually judging corre-
lation some tests were done with groups of university students.

Each group was a first year physics tutorial group consisting of 10-12
students. Virtually all of them had no knowledge of sea floor spreading or
magnetic anomalies and so migﬁt be considered unbiased. No attempt was made
-to explain the subject other than to briefly say that the profiles they would
be given reflected the structure of the seafloor, were taken along parallel
tracks south of New Zealand, and that similar features might appear in some
or all of the profiles,l To illustrate, two similar profiles, not those
they considered, were sketched on the blackbcard and several correlated
peaks numbered. They were then given the data shown in Fig. 5.1 and asked
to number or letter any features which they could recognize in two or more
profiles. Fig. 5.2 and the following discussion is an attempt to summarize
the results.

Prealignment of the profiles on anomalies 32-34 probably had a dominant
effect but the following aspects appear to have also been significant.

Amplitude is not very important; note the identification of anomaly 33
which is very subdued, and the use of the small feature between anomalies
31 and 32A. Anomaly 32A on profile three is quite insignificant but was
still frequently associated with the larger feature on profiles one and two.

Horizontal scale may be important. In profiles one, two and three
anomalies 31-34 are strongly linked, but anomalies 27-30 of profile three
were not picked often. Presumably because the horizontal compression of
profile three shifts those anomalies out of alignment with profiles one and

two *
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The order of the profiles is important. Most of the identifications of
anomalies 28-31 on profiles five and six were for those profiles alone, they
were not linked to profiles onme to three. This may be due to the data gap
in profile four. Anomaly 32A on profile four was not associated with
profiles one and two, instead it was associated with profile five. Surely
it would have been associated with profile two if profile three had not
"intervened".

Data gaps are probably crucial. Would anomalies A and B on profile
six have been chosen more often if anomaly C had exzisted? Would anomaly 32A
have been picked in profile six if there hadn't been a gap beside it? It
may have been if profile six had followed profile two.

A fourth group of students were given the same data as Fig. 5.1 but
upside down (Fig. 5.3). They produced similar results to the other groups,
correlating only what were for them positive peaks (actual negative
anomalies). The anomalies 32-34 were in effect more strongly correlated by
this group as everyone matched the 32-34 negative, several drawing a line
down the page through it. Small positive peaks appear to be more significant
than small negative ones as this group made no attempt to use anomaly 33 and

they did use the small positives E and F in anomaly 32 (Fig. 5.3).

5.3 SECOND MOMENT CORRELATION

There are many different numerical coefficients that can be used for
comparing profiles. The merits of particular coefficients have been dis- _
cussed by, for example, Gibson (1950), Burnaby (1953), Miller and Khan (1962),
and Krumbein and Graybill (1965). Tur this study .the conventional second
moment cross-correlation coefficient was chosen, mainly because it is widely

used, and its statistical properties are well understood (Bartlett, 1955).

5.3.1 The second moment method

Consider two profiles which when digitized at N equidistant points
give two series x(i) and y(i). A measure of the similarity of the profiles

is the covariance coefficient vr given by

N
21 [X(i) = mx]- [Y(i) - my] -00.5.1
i= - |

-y =

2|

where mx and my are the means of series x and y respectively.
The two profiles may be very similar but have different mean amplitudes.
It is mainly the shape of the profiles, not the amplitudes, which are to be

compared, so it is reasonable to normalise each series to the same amplitude.
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This gives the correlation coefficient

1 N
N I [x(1) - mx].[y({) - my] ‘o e DR
i=1

s
[var (x).var(y)]
where var(x), the variance of series x is given by
N

T [x(1) - mx]? w553
i=1

Z | =

var(x) =

Similarly for var(y), the variance of series y.

The correlation coefficient r as defined above has been referred to as
the cross correlation coefficient, the Pearson product moment correlation
coefficient, and the second moment correlation coefficient. The values of r
will vary between +1 for perfect correspondence and -1 for negative corres-
pondence of the series, and r = 0 represents complete non-correlation. For
convenience values quoted will be 100 r, i.e. 100 for perfect correspondence,

If one profile, say y, is longer than the other it is possible to calcu-
late the correlation coefficient at several alignment positioms of the
profiles (Fig. 5.4). This gives

Nx

= I [x(1) - ax].[y(i+d) - my] veu 5.4

r(d) = =1

[var(x).var(y)]%

where Nx is the number of points in the shorter series x. To preserve the
range *1 for r the mean my, and variance var(y), of series y must be those

of section CD, not of the full length AB (Fig. 5.4). Calculation of r as

a function r(d) of distance d is equivalent to sweeping profile x along
profile y. A maximum in r(d) indicates an alignment position.at which corre-
lation is a maximum. In the example of Fig. 5.4 profile x is a portion of
profile y. Hence the maximum of r(d) occurs where the short section is
aligned with "itself" in the longer profile, and there r(d) = 100. TFig. 55
illustrates an example for two different records.

For all the profiles which will be shown the profile label indicates the
number of data points in the profile, e.g. R197 has 197 points. Most of the
profiles were digitized at intervals of one nautical mile which is sufficient
to preserve the details in the profiles and avoid aliasing problems

(Jenkins and Watts, 1968).
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5.3.2 Statistical significance of correlation coefficients

In Fig. 5.5 the alignment position based on the maximum of r(d)
appears acceptable but ftwo questions arise., (1) Is the correlation non-
zero? (2) If so, are there other positions at which correlation is also
non-zero? To answer these quantitatively requires a statistical test.

The standard method is to use the Fisher z-transformation (Dixon and
Massey, 1969) to obtain the confidence limits on r. It is then possible
to test whether r is statistically different from zero, or to compare
different values of r. The z-transformation method assumes that the data
are normally distributed and that successive observations are independent.
The normality requirement is not critical (Bartlett, 1935) but the indepen-
dence assumption is very important. The data considered here are profiles
which were digitized at close intervals and under these conditions each
point is not independent of points adjacent to it. The standard z-transfor-
mation can still be applied (Awe, 1964) provided the number of points in
the series is taken to be the effective number of independent points, Ne,
rather than the total number, N. The problem then is to determine Ne.
Three methods have been considered. |

The first method is based on sampling theory applied to time series.
It can be shown (Jenkins and Watts, 1968) that there are two independent
points for each cycle of the highest frequency present in a record. Thus
if the shortest wavelength A in a record of N points is known the number of
independent points can be found from

Ne = &% cen5.5

- The shortest wavelength A could be estimated from the power spectrum of the
profile but this is not likely to be satisfactory. The length of profile
used for correlation is generally less than 200 points (see later) which
would not give good resolution in the spectrum. Also there is not a definite
cutoff in the short wavelength end of the spectrum. A more fundamental
objection to the use of the spectrum is that the profiles may not be
stationary in frequency. The nature of the process producing the anomalies
is such that the existence of a short wavelength anomaly at cne place does
not necessarily imply that the wavelength is present elsewhere. This is not
satisfactory for spectral analysis. An alternative is to visually estimate
the shortest wavelength in a profile and then use equation 5.5 to determine
Ne. Table 5.1 gives values for profiles shown in Fig. 5.6. The visual
method still assumes the continuous presence of the shortest wavelength and

so the number of independent points would be overestimated by this me thod,
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Table 5.1 Number of independent points in profiles

Profile N p L Ne = ZTN iixfgzm Ne = %
N626 626 4 4.8 323 114 130
N280 280 4 6.6 70 34 42
NORM500 500 2 1.0 500 340 500
P480 480 5 7.9 192 48 61
T475 475 7 7.8 136 52 61
B370 370 7 7.1 108 44 52
R197 197 8 7.4 49 _ 28 27
R120 120 9 6.4 26 16 19
R67 67 5 6.6 27 12 10

A second method for determining Ne is to assume two independent points
for each maxima in the record. For some types of data this assumption can
be rigorously justified (Awe, 1964) and it is intuitively reasonable that the
number of independent points is related to the number of maxima. It is diffi-
cult to standardise the method of counting maxima but since small variations
in a record do not contribute much "resolution'" to the calculation of r(d)
only distinct maxima need be considered. Typical values of Ne found this
way (Table 5.1) are, as expected, less than those calculated from the shortest
estimated wavelength.

A third method for determining the number of independent points in a
record has been given by Awe (1964). It is based on the variance of the auto-
correlation function of the record. If series x and y are the same, r(d)
calculated with equation 5.4 is a form of autocorrelation. Rearranging Awe's

results for digital analysis gives =

Ne

N
'E - -.0-5-6

where L Tr(d)? ST e B

The summation is carried out only over the central peak of the autocorrelation
function and for r(d) > 0 (Fig. 5.7). Only half the autocorrelation function
is calculated since it is symmetrical. The value L is a measure of the length
over which correlation exists between points in the profile and will be
referred to as the correlation length. Typical values of Ne determined this
way (Table 5.1) are less than those found from the shortest wavelength and

are mostly slightly greater than those found from the number of maxima.
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The correlation between profiles x and y at any particular alignment
position involves only a section of the longer profile y (Fig. 5.4). The
number of points of profile y considered at any position will always be
equal to the number of points Nx in profile x. The effective number of
points in x, Nex, is invariant but the effective number for y, Ney, is that
of section CD (Fig. 5.4), and may vary with d. If the nature of profile y
does not vary along its length Ney can easily be found from the effective
number of points in the full length AB, and the ratio CD:AB. If the nature
of profile y does vary along its length Ney would have to be redetermined
for various positions. The method based oﬁ the number of maxima would be
easiest to use in this situation.

In practice it is the number of independent points Ne for the cross-
correlation of profiles x and y that is wanted, and this may not be the same
as either Nex or Ney. A good approximation for the effective number of inde-
pendent points can be found from the correlation length method (Awe, 1964)
if equation 5.7 is replaced by

\

L = Zrx(d).ry(d) i 52 HS

where rx(d) and ry(d) are autocorrelation coefficients of profiles x and y
respectively. The summation is carried out only for the central positive
values of both rx(d) and ry(d). Table 5.2 lists Ne values found this way

for various cross correlations.

Table 5.2 Number of independent points for cross correlation

From correlation

X ony T L Ne = %?- length From maxima

Nex Ney Nex Ney

R197 : N626 41 5.6 35 27 41 28 28
R197 : N280 41 7.0 28 27 30 28 28
R67 : NORM500 28 1.0 67 10 67 16 45
R197 : NORM500 20 1.0 197 27 197 28 134
R67 : B370 83 6.8 10 10 9 12 10
R120 : B370 73 6.7 18 19 17 16 14
R197 : B370 51 T2 27 27 28 28 24
R197 : T475 36 7.6 26 27 25 28 26

R197 : P480 60 7.6 26 27 25 28 24
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For the correlation of R197 on N626 the position of maximum correlation
is in the left hand part of N626 (Fig. 5.6), and for R197 on N280 the posi-
tion is the same because N280 is the left hand hand end of N626. However
the number of independent points Ne (Table 5.2) is different for the two,
effectively identical, correlations. The difference arises because the
autocorrelation length values used throughout Table 5.2 for Ne (and Ney)
were those of the full length of profile y. The right hand part of N626
(Fig. 5.6) contains generally shorter wavelengths than the left hand part and
the short wavelengths contribute to the short correlation length, L = 5.6
(Table 5.2). It is only the left hand part of N626 that is relevant for
the position cof maximum correlation and the correlation length for that part
(N280) is L = 7.0 (Table 5.2). Strictly the value of L, hence Ne, should be
calculated with only the exact 197 points of N626 or N280 used at the maximum
correlation position., If this was done for every step of r(d) the value of
Ne could change throughout the correlation sweep.

Once the effective number of independent points is known the standard
z-transformation test can be applied. The confidence limits for any value
of r can be found or the confidence limits for noncorrelation can be deter-
mined. The latter is probably more useful. The noncorrelation level is the
maximum value of r which would be expected if the correlation between the
profiles was zero. TFig. 5.8 shows how the 95% confidence noncorrelation
level varies with the number of independent points. This level will be used
subsequently and the value of r for it will be referred to as zr.

To determine zr the value of Ne must be specified. As the discussion
above indicates, several alternative methods for estimating Ne are available,
and the possibility of variations of Ne throughout a corcelation sweep must
be recognized. A pragmatic approach would be to use values of either Nex or
Ney rather than do a full analysis for every value of d. The simplification
is reasonable because if either profile contains obvious changes of wave-
length or amplitude structure within its lemgth it should not be considered
as a whole for correlation study.

The correlation between two profiles is determined mainly by the most
random profile (Bartlett, 1935) so it would probably be sufficient to take
the greater of Nex or Ney for the value of Ne. If however Nex and Ney differ
considerably caution is required. The data in Fig. 5.9 illustrate it. For
R67 correlated with B370 different methods for determining Ne give a range
for Ne of 9 to 12 (Table 5.2). This gives a range for zr of 59 to 55
(Fig. 5.9). However for R67 correlated with NORM500 the ranges for Ne and
zr are 10-67 and 55-20 respectively. For zr = 20, which is determined from

NORM500, 4.5%Z of the calculated r(d) values are above zr; in good agreement
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with the expected 5%. The value zr = 55, determined from R67, would give
a misleading impression of the significance of the correlations. This
example is admittedly extreme and correlation between profiles such as
NORM500 and the others would not normally be attempted. Nevertheless it
illustrates the general principle that correlation will be determined by
the most random profile.

The method used to determine Nex and Ney is a matter of choice.
Values determined from either the number of maxima or the correlation
length method are similar (Table 5.1 and 5.2). The shortest wavelength
method is probably less useful as it is too dependent on the smallest
features (Table 5.1). The correlation length method is quantitative but
the visual method based on the number of maxima should be adequate and
is easy to apply to only the relevant sections at a given alignment position.

It will be used in subsequent applications.

5.3.3 Second moment results

The numerical correlation tests were applied to several of the magnetic
anomaly profiles of the Southwest Pacific Basin discussed in the previous
chapter. A large number of different correlations were calculated but to
better illustrate the details of the results examples from only a few diffe-
rent correlations are presented. They are typical of the results obtained.

The correlation between profile R and profile B (Fig. 5.10) illustrates
many facets of the numerical method. The maximum value of r(d) for R197 on
B370 (Fig. 5.10A) occurs for the alignment position at which the profiles
are visually very similar. The maximum correlation, r = 51, is well above
the non-correlation level r = 32, and there is only one acceptable alignment
position. More specific correlation can be obtained by breaking R197 into
smaller pieces and sweeping them along B370. Figs 5.10B,C show that the
maximum of r(d) aligns the pieces where they obviously fit. The peak r(d)
values are higher than for the longer sweeping piece, but the fluctuations
in r(d) are greater. Since the swept piece is short the number of indepen-
dent points is small and the non-correlation level is higher. The best
fitting positions are clearly non~zero but there are also other positions
which statistically are correlated. The longer sweeping section R197 gives
more unique alignment.

The advantages of short sweeping sections are illustrated by the
profiles in Fig. 5.11. The maximum correlation of 69 is well above the non-
correlation level 32 but is low considering the appearance of the profiles.

If pieces A and B of R197 are swept separately each give r = 100 because
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R197 and X207 are identical apart from 10 points artificially added in the
middle of X207. Extra sections, or missing sections are common in profiles
which cross fracture zones. The only reliable way to detect them is to use
short sections.

The numerical correlation is not very sensitive to very small features.
For instance in Fig. 5.10 removal of the characteristic but small anomaly 33
from profile R67 changes the peak correlation with B370 by only three.
Similar small changes were obtained with other correlations using R67. With
longer sections, e.g. R197, the small peak is even less significant.
Differentiation of the profiles would amplify small peaks but it complicates
the statistical tests for the significance of the calculated correlation
(Yule, 1921; Bartlett, 1955).

Fig. 5.12 shows one of the few cases encountered in which the alignment
position determined by numerical correlation was not at the preferred visual
position. The correlation of 36 is only just above the non-correlation
level (32) but it is the only statistically acceptable position. The preferred
position (Fig. 5.13) gives r = 25. It is clear that R197 is compressed rela-
tive to T475. 1If R197 is progressively stretched the maximum value of r at
the preferred correlation position varies as in Fig. 5.14. The number of
maxima in R197 are not altered by the stretching so the effective number of
‘points isn't altered. Hence the rise in correlation from 25 to 76 is very
significant with respect to the non-correlation level of 32.

Profiles R197 and B370 (Fig. 5.10) provide further evidence of the
importance of horizontul scale. R197 on B370 (Fig. 5.10A) gives r = 51,
but a decrease in the length of R197 by only 6% will increase r to 78, which
is comparable to the values obtained from the short sections. However the
scale variation is not uniformly distributed. For R67 on B370 (Fig. 5.10C)
the maximum value of r, 84, is obtained for 2% decrease in the length of R67
whereas for R120 on B370 (Fig. 5.10B) the maximum, r = 81, is with a 5%
decrease in R120.

Valuable data can be obtained from only one profile if that profile
crosses a fracture zone in a direction which produces duplication of anomalies.
Fig. 5.15 shows the previously discussed ELT23 profile across the Tairoa
fracture zone. The duplication of anomalies 27-31 is confirmed by sweeping
one set of the ancmalies along the full profile.- The plot of r(d) peaks
(r = 76) exactly where the profiles would be visually aligned. The r = 100
peak is where the short section is aligned with itself., Varying the length
of the short section indicates that the best fit is obtained with no scale

variation.
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The ELT23 profile (Fig. 5.15) also illustrates the problem of data gaps.
The correlation value of 76 was obtained with the data gap replaced by a
straight line between the known values. Replacing the gap with values equal
to the mean of the complete profile gives r = 70. Neither method is satis-
factory since each effectively inserts an anomaly structure which may not
be present. A possible alternative is the omisslon of any data gap terms
from the summations in the calculation of r(d).

It was mentioned earlier that to retain the range * 100 for r it is
necessary to use the mean and variance of only that part of the longer
series being compared at any given value of d (Fig. 5.16). When this is
done care has to be taken because as Fig. 5.16 shows it is possible to get
high values of correlation for positions at which the section CD is not
typical of the full length AB. The problém is usually greatest for short
sweeping sections against relatively "flat" sections of the longer profile.
The properties of the full length AB can be used in place of those of CD
to give what will be referred to as a non-normalized correlation coefficient.
Several trials have shown that it is generally not satisfactory. The
results can be very variable within a sweep (Fig. 5.17) and r is not
restricted to + 1 (Fig. 5.18)f The results are most extreme with short

sweeping sections.

5.3.4 Application to fracture zones

The aim of the numerical correlation study was to study the technique,
not to identify correlations. However the numerical results had an
influence on the anomaly interpretation of the Toarahi and Rangirua fracture
zones (Fig. 5.19). The anomaly identifications had tentatively been made
prior to the application of the numerical methods, but the numerical results
provided the confidence required to name the fracture zones.

The fracture zones were investigated numerically with sections of pro--
files A408, V16 and T (Fig. 5.19). Pieces of each of these profiles (Fig.
5.20) were swept along the other profiles but only the peak values of r(d)
are discussed. 1In all cases the lengths of the pieces swept are short so
the statistical uncertainties are considerable. The correlation of 65 for
section A+B of V16 on A408 supports the ancmaly trends between V16 and A408
shown in Fig. 5.19. The duplication of znomalies on V16 is confirmed by the
high correlation r = 74, of A on B, and their identification as anomalies
32A-32 is shown by T on A and B respectively. Varying the lengths of the
sections will raise all three correlations to &5 or more, clearly above the

noncorrelation level of 65. The identification of the southern set of
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anomalies on A408 as anomalies 32A-32 is confirmed by T on D and B on D.
The visual uncertainty of section C of A408 is also reflected in the numeri-
cal results. All the correlations with section C are relatively low and

nuﬁerically it is not clear whether or not it is anomalies 32A-32.

5.4 FIRST MOMENT CORRELATION

If the alipgnment position for maximum similarity of two profiles is
determined numerically the position may depend on the numerical method used.
In an attempt to see if the type of coefficient is important another coeffi-
cient was selected for detailed comparison with the second moment method,

The coefficient chosen was the first moment coefficient described by Gibson
(1950). It is referred to as the first moment coefficient because it involves
summation of single terms, whereas the second moment method involves summa-
tion of products. The first moment method was chosen for the detailed com—

parison primarily because it also gives correlation values in the range * 1,

5.4.1 The first moment method

The first moment correlation coefficient can be defined as follows.

mod [x(1) - mx] v S
1

dx =

I =

1
Ny

where mx is the mean of the series, FEach term x(i) in the series is adjusted

to zero mean and scaled by the mean deviation dx to give a new normalized

series
sa(e) = L) = mx ve..5.10
dx
N N
It can be shown that I =xn(i) = 0 and I mod[xn(i)] = 1. In a similar way
i=1 i=1

series y(1) is converted to series yn(i). Let s(i) measure the similarity
between two values xn(i) and yn(i) such that the modulus of s(i) will equal
the modulus of the smaller, and such that s(i) will be positive or negative
accordingly as nx(i) and ny(i) are the same or opposite sign respectively.

This may be written

s(i) = 0.5 mod xn(i) + yn(i) - mod =xn(i) - yn(i) eeeld.11

The first moment correlation coefficient rf is defined as

g(i) —

rf = %
1

=

i
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The coefficient rf, like the second moment coefficient r, varies between
* 1 with + 1 for perfect correlation and zero for noncorrelation. The coef-
ficient can be considered as being made up of two parts: (1) the fit, due
to terms when xn(i) and yn(i) are of same sign; and (2) the nonfit, due to

terms which differ in sign. This gives
rf = fit - nonfit seeede13

Low correlation arises where the fit and nonfit are similar, high correlation
requires both good fit and low nonfit. The coefficient rf can be calculated
at different alignment positions of the profiles, giving rf(d), which is
analogous to the second moment r(d) described previously.

If series x(i) and y(i) are both normally distributed it can be shown
(Gibson 1950) that the first and second moment coefficients are related as

follows.
(1 - r£2)%2 = 1 - 2 ceea5.14

Both coefficients would rank normal data similarly, but they may differ with
non-normal data, especially if there are very divergent points. The second
moment method involves multipiying pairs of terms whereas the first moment
always takes the smaller of the two terms. Thus the first moment method

should be less affected by large peaks in only one of the profiles.

52 First moment results

Most of the profile correlatior:> studied with the second moment method
have also been done with the first moment method. The Jiscussion which
follows concentrates on the differences and similarities of the results
obtained with the two methods. As before only a limited number of examples
are discussed.

An example of the way in which the fit, nonfit and rf vary with alignment
position is shown in Fig. 5.21. Positions at which fit is maximum are usually
also positions of low nonfit. For perfect correlation (rf = 100) the agree-
ment of the profiles would have to be exact (fit = 100) and the disagreement
would have to be zero (nonfit = 0). 1In practice the amount of disagreement
was usually much closer to ideal than was the amount of agreement (Fig. 5.22).
Fits of more than 70 were rare and the maximum was only 76. WNonfits less
than 30 were common and the positions of maximum correlation, i.e. maximum rf,
usually had nonfit less than 10.

The correlation between two profiles varies with position in a similar

way with both the first and second moment coefficients (Fig. 5.23).
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Equation 5.14 predicts r > rf and this was so for the highest correlation
of every pair of profiles compared (Fig. 5.24). For lesser maxima of some
pairs r was not always greater than rf (Fig. 5.23) but the correlation at
such positions was usually low, probably not nonzero. Throughout the full
length of a correlation sweep the relationship between r and rf usually
agreed reasonably with that expected theoretically (Fig. 5.25).

For every pair of profiles examined the best alignment position as
defined by the maximum numerical correlation was the same for the two
methods. However the positions of second best, third best, etc., were not
always the same (Fig. 5.26).

Horizontal scale variation has a significant effect with both the first
and second moment methods (Fig. 5.27).

The problem of good correlation when the sweeping section is aligned
with a portion of the long record that is almost flat is still present in
first moment correlation. As with second moment correlation the properties
of the full length rather than of just the particular piece of the longer
record that is being correlated can be used - giving what has been referred
to a non-normal correlation., The non-normal values obtained throughout one
correlation sweep can be similar to the regular values but substantial dif-
ferences can also occur (Fig. 5.28). The variability of the results depends
on the particular records being correlated (Fig. 5.29) but the first moment
results are much less extreme than the second moment results (Fig. 5.30).
The effect of non-normalisation is, as would be expected, more pronounced
for short sweeping sections than for long sections, e.g. compare R66 and
R197 or T475 (Fig. 5.30).

The advantages of shor' sweeping sections have been discussed in the
section on second moment results. The same disadvantages apply with the
first moment and the results are similar. Short sections tend to give higher
correlation values, e.g. compare the rf values of R66 and R197 on T475
(Fig. 5.30). However, as with the second moment, more positions of high
correlation are found so there is less uniqueness in matching the profiles.

To conclude: All the comparisons of first and second moment results
indicate that the two correlation coefficients produce similar results,

The first moment is more subdued with irregular data but for both methods
the length of the sweeping bit and horizontal scale variations appear to

be the critical factors.




92
5.5 SYMMETRY

5.5.1 Introduction

A sequence of normally and reversely magnetized blocks symmetrical
about a centre need not produce symmetrical magnetic anomalies, but the
orientation of most presently active spreading centres is such that
symmetrical anomalies are produced (Schouten, 1971). This is fortunate as
symmetrical magnetic anomalies have been the keystone of the seafloor
spreading concept. Since the first results of Vine and Wilson (1965) at
least one new active or extinct spreading centre has been identified from
magnetic anomalies every year (e.g. Vine, 1966; Schlich and Patriat,

1967; Dickson et al., 1968; Demenitskaya and Karasik, 1969; Morgan and
Johnson, 1970; Bergh, 1971; Ben-Avraham et al., 1972; Hayes and Ringis
1973). 1In some cases (e.g. Larson et al.,, 1968; Bergh, 1971) new detailed
surveys produced the required data, but in other cases (e.g. Vine, 1966,
Pitman et al., 1968) sufficient data had been available for some time.

It is tempting to speculate that the failure to recognize some centres
earlier was due to the difficulties of recognizing symmetry in a magnetic
anomaly profile. Once a symmetry centre has been marked it is usually easy
to identify the matching anomalies, but the first identification of the
centre appears to be dependent on pointers such as: a bathymetric ridge,
earthquake epicentres, large amplitude short wavelength anomalies, the now
well-known central positive anomaly, and predictions from adjacent areas.
The essence of the problem is - given a profile, identify in it two
identical (similar) sets of anomilies where one set is in inverse oioder to
the other. It is basically a correlation problem similar to those dis-
cussed previously and subject to the same limitations, but the required
inverse order of one set adds problems. In the literature a common method
of presenting symmetry is to show two profiles, one the mirror image of the
other, and label the correlated anomalics of the profiles. The method
subtly enhances the symmetry because every anomaly is presented twice so
twice the number of correlations are shown, i,e. the information is doubled.
Strictly the profile should be split about the centre and one half presented,
correlated with the other half.

Numerical correlation methods described previously are applicable to
the symmetry problem so a brief study has been made to assess their useful-
ness. Since part of the evaluation of the results is judgement of how the
numerical results compare with visual estimates some tests were done with

students,
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Sl Student results

The student tests were similar to those described in section 5.2.
Different students were used. They were given the data of either
Fig. 5.31A or 5.31B and asked to mark any symmetry centres and number
matched anomalies either side of the centre. Two blackboard examples were
done, one with a positive anomaly as centre the other with a negative.
There was no mention of only one symmetry centre per profile. The results
for the two data sets (Fig. 5.32) are quite different and will be discussed
separately.

For Fig. 5.32A an average of two centres per profile were picked, but
altogether 31 different places were selected in the three profiles. 1In
general, detail was concentrated on and matched anomalies were not extended
far either side of the centres - the limits shown in Fig. 5.32A are the
maximum. These profiles had been examined previously by several geophysi-
cists but the good centres Cl, C3, C5 and C8 had not been noticed,
probably because a knowledge of the bathymetric structure was influencing
their choice towards the area of centre C9 in profile B, centre C4 in N
and centre Cl10 in EL. This appears to be a good example of the bias of
preconceived ideas. ’

Only 23 students received the data of Fig. 5.31B but the results
(Fig. 5.32B) are sufficient to indicate substantial differences from data
set A. Fewer centres were picked; only one other than "the centre" in
ELT 27 and two in ELT 19. The "success'" with ELT 27 is good but the
"failure" with ELT 19 is surprising. Informal discussion with the students
later indicated that the spikeyness of the profile: ELT 19 troubled them.

As with data set A, not many anomalies either side of a centre were usually
picked, but six students marked the full length of ELT 27. That profile

is the same as profile EL of data set A, except for the "errors" in EL at
C6 and to the left of Cl0. It is obvious that such small things,
eépecially the one in the central anomaly, had a crucial effect.

The student correlations in section 5.2 suggested that inexperience
lead to lack of success in correlating anomalies between profiles, The
results here indicate that inexperience increases perception. Although
large scale symmetry such as in profiles ELT 27 and ELT 19 was not well
picked smaller scale features were consistently seen. The centres Cl, C3,
C5 and C8 are certainly as convincing as many in the literature. The
ready acceptance of more than one symmetry centre per profile is interesting.
Attempts to identify symmetry centres on the flanks of other symnetry

centres (ridges) are not numerous in the literature. It is interesting to
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consider what the results would be with an unbiased approach concentrating

on short sections and detail.

5.5.3 Numerical tests for symmetry

Symmetry in a profile can be numerically tested with a modification of
the previously described method for correlation between profiles. A section
of the profile is selected, inverted and swept along the parent profile.
Maxima in the correlation coefficient indicate positions at which there are
anomalies similar to but in reverse order to those in the section selected.
The sweeping section need not contain the centre of symretry. The method
has been applied to the profiles N, B, and ELT27 of Fig. 5.32. As the
primary aim was to assess the usefulness of the numerical method in compari-
son with visual methods, attention was concentrated on the centres selected
by students (Fig. 5.32). The second moment correlation coefficient r was
used, and the noncorrelation level zr determined from the autocorrelation
length of the sweeping section.

In profile B the students chose three centres (Fig. 5.32A). The
centre C3, for example, is tested numerically by selecting just the section
of profile over which students marked anomalies either side of the centre,
i.e. section A of Fig. 5.33. When this section is inverted and swept along
‘the parent profile the maximum correlation occurs at the symmetry centre.
The correlation, r = 54, is well above the zero level zr = 36, but there are
two other alignment positions with r = 48 and r = 45 respectively which are
also non zero. When just one side of the symmetry centre (Fig. 5.33B) is
swept alcong, the correlation at the symmetry centre is higher (r = 66) and
non zero but there is a position elsewhere for which r = 86. The centre
C2 (Fig. 5.32A) yields high correlations when either one side (Fig. 5.33D)
or both sides (Fig. 5.33D) of it are swept along. However for section D
there are three other positions with r > 80, one of r = 90, and for
section C there are correlations of 66 and 58 elsewhere. The most popular
student centre, Cl, (Fig. 5.32A) yields correlation well below the zero
level at the chosen centre.

The numerical results for profile N (Fig. 5.34) are similar to those
of profile B. For hoth centres C5 and C4 the maximum correlation is at
the symmetry centre but in each case there are two other places with corre-
lations above 55. Other sections of profile N (Fig. 5.35) show that non
zero correlation can be achieved in several places even with quite long

inverted sections (Fig. 5.35B).
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The numerical results with profile ELT27 (Fig. 5.36) are more decisive.
For every test section the position of maximum correlation is the
"expected" position, and in each case the correlation is well above zero
level. For section A, the complete length of one side of the symmetry
pattern, there is no alternative position that is non zero. For the other
sections there are alternative non zero positions but only for section D
are the alternative correlations more than marginally above the zero level.
Section C illustrates how symmetrical anomalies can be identified without
actually identifying the symmetry centre.

It has been shown previously that horizontal scale variations can have
a critical effect on numerical correlations between different profiles.,
Similar effects can be expected with numerical tests of symmetry. The
effects can be employed to determine scale variations either side of acentre.
Profile ELT27 (Fig. 5.36) illustrates it well. For section C the correlation
rises to 70 for a 4.5% decrease in the length of C. On the other hand, for
section D the highest correlation (r = 83) is produced with a 10% increase
in length. For section A a decrease of 5% produces the maximum correlation
but the change in correlation is only from 56 to 58. Section A contains
sections C and D and since they require scale changes in opposite directions

the small change in correlation for section A is not surprising.
5.6 CONCLUSIONS

It cannot be denied- that visual correlation has been very successful
in marine geomagnetic research, but it is clear that the numerical corre-
lation rethods investigated in this study could usefully supplement visual
methods. Particular aspects in which numerical methods can overcome visual
difficulties are as follows.

Preconceived ideas: Without doubt a crucial factor in visual corre-
lation. Numerical methods largely overcome the problem. However, with a
large amount of data some element of preconception is probably required as
it is very time consuming to correlate successive short sections of every
profile with the full length of every other profile. In symmetry analysis
of a single profile it is more important that complete objectivity is
retained by sweeping successive sections of the profile rather than just
the parts expected to be symmetrical. Numerical correlation obviates the
need for pointers to symmetry such as a bathymetric ridge.

Prealignment of profiles: Student results and the literature indicate
that this has a significant influence. Numerical correlation is not

influenced by it.
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The scale at which profiles are plotted: Important visually, but not
numerically. EFowever the actual amplitudes of the anomalies can be impor-
tant in numerical correlation. With short sweeping sections it is possible
to get high correlations with sections of the longer record which do not
have what might be considered significant anomalies. Criteria for consi-
dering only sections with anomaly amplitudes above certain levels couid
easily be incorporated in a numerical system.

Data gaps: A problem for both visual and numerical methods. The
advantage with a numerical system is that it need not introduce any anomaly
structure in the gap, scmething which visually it is difficult to avoid
doing.

There are three aspects in which visual correlation is apparently
better than a simple numerical correlation system; (1) small but charac-
teristic anomalies, (2) horizontal scale variations, and (3) missing or
extra sections, Visual correlations presented in the literature frequently
use small features amid larger ones. Sometimes their smallness is considered
diagnostic, sometimes they cause slight splits in major anomalies, other
times they make an otHerwise regular sequence of anomalies particularly
distinctive., The student results indicate that the use of small features
is not confined to "the trade". The numerical methods used in this study
are not sensitive to very small features. Differentiation of profiles to
amplify small psaks has been used in visual correlation (Avery et al.,
1968). Since it also amplifies "noise" in the records and complicates
statistical tests differentiation is probably of limited use in a simple
numerical correlation system. Mathematical methods for inverting an anomaly
profile to give a profile of magnetization (Bott, 1967; Emilia and
Bodvarsson, 1970; Bott and Hutton, 1970a; Schouten and McCamy, 1972) can
be used to amplify small anomalies, but the validity of the technique is
a subject of much discussion (e.g. Bott and Hutton, 1970b; Emilia and
Bodvarsson, 1970; wvan den Akker et al., 1970; Blakely and Cox, 1972a;
Woodward, 1973). The problem is essentially the same for visual or mathe-
matical methods - does & particular small anomaly reflect regular crustal
structure or is it just noise? Consistent appearance on several profiles
is (or should be ) the most important criterion. Stacking of profiles
(Keen, 1969; Blakely and Cox, 1972a,b) will eliminate noise and enhance
consistent anomalies but horizontal scale variations can cause difficulties
(Blakely and Cox, 1972a).

Herizontal scale variation is probably the most important factor in

a simple numerical correlation method such as that studied here.
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Variations in length between two profiles by 20% or more do not appear to
significantly affect visual correlation (Vine, 1966), but even a 5% dif-
ference can substantially affect numerical correlation. It is not
difficult to numerically alter the scale of a profile but if any scale
variation changes within a profile it is more difficult. Numerical corre-
lation can however be used to investigate scale variation in profiles,
Since correlation effectively uses the full waveform it is probably better
than least squares analysis of the spacing of anomaly peaks.

The use of short sweeping sections partially overcomes scale variation;
it also helps when there are missing or extra sections in the longer
profile. Such sections are common when tracks cross fracture zones. The
problem with a short sweeping section is that it increases the likelihood
of there being several positions of high correlation. The shorter the
section the wider the confidence limits on the correlation coefficient so
it is difficult to choose between alternative positions. Visual correlation
is also less reliable when only a short section is compared.

Calculation of a numerical value of correlation for any position of
profile alignment is relatively simple. Determining the statistical signi-
ficance of the calculated value is more difficult. The important point is
that the significance of any correlation value depends on the nature of the
profiles. A correlation of 45 calculated with 200 points may be significant
in one case but may not be in another. It is the number of independent
points that is important. As discussed in section 5.3.2, a quick estimate
can be obtained from the number of maxima in the sections being correlated,
and a move quantitative measure can be obtained from the autocorrelation
function of the profiles. W%ien the number of independent points is known
the standard statistical tests can be used to determine the confidence
limits of any calculated correlation value. Some assessment of the confi-
dence limits can, and should accompany any numerical value of correlation,
Without it little progress has been made towards objective assessment of
the correlation,

This study has concentrated on the first and second moment correlation
coefficients. Alternative coefficients have been suggested by, for example,
Burnaby (1953), Francheteau et al, (1969) and Harrison (1971). Most forms
of coefficient will be substantially affected by horizontal scale variation
and it is probable that the exact form of correlation ccefficient is not
important. The conventional second moment coefficient has the advantage

that its statistical properties are well known.
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Numerical correlation is useful for comparing profiles expected to
be similar, but even with the most ideal data correlation of magnetic
anomaly profiles between widely spaced areas can be difficult. This is due
to the nature of the process which produces magnetic anomalies. The form
of an anomaly profile over a particular structure depends on the inclination
of the magnetic field and the orientation of the structure with respect to
field; for both the present field and the field at the time at which the
structure acquired its magnetization. Consequently the same magnetic
reversal sequence at different places on the earth can produce anomalies
which vary considerably. Even in a small area the effects of different
orientations of the anomaly lineations can be very pronounced (Schouten,
1971). The numerical methods studied here will not overcome such variatioms,
neither will visual methods apart from the experience of the observer.

Some of the difficulties are being overcome with mathematical techniques

for effectively transforming profiles to a common site, usually the pole
(Schouten, 1971; Blakely and Cox, 1972a; Schouten and McCamy, 1972), and
inversion to a profile of magnetization is also useful (Bott, 1967; Emilia
and Bodvarsson, 1969; Bott and Hutton, 1970a; Schouten and McCamy, 1972).
Most of the methods require ideal data, e.g. no data gaps, relatively

smooth topography, no diurnal variation errors. They are undoubtedly use-
ful for clarifying any correlations in the original data but the final
conclusions of most studies are still being drawn from correlations between
profiles of some parameter. When these correlations are done visually all ‘
the limitations of visual methods still exist. WNumerical correlation could ‘
be just as usefully applied to the processed profiles as to the original
profiles. .

To conclude: Visual methods of correlation are simple, adaptable, and
successful, but the fact that they do not provide a quantitative assessment
of the quality of any correlation is a major limitation. Numerical corre-
lation methods provide quantitative comparisons that are uninfluenced by
personal bias and are amenable to statistical testing. Final interpretation
will always be a personal matter but numerical coefficients at least pro-

vide a precise means of communication for discussion of the correlations.
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Postscript to Chapter 5

After the work in this chapter was completed and typed an unpublished
report by Morgan and Loomis (1969) was received. The report describes a
numerical correlation method for determining the spreading rate of a
magnetic anomaly profile and for detecting gaps or extra sections in the
profile. The method is basically as follows. A model profile based on
the reversal time scale and a chosen spreading rate is calculated, divided
into short sections, and each section is swept along the profile to be
investigated. The second moment correlation coefficient is used and the
correlation values are presented in an age-offset diagram, from which the
spreading rates and/or presence of discontinuities in sections of the
profile can be detected. Applications of the technique to one profile are
given. -

Many of the problems encouniered and conclusions reached by Morgan and
Loomis are similar to those reached in chapter 5. The numerical technique
produced a satisfactory result for the visually estimated interpretation,
but also yielded an alternative "unseen" solution which was just as satis-
factory. A variation of 10% in the model spreading rate, l.e, a horizontal
scale change of 10%, would drastically alter the correlation values obtained.
Because of scale variation and discontinuities it was necessary to use very
short, sweeping sections. They used sections with only 24 points and the
data were such that there would have seldom been mc.2 than six or eight
independent points. They recognized the significauce problem and without
any analytical tests adopted r = 75 as the minimum acceptable correlation.
Their overall conclusion was that the results obtained were not as defini-
tive as had bezn hoped, but the advantage of the numerical technique is that

it is quantitative and unbiased.
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CHAPTER 6

MAGNETIC ANOMALY MODEL STUDIES

This chapter presents model studies which provide information on the
origin of magnetic anomalies, in particular of the southwest Pacific basin,
but in general of the seafloor. After a brief introduction (6.1) the
validity of the assumed model is examined (6.2). Then a revised and extended
magnetic reversal time scale and its implications are presented (6.3). The
possibility of using model profiles to determine the position of formation
of the observed anomalies is considered in section 6.4, and the thickness of
the source layer of the anomalies is discussed in section 6.5. Variations

in the anomaly amplitudes are discussed in section 6.6.

6.1 INTRODUCTION

The general characteristics of marine magnetic anomalies are now well
known for many areas of the seafloor but the origin of the anomalles 1s still
not adequately understood. Access to the source material is the primary
difficulty so most discussions of the cause of anomalies have been based on
either a small collection of saﬁples or model studies of observed anomalies.
Model studies are important because they can be applied to anomalies of any
area and so can provide information on the similarities and differences in the
magnetic structure of the seafloor in different areas. It is unlikely that there
will ever be adequate direct sampling coverage of the seafloor but model studies
will provide the links between detailed knowledge of a few places.

The essence of model studies is the comparison of an nbserved anomaly
profile with a profile calculated from a proposed model of the magnetic structure
of the seafloor. A large number of effects may contribute to the anomalies
observed at any place but a model cannot easily represent them all. Consequently
an understanding of the major factors invelved is best obtained by studying
anomalies from areas where possible extraneous effects are minimized. The
anomalies numbered 25 to 36 in the southwest Pacific basin should be suitable.
They are well developed and easily correlated; and the seafloor is 5 km or
more deep and relatively undisturbed. The studies in this chapter are confined
to these anomalies because the simple structure of the area should mean that
simple models have some validity. The models and methods used are less
sophisticated than those of, for example, Bott and Ingles (1972), Blakely
and Cox (1972a), Schouten (1971), and Schouten and McCamy (1972). Whilst
those methods would have made this work easier and enabled more complex

models to be used the simple approach has provided valuable information.
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The basic model used is as follows., The anomalies are assumed to be
due to a series of blocks of alternately normally or reversely magnetized
material. The blocks are assumed infinite along the strike of the anomaly
lineations. The tops and bottoms of the blocks are flat, and the sides
vertical. Only remanent magnetization is considered and the direction of
magnetization is based on a geocentric axial dipole field. The computations
were carried out with a program based on that described by Heirtzler et al.

(1962). I am grateful to T.M. Geddes for providing the program.

6.2 THE VALIDITY OF THE MODEL

An example of a calculated model profile is shown in Fig. 6.1. It can
be seen that the similarity of the model profile and the observed profiles
is reasonable. Nevertheless it would be naive to assume that such a simple
model truly reflects the magnetic structure of the seafloor. A discussion of
the assumptions of the model follows. The discussion also serves as a review
of factors which may be important to the origin of magnetic anomalies. It is
set out as a series of comments and replies.

Comment: The basic assumption of normal and reverse magnetization may
not be valid. Reply: It cannot be proved that reverse magnetization
is required (Bott 1967; Emilié and Bodvarsson 1969) and typical anomalies
can be modelled with varying but only positive magnetization (e.g. Heirtzler
and Le Pichon, 1965; Ross 1966; Brakl et al., 1968; Watkins, 1968).
Especially in areas of pronounced relief reversals are not required
(Woodward, 1973) but there are also places where anything other than reverse
magnetization would require extremely unusual structure (Ross, 1966; Talwani
et al., 1971). Reversely ma~netized material has been sampled from the
seafloor (Cox and Doell, 1962; de Boer et al., 1969; Lowrie et al., 1973)
and there is no question that field reversals do occur (Bullard, 1968).

If seafloor spreading is accepted it is difficult to see how reversely
magnetized material could be avoided.

Comment: The assumption of linear blocks extending to infinity either
side of a profile is not reasonable. Reply: Provided the along strike
length of a block is at least five times the depth to its top the infinite
length assumption is a gocd approximation (Gay, 1963). The topographic
trend of abyssal hills is usually parallel to anomaly trends (Menard and
Mammerickx, 1967; Moore and Heath, 1967; Spiess and Mudie, 1971) and
anomaly lineations are usually very long; thus the assumption of long blocks
is realistic. However pronounced topography such as a fracture zone scarp to
the side of a profile can have an effect (Rea, 1972; Malahoff and Woollaxd,
1971). At such places it would not be reasonable to expect a close match
between a model profile and an observed profile, even if the seafloor directly

underneath is flat.
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Comment: The depth to the top of the blocks is not known. Reply:

Model studies can be used to estimate the depth to the source (e.g. Smellie,
1956; Naudy, i971) and although most methods are not very sensitive depths
close to the depth of the seafloor are usually obtained (e.g. Ross, 1966).

It is usually assumed that the upper surface of the magnetized layer is

the top of Layer 2, i.e. the basement. Admittedly model profiles often have
gradients sharper than those typically observed, but the inclusion of realistic
seafloor structures would produce effects which would smooth calculated
profiles. Blocks with tops below Layer 2 are adequate for anomalies observed
at sealevel (Bott, 1967; Peter, 1970; Peter et al., 1971) but anomalies
observed near the seafloor require sources at or mear the seafloor (Luyendyk,
1969; Larson, 1971; Klitgord et al., 1972). There is ample evidence (see
later) that the magnetization of Layer 2 is substantial so if sources only
below Layer 2 are assumed uniform magnetization of Layer 2 is implied. If
seafloor spreading and reversals are assumed it doesn't seem reasonzble that
Layer 2 should be uniformly magnetized (Luyendyk 1969, 1970b).

Comment: A flat top to the block is unreasonable in view of observed
topographic relief of the basement. Reply: This is definitely a valid point
for shallow depths and it can be shown that topograbhy alone can produce
anomalies (e.g. Vogt and Ostenso, 1966; Talwani et al., 1971). However the
depth to basement for the anomalies considered here is 5 lm or more and at
that depth only extreme topography would have an effect (Hayes and Heilrtzler,
1968).

Comment: The configuration of the bottom of the magnetized layer is not
known. Reply: The assumed thickness of the blocks, hence the depth to the
bottom, is a source of much debate and will be discussed more fully later.
Any relief on the bottom surface has less effect than that on the upper sur-
face and so probably ien't very important, especially for this study where
the depth to even the top is 5 km. ‘

Comment: Vertical sided blocks are unrealistic. Reply: The faulting
and tilting that is apparent at rifts (van Andel and Bowin, 1968; Atwater
and Mudie, 1968; Larson, 1971) may produce contacts between successive
portions of the crust which aren't vertical. Inclined blocks can be success-—
fully used to model anomalies (e.g. Heirtzler et al., 1966; Watkins and
Richardson, 1968) but the models are somewhat complex. Inclined contacts
are realistic but they are not required for adequate modelling of typical
anomalies. ‘

Comment: Vertical sided blocks imply dykes which terminate at the top
with no horizontal flows. Reply: The existence of pillow lavas on the sea-

floor (Heezen and Hollister, 1971) does suggest some extrusive flow of material.
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This might produce a layer of mixed polarity flows which could smear out
anomalies due to dykes. However model studies by Watkins and Richardson
(1971, 1972) have shown that flows need not have a great effect., Although
Harrison (1972b) thought that the models Watkins and Richardson assumed
were too simple they do show that for an elementary study surface flows
can be ignored.

Comment: Induced magnetization of the source layer is ignored.

Reply: The available studies of seafloor material likely to be involved in
producing anomalies (summarized in Appendix 6.A) indicate that the natural
remanent magnetization (NRM) is high, and almost certainly due to stable
thermoremanent magnetization (TRM) acquired at the time ofinitial cooling
(Ade-Hall, 1969). The ratio of permanent to induced magnetization
(Koenigsberger ratio, Q) is typically greater than 10, so induced effects
can reasonably be ignored. The existence of worldwide correlatable anomaly
lineations is in itself support for the importance and stability of remanent
magnetization.

Comment: The direction of remanent magnetization is based on the
assumption of an axial dipole field. Reply: The magnetic field if averaged
over at least a thousand years will probably have been axial dipolar
(section 1.3.1). The blocks considered have widths of effectively more than
2000 years so the assumption is valid. It appears that field reversals are
complete, i.e. 180° inclination change (Opdyke, 1972) so the dipole assump-
tion is valid for both normal and reverse blocks. - _

Comment: The magnetization is assumed to be uniform with depth in the
block. Reply: The variation of magnetization with depth is an important
issue which will be discussed more fully later. At this stage it is
sufficient to assume that the uniform block represents ti.2 average magneti- ‘
zation within the depth range of the block.

Comment: The magnetization is assumed to be uniform horizontally, and
since the magnetic propertiés of materials are affected by petrologic
prbperties uniform petrology is implied. Reply: Petrologic contrasts can
produce anomalies (e.g. Watkins and Richardson, 1968; van Andel and Bowin,
1968). At ridge axes and fracture zones, the only seafloor areas extensively
sampled, there are clearly very substantial variations in petrology (e.g.
van Andel and Bowin, 1968; Irving, 1970; Kay et al., 1970; Thompson and
Melson, 1972). Intrusive activity still takes place off the axis (Fisher
et al., 1968; Menard, 1969; Luyendyk, 1970a) and such material may vary
petrologically from axial material (e.g. Kay et al., 1970; Miyashiro et
al. 1970; Gass and Smewing, 1973). Differences in the petrology of normal
and reversely magnetized material have been reported (e.g. Wilsom, 1966;

Wilson and Watkins, 1967; Watkins and Haggerty, 1968). Nevertheless the
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existence of world wide correlatable anomalies argues that despite all the
possible disruptive effects of petrologic variations such variations are not
of major importance. The possibility that systematic variations in petré—
logic properties between different plate boundaries or tectonic regimes
(Thompson and Melson, 1972; Shido and Miyashiro, 1973) may produce
systematic regional variations in magnetic properties is worth considering.

Comment: If it is assumed that the normal and reverse blocks are a
product of seafloor spreading the assumed uniform horizontal magnetization
implies that the field strength was constant. Reply: The implication arises
because the magnetization of the source layer is almest certainly due to TRM,
the intensity of which would be proportional to the field at the time of
cooling (Ade-Hall, 1969)., Variations in the strength of the fiéld with time
would thus produce variations in the magnetization of the seafloor. The .
strength of the dipolar magnetic field has varied by up to 100% in the last
10 million years (Cox 1968, 1969; Smith, 1967a; Kono, 1971) and similar
variations occurred in earlier periods (Smith 1967b,c; Carmichael 1967).
Fluctuations with periods of a few millions of years appear probable and
periods as short as thousands of years have been observed (Cox, 1969;

Bucha, 1970). Current theories of the origin of the field imply that short
period oscillations are likely (Allan, 1962; Cox, 1968). The probability of
field variations shows that a very good match of the amplitudes of model and
observed profiles throughout an anomaly sequence should not be demanded.

Comment: The assumed blocks imply that reversals are instantaneous.

Reply: At a reversal thL: 180° change in direction takes place in 2000 years

or less (Ninkovitch et al., 1966; Cox, 1969; McElhinny, 1971; Opdyke, 1971)
and this is effectively instant in terms of the seafloor record. The field
intensity decreased to at least 20% during a reversal (Ninkovitch et al.,
19665 Coe, 1967) and the decrease takes place over up to 10,000 years either
side of the reversal (Cox and Dalrymple, 1967). The time span of the reduced
field could produce some blurring of the edges of polarity intervals of less
than 100,000 years, but would have little effect on longer intervals.

Comment: The block model assumes infinitely narrow boundaries between
reversals. Reply: If the wode of crustal formation at the ridge axis is
injection of narrow dykes it is reasonable to suppose that injection would
not take place exactly into the centre of the previous dyke. A spread of
injection is more likely, and this would smear out the reversal boundaries.
There is much discussion of the likely injection width, and it will be
discussed further later. Injection of a hot dyke will heat the surrounding
material which will then be remagnetized on cooling. Reheating is unlikely to
extend beyond a few metres (Harrison, 1968a; Doell, 1972) and the result is

only an effective increase in the width of the intruding dykes.
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To conclude: Despite all the limitations discussed above the simple model
of reversal blocks is useful. Numerous publications in recent years have
shown that simple as it is it does yield anomalies remarkably similar to
those observed. If simple models can explain the major factors involved in
the source of anomalies more sophisticated models can be used later to study

details.

6.3 REVERSAL TIME SCALE

6.3.1 The SPAC reversal time scale

The magnetic field reversal time scale of Heirtzler et al. (1968) is
defined only for anomalies out to number 32, approximately 75 mybp. The
identification of anomalies beyond number 32 in the southwest Pacific basin
enables the time scale to be extended. The assumptions inherent in the
principle of determining a reversal time scale from marine magnetic anomalies
have been discussed in section 1.3.2 and will not be repeated here. The
general agreement between deep sea drilling results and the Heirtzler et al.
(1968) scale is sufficient justification for proposing an extension of the
scale.

In practice a time scale éan be defined from a single profile as follows.
A simple model of normal and reverse blocks is assumed and the positions of
the polarity changes are adjusted until the profile calculated from the model
blocks agrees with the observed protile to the desired accuracy. Assumption
of a spreading rate and a date for one point on the profile enables the
spacing of the assumed blocks to be translated into dates of the field
reversals.

Fig. 6.1 shows an observed profile from the southwest Pacific, SPAC;
the normal and reverse blocks which yield a model profile that fits the
profile SPAC; and the time scale for the blocks. The dates of the reversals
are given in Table 6.1 overleaf. Justification and discussion of these

dates will occupy the remainder of this chapter section.

6.3.2 The basis of the SPAC time scale

Although a time scale can be defined from only one profile such a scale
is much more credible if the anomaly sequence that defines it has been
widely observed. This is so for the SPAC scale of Table 6.1. The anomalies
25 to 32 have been observed in many places throughout the world. The
anomalies 33-36, and less definitely 37, are widely observed in the south-
west Pacific basin but their existence elsewhere has seldom been referred to.

They can however be seen elsewhere as follows.
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Table 6.1 Geomagnetic reversal time scale based on profile SPAC

Anomaly Interval of normal polarity (mybp)
25 62.75 to 63.28
26 64.14 64.62
27 ' 66.65 67.10
28 67.75 68.45
29 68.75 69.40
30 70.00 71.50
31 71.60 72.40
32A 73.95 74.05
32 ’ 74.30 75.60
33 75.80 75.88
34~36 76.20 80.40
37 80.75 81.55

Anomaly 33 although small is distinctive. Apart from in the southwest
Pacific it can be seen in the north-south lineations of northeast Pacific
(Fig. 6.2A), the eastwest lineations south of the Aleutian trench (Fig. 6.2B)
and the Indian Ocean (Fig. 6.3A). Anomaly 34 is implied south of the Aleutians
(Fig. 6.2B) and in the Indian Ocean (Fig. 6.34). The whole of the long posi-
tive anomaly 34 to 36 can be seen in the northeast Pacific (Fig. 6.2A) and
tentatively in the South Atlantic (Fig. 6.3B). Anomaly 37, if present in the
northeast Pacific, is not readily apparent (Fig. 6.2A) and in the southwest
Pacific it may be a structural anomaly associated with the continencal margin.
Nevertheless it will be included in the reversal time scale. The prominent
anomaly numbered 38 in profile SPAC shown in Fig. 6.1 can be modelled by a
simple reversal block model, but it is not included in the time scale because
it is not seen elsewhere in the southwest Pacific and it is underlain by
prominent topography (Fig. 6.4).

The spacing of the anomaly lineations in the southwest Pacific basin
varies across the area, s0 one type profile was selected from which to
determine the time scale. The type profile chosen, SPAC (Fig. 6.1) is a
composite of profiles T and W (Fig. 6.5). Profile W, which is adjacent to
profile T, was used for anomalies 25 and 26 because anomaly 26 is not clear
on profile T. The remainder of SPAC is profile T. These profiles were chosen
because the anomalies in that area are well developed and the lineations
are uncisturbed. The choice was made on the basis of only the magnetic
data. The bathymetric data fér profile T became available only later and in
retrospect a better profile might have been chosen. However the choice

appears justifiable because the SPAC time scale gives good linear spreading
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rates for other profiles in the southwest Pacific (see later).

The model used for computing the time scale assumed a magnetized layer
2.0 km thick with the upper surface 5.0 km below sea level, the approximate
depth to the seafloor at profile T (Fig. 6.4). The calculated anomaly
profile in Fig. 6.1 is what would be observed for blocks formed and observed
with a field inclination of 90°. The inclination at profile T is approxi-
mately 75° but the difference would have no significant effect on the block
boundary positicns.

The time scale is essentially determined from the close sipilarity of
profile SPAC to the north Pacific profile NPAC (Fig. 6.1). That profile
(from Raff 1966) is the type profile that Heirtzler et al., (1968) used for
this part of their time scale. The scale they gave (Heirtzler et al.,

Table 1 and Fig. 3, 1968) does not match their type profile beyond anomaly 31,
and presumably because of drafting errors. Their dates for anomalies 25 to
31 give a spreading rate in the north Pacific of 4.74 cm/yr. Comparison of
profiles SPAC and NPAC gives 4.37 cm/yr for SPAC. This rate was assumed for
the full extent of profile SPAC. ‘The Heirtzler et al. dates were taken for
anomalies 25-27 so those blocks were fixed. The remaining blocks were
adjusted by trial and error to give a model profile which reasonably matched
profile SPAC. The dates of the reversals (Table 6.1) were then determined
from the model blocks.

6.3.3 Comparison with other time scales

Fig. 6.6 shows several time scales which have been proposed for the
anomalies beyond number 25. Vine (1966) didn't give reversal dates but he
assigned dates to a composite north Pacific profile on the assumption of a
uniform spreading rate of about 4.5 cm/yr prior to 10 mybp. His dates are
about 5 my younger than those shown in Fig. 6.6. It is his composite pro-
file that has become the standard profile. Heirtzler et al. (1968)
determined their polarity intervals from it but the absclute dates were
derived by comparison with an assumed uniform rate in the south Atlantic.

McKenzie and Sclater (1971) independently noticed the errors in the
Heirtzler et al. scale béyond anomaly 31. Using a spreading rate of 4.74 cm/yr
in the north Pacific they revised the dates of anomalies 31, 32A and 32 and
added dates for anomaly 33 and the reverse-normal transition that defines
anomaly 34.

The Lamont scale is an unpublished revision of the Heirtzler et al. scale
and is used at Lamont-Doherty Geological Observatory.

Larson and Pitman (1972) state that they have extended the Heirtzler
et al. scale and that for their scale "The negative interval at 82 to 85 mybp
has been added by measuring west of anomaly 32 on Raff's (1966) north Pacific
profile at 40° 30' N". That is the standard profile NPAC and Figs 6.1 and
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6.6 show that their assumed negative‘interval would not be as old as they
state. The younger boundary of it would be no more than 80.5 mybp.

For the anomalies 25 to 34 the reversal dates of the different scales
(excluding Vine's) are not very different. Variations between profiles in
a small area are likely to be just as large as the differences between the
north and southwest Pacific type profiles. The SPAC dates for anomaly 36
and beyond do not agree with those of Larson and Pitman (1972) but the

SPAC dates are preferred.

6.3.4 Absolute dates and the Cretaceous normal polarity interval

In previous sections reversal dates have been quoted to 0.01 my. Whilst
the lengths of particular polarity intervals may be correct to that accuracy
absolute ages are very uncertain. The dates of the Heirtzler et al. scale
were based on an extrapolation from 3.35 mybp and the other scales are only
revisions relative to that scale. Deepsea drilling results have confirmed
that the time scale is at least reasonably correct but the confirmation is
not detailed. Van Andel (1972) has discussed the limitations involved in
dating the oceanic crust from deepsea drilling results and concludes that
a reasonable error estimate for the JOIDES ages in the interval of interest
here would be *5 my. Table 6.2 shows data for sites at which basement was
reached and the age was expected from magnetic anomalies at or close to the
site to be in the range 60 to 85 mybp. The JOIDES ages are based on paleon-
tological dates of the contact sediment and in general they are younger than
the magnetic anomaly dat:s. The differences are greater than the uncertain-
ties Van Andel suggested and might reflect inaccuracies in the magnetic
reversal scale. However it s not difficult to provide plausible reasons

which could explain the '"discrepancies'.

Table 6.2 Basement ages at JOIDES sites

Site Location JOIDES Magnetic
2-9 N. Atlantic 85 81
3-20 S. Atlantic 70-72 67
5-=39 E. Pacific 50 60
5-41 Equat. Pacific 50 67

12-112 Labrador Sea 55 67

22-213 NE Indian 56 63

24-236 NW Indian 55-60 68

25-245 SW Indian 63 68

29-283 Tasman Sea 65 75

Data from Van Andel (1972) and JOIDES (1972a,b,c, 1973d).
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It is possible that the magnetic anomaly reversal time scale could also
be checked by paleomagnetic analysis of dated samples from land. Ordinarily
the land record is too discontinuous and dating inaccuracies too great to
allow a dated sample of known polarity to beAassigned a particular point of
the seafloor reversal sequence. However there is a long interval from
approximately 80 to 110 mybp during which the field was apparently of constant
normal polarity. The paleomagnetic data for this interval, which is referred
to as the Cretaceous normal polarity interval, have been discussed by Helsey
and Steiner (1969), McFElhinny and Burek (1971), Creer (1971) and Irving and
Couillard (1973). The most complete and up to date compilation is that of
Irving and Couillard (1973) and they state that there are no known reversals
between 109 and 82 mybp. If the field was indeed normal throughout this period
it provides an important constraint of the reversal time scale.

The existence of anomaly 37 and a reversed period beyond it might be
considered equivocal but the existence of the reversed interval immediately
beyond anomaly 36 is unequivocal. If there is no reversed polarity beyond
82 mybp the seafloor reversed period must be younger than that. If anomaly
37 is accepted the end of the reversed period beyond it (Fig. 6.1) agrees well
with the 82 my age of the start of the Cretaceous normal polarity interval.

If the longer reversed interval of Larson and Pitman is taken but correctly
calculated from HPAC (Fig. 6.1) the reversed interval ends at about 82.5 my.
Either way the seafloor reversal scale agrees with Irving and Couillard's data.

The Cretaceous normal interval provides only an older limit to the sea-
floor reversal time scale. The reversed anomalies could be younger than
82 mybp. However the general lack of anomalies beyond-anomalies 36 and 37 in
the northeast Pacific, south Atlantic and possibly the north Atlantic
(Vogt and Johmson, 1971) sugrests that the mapped anomalies extend to the
start of the normal interval and thus the time scale is correct. Detailed
surveys in several areas of the anomalies beyond number 32, coupled with deep
sea drilling, could better define the upper boundary of the Cretaceous normal
interval. As Irving and Couillard (1973) point out, it is a potentially

important global time marker.

6.3.5 Short polarity intervals

The duration of the normal polarity interval that defines anomaly 33 is
only 0.05 my in both the SPAC and McKenzie and Sclater (1971) time scales.
There are only six shorter intervals in the 171 intervals of the Heirtzler
et al. time scale from 0 to 76 mybp, and none in the 41 intervals of the
Larson and Pitman (1972) scale from 115 to 148 mybp. The shortness of this
interval is significant in view of the current interest in statistical
aspects of the duration of polarity intervals (Cox, 1968, 1969, 1970; Nagata,
1968; Parker 1969, Naidu, 1971; Blakely and Cox, 1972 a, b).
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Models which explain reversals of the magnetic field in terms of
statistical fluctuations in the core (Cox, 1968; Nagata, 1968; Parker,
1969) lead to the conclusion that reversals as a function of time should
be Poisson distributed. Naidu (1968) has shown that the polarity intervals
of the Heirtzler et al. (1968) time scale are Poisson distributed for 0 to
45 mybp but prior to that they are not; the number of short intervals being
much less than expected. The generally greater depth of old seafloor will
diminish the anomaly a short interval produces at the surface, but this is
not sufficient to account for the lack of short intervals. Either the short
intervals are present but have not been detected for some reason, or they
are not present and the proposed medels are not applicable for earlier
periods. The existence of anomaly 33(duration 0.05 my) shows that at least
one short interval does exist. Blakely and Cox (1972b) have applied their
(1972a) technique of stacking profiles to six profiles covering the period
54-69 mybp and detected several additional reversals as short as 0.02 my
duration. It is probable that similar techniques if applied extemsively will
detect further short intervals. The existence of anomaly 33 and Blakely and

Cox's results show that the lack of short intervals may be only apparent.

6.4 PALEO-POSITIONS OF ANOMALY LINEATIONS

If it is assumed that observed anomalies can be adequately modelled by
normal and reverse blocks model studies can provide information on the possible
positions the anomalies were at the time at which they formed. The form of an
anomaly profile observed over lineated normal and reverse blocks depends on
the orientation of the lineations with respect to both the direction of the
remanent magnetization of the blocks and the present day field direction.
Consequently the model studies require as input parameters the strike of the
lineations, the inclination and declination of the present field, and the
inclination and declination of the remanent magnetization of the blocks.

The remanent parameters are not known but it is they which are used to derive
paleopositions. The parameters are varied until the calculated anomaly pro-
file best fits the observed profile. If an axial dipole field is assuwmed

the remanent inclination indicates the latitude of the anomalies at the time
of magnetization and the declination gives the strike of the lineations.
Unfortunately there will be a family of pairs of inclination and declination
values which yield the same anomaly pattern (Schouten, 1971) so additional
constraints are required to select unique values.

Sone model studies have been done to see if it is possible to determine
the paleopositions of the anomalies 25-37 of the southwest Pacific basin.

From west to east in the area the present field inclination changes from

80° to 700, the declination from 040° to 025°, and the strike of the
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anomalies from 075° to 040°. The strike of the anomalies with respect to
magnetic north, i.e. the effective declination, changes from 035° in the
west to 015° in the east. To limit the number of variables the model
studies which are presented assume a present field inclination of 70° and
an effective declination of 30°. The SPAC time scale was used with a
spreading rate of 4.0 cm/yr. The blocks were 2 km thick with their tops
5 km below sea level.

Fig. 6.7 shows the anomalies which would be observed if the lineations
had been formed at approximately their present latitude but at different
orientations. The differences for various orientations are small, the main
effect being an increase in symmetry as the lineation paleo-strike approaches
north-south. Fig. 6.8 shows the anomalies which would be observed if the
lineations had formed striking east-west at a different latitude. The
differences for various latitudes are slight, the symmetry increasing for
higher paleo-latitudes.

The variations in Fig. 6.7 and 6.8 could have been expected from the
mathematical description of the anomaly produced by a linear block (See
Appendix 6B, part 1). It shows that for a given latitude the degree of
symmetry increases as the lineation strike approaches north-south, and for
a given strike the symmetry increases for higher latitudes. The Fig. 6.8
profile for latitude 45°s shows the maximum amount of asymmetry likely to
be observed in the area as any lineations formed south of 4508, irrespective
of their orientation, would be more symmetric. Similiar profiles appear in
both diagrams because the strike and latitude are interrelated in their
effect on the anomalies. TFor example lineations formed striking 040° at
55°S would produce the same effect ac lineations formed striking east-west
at 65°S.

Fig. 6.9 shows that there are considerable variations in the shape of
the anomalies observed throughout the area. Almost any individual anomaly
could be matched somewhere in the theoretical anomalies shown in Figs 6.7
and 6.8. However compared with the theoretical anomalies the observed anomaly
32 doesn't have a marked northward tilt, anomaly 31 is not very prominent
relative to anomaly 30, anomalies 29 and 28 tend to be flat topped rather
than spiked, and the dip to the south of anomalies 25-27 is not very
pronounced. The overall appearance of the observed anomalies is similar
to that of the more symmetrical model profiles. If the lineations formed
north of their present position the observed symmetry requires that as well
as a southward translation they must have also rotated from a more north-
south strike. Even for in situ latitude formation the strike would have to
be more north-south than present. A degree of symmetry is more readily
achieved if the lineations formed further south. Tor higher latitudes

strike variations have less eifect.
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When the ideal nature of the assumed model is recalled and the
inherent ambiguities recognized, it is clear that these model studies do
not provide a precise indication of paleo-position. Nevertheless they

suggest that the lineations probably formed south of their present position.

6.5 THICKNESS OF THE MAGNETIZED LAYER

6.5.1 General

Two important unknowns in present understanding of the source of
magnetic anomalies are the thickness of the magnetized layer and the
intensity of magnetization of the layer. The two factors are not indepen-
dent; if either is specified the amplitude of the anomalies determines the
other.

Layer thicknesses of 5 km or more were used in some early studies
(Vine and Matthews, 1963; Heirtzler and Le Pichon, 1965; Vine and Wilson,
1965), the depth to the base of the layer being chosen mainly from the
probable depth of the Curie temperature isotherm. However thinner layers
soon became preferred, partly because they gave sharper anomalies but mainly
on petrological grounds. Hess (1962, 1965) argued that Layer 3 was likely
to be serpentinized peridotite. This probably would not be highly magnetized
and has a low Q (Watkins and Paster 1971) and therefore would not contribute
much to surface anomalies. Layer 2 was considered to be mainly basalt;
rapidly cooled in situ and capable of having a high remanent magnetization.
Since Layer 2 is typically 2 km or less many studies have assumed magnetized
layer thicknesses of the order of 2 km (e.g. Vine and Wilson, 1965; Vine,
1966; B~*t, 1967; Hayes and Heirtzler, 1968; McKenzie and Sclater, 1971).
Recently thicknesses of 500  or less have come into favour (e.g. Irving
et al., 1970; Talwani et al., 1971; Weissel and Hayes, 1972; Blakely and
Cox, 1972b).

For simple model studies the thickness of the magnetized layer is not
very important but for an adequate understanding of the structure and com-
position of the oceanic crust a knowledge of magnetization distribution is
vital. Model studies cannot provide a unique solution but broad constraints
are provided by three factors: (1) the shape of anomalies; (2) the amplitude
of anomalies; (3) the plausibility of the deduced intensity of magnetizétion.

6.5.2 Thickness and anomaly amplitude and shape

The amplitude and shape of anomalies is affected by the thickness of
the magnetized layer. Fig. 6.10 shows some models for different thicknesses
in which the magnetizations have been scaled linearly with respect to the
thickness to produce similar anomaly amplitudes. The intensities of the

thicker layers should have been slightly greater but it is clear that the
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thicker the layer the lower the required magnetization. The effect of a
change in thickness is not just a uniform change of amplitude; the small
anomalips., .o, 32A.and_ 33, are. reduced relative to the mainr anamalies as
the thickness is increased. This is what would be expected from theory
(Appendix 6B, part 2) as the small anomalies arise from narrow blocks and
so are most affected by thickness. 7The small anomalies could however be
increased for thick blocks by only slight increases in the width of the
blocks which produce them. The SPAC time scale was determined using 2 km
blocks and the shorter intervals might be altered if a different layer
thickness was used.

The most cbvious effect of a thicker layer is the smoothing of the
anomalies. The sharpness of the anomalies is to a certain extent affected
by inclination and declination (Fig. 6.7 and 6.8) but the thickness effect
is more pronounced. Typical observed anomalies (Fig. 6.9) are more like the
smoother profiles of the 5 km thick layer than the sharper 0.5 km profiles.
However most natural crustal effects will tend to smooth anomalies so a
thin layer could be acceptable. So many factors can alter the shape of
anomalies that it doesn't seem promising to estimate the layer thickness

from anomaly shape alone.

6.5.3 Thickness and basement relief

An unusual seafloor structure associated with the Tairoa fracture
zone that was discussed in section 4.3.3 may provide information on the
thickness of the magnetized layer. TFig. 4.11 shows the relevant bathymetric
and magnetic profile across the fracture. It is the two sets of anomalies
27-29 which are of special interest. The set on the western side of the
fracture is over the raised seafloor but is quite similar to the eastern
set, apart from having higher amplitudes. There is no seismic profile
record for this profile but other tracks in the area indicate sediment
thicknesses of less than 100 m (R.E. Houtz, pers comm., 1972). It is there-
fore reasonable to assume that the bathymetric profile approximates the
basement surface and that the raised block is uplifted or thickened basement.

, FTig. 6.11 shows model studies in which the upper surface of the basement
has been approximated by flat surfaces at a depth of 4 km for the raised
block and 5 km for the surrounding area. In each case the ancmalies produced
by a uwniform layer at 5 km are cowmparcd with those produced by the raised
block. The two cases for which the magnetized layer is assumed to be uplifted
(A and B) produce small increases in the anomalies over the block and both
cases are quite similar. When the bottom of the magnetized layer is held
constant (C and D) the effects are much more pronounced and the two cases

are quite different. Models using a 5 km thick layer produce similar effects
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to those shown in Fig. 6.11 but the uplifted and thickened cases are not
very different.

Table 6.3 presents a more quantitative assessment of the models.
The ratios given are the anomaly amplitude over the raised block
divided by the amplitude over the uniform layer. The ratios for the models
in which the magnetized layer is uplifted agree well with the ratios observed
on the ELT23 profile. For a thickened layer the model ratio of a 5 km layer
agrees with the observed ratio but the ratios for 0.5 km and 2 km layers do

not agree.

Table 6.3 Ratios of anomaly amplitudes

o ELT23 Uplifted : flat Thickened : flat

Y west : east 0.5 km 2.0 km 5.0 km 0.5 km 2.0 km 5.0 km
27 1.30 1.29 1.24 1.2 3.37 1.67 1.33
28 1.24 1.32 1.26 1.23 3.35 1.68 1.33
29 1.28 1.25 1.24 1.18 3,12 1.62 1.29

The model shapes used are admittedly very simple and uniform magnétiza-
tion is assumed, but it appears that if the magnetized layer thickness is
2 km or less it is necessary to assume that the layer is uplifted rather
than thickened. For layers thicker than 2 km it wouid be less necessary to
assume uplift. The model studies do not provide a uuique determination of
the thickness but a thin layer leads to a much more unusual configuration
and so might be considered less preferable. If the layer is only 0.5 km
thick the whole layer and several hundred meters of the material below it
is potentially exposed on the sides of the block. It would be a good place
to dredge for’samples of the magnetized layer.

6.5.4 Thickness and intensity of magnetization

The interdependence of the thickness and the intensity of magnetization
of the magnetized layer haé been discussed in section 6.5.2. The amplitudes
of anomalies observed in the southwest Pacific basin vary but if a magnetized
layer 0.5 km thick is assumed intensities of magnetization of 15 to
20 x 10"3 emu/cm3 are required to produce the observed anomalies. For a
2 km layer 5 x 10—3emu/cm3 is sufficient and for a 5 km layer 2 x 10-' emu/cm3
is adequate. Comparison of these derived values of magnetization with
observed values is probably the best means of assessing the actual thickness

of the magnetized layer.

WICTORIA UNIVITSTY OF WELLINGTON
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Knowledge of the magnetization of oceanic crust has been derived mainly
from measurements of the magnetization of dredge samples. A summary of data
presented in the literature is given in Appendix 6A. Magnetizations of
15 x 10°° emu/cm3 or greater have been reported but such high values are
almost completely confined to the ridge axis. Detailed sampling on the
Reykjanes ridge (de Boer et al., 1970) and the mid-Atlantic ridge at 45°N
(Irving et al., 1970) has shown an almost ten fold decrease in magnetization
within 50 km of the ridge axis. From model studies of specially controlled
profiles at the Reykjanes ridge Talwani et al., (1971) deduced magnetiza-
tions of 30 x 1()-3 emu/cms at the axis, 12 x 10-3 at 75 km and 7 x 10--3 at
100 km off the axis. Possible reasons for the decrease away from the axis
have been discussed by, for example, de Boer et al., (1970), Carmichael
(1970), Irving et al., (1970), and Banerjee (1971, 1972). Irrespective of
the reason it appears that high magnetization will be present only near the
axis.,

Samples typical of the ocean basins are difficult to get because of
sediment cover but the majority of magnetizations reported from basins are
less than 10 x 10°° emu/cm?, Dredge samples may be biased towards unusual
features such as fracture zone scarps and seamounts so the deepsea drilling
data are particularly important. The range of magnetization from the Mohole
(Cox and Doell, 1962) was 1-10 x 10-: emu/cm®, the higher values being from
within one metre of the surface of the flow. JOIDES data from the
Caribbean and Atlantic (lowrie et al., 1973) give a range of 0.1-10 x 10—?
emu/cms. Five sites from Legs 2 and 3 had a mean of only 1 x 10_? emu/cms,
and Lowrie et al., (1973) pointed out that this would require a magnetized
layer 2.5 km thick to produce the observed magnetic anomalies near the sites
in the south Atlantic.

The available data suggest that magnetizations in excess of 10 x 10-.3
emu/cm® are unlikely in the basins. This sets a minimum thickness of the
order of 1 km for the magnetized layer in the southwest Pacific basin.
Magnetizations of 5 x 10—3 emu/cm’® or less seem more probable which requires
the layer thickness to be 2 km or more. .

Apart from the difficulties of high magnetization a thin layer also
presents the problem that it ignores the magnetic effect of material below
it., Away from the axis all of the crust would be above the Curie tempera-
ture isotherm and so could be magnetized. All of Layer 2 (approximately the
top 2 km) is generally considered to be basaltic and so could have a high
remanent magnetization. Only its upper surface is likely to be very highly
magnetized, rapidly cooled pillow lavas, but if hydrothermal circulation is

as significant as Lister (1972) believes most of Layer 2 would be cooled
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rapidly enough to acquire substantial magnetization. Layer 3 may also be
magnetized. Camnn (1970), Moores and Vine (1971) and others believe that
Layer 3 is gabbro-not sepentinized periodotite (Fig. 1.1) and Vine et al.
(1973) report magnetizations of 6.5 x 10”° emu/cm’ for ultramafics of the
Troodos Complex that are considered to be similar to Layer 3. Watkins and
Paster (1971) have reported maénetizations of approximately 5 x 10”° emu/cm?
for harzburgite from the Macquarie ridge. If a substantial thickness of the
oceanic crust is significantly magnetized it is not valid to assume a thin

magnetized layer thus ignoring other magnetized material.

6.5.5 Thickness and crustal formation

The results discussed in the previous sections favour a magnetized
layer thickness of 2 km or more., Assumption of this thickness has interes-
ting implications for the crustal formation process.

If the addition of crustal material at the ridge axis takes place by
dyke injection the injection is likely to take place over a range of dis-
tances from the centre. Model studies by Loncarevic et al., (1966),
Matthews and Bath (1967), and Matthews (1969) showed that for a normally
distributed injection process a standard deviation ¢ of 5 to 10 km would
produce anomalies similar to those observed. A more detailed study by
Harrison (1968) showed that for a layer thickness of 1.7 km 0 = 3 km, or
less, was required to preserve small anomalies. Blakely and Cox (1972b)
using 0.5 km thick blocks found o = 3 km satisfactory, which is surprising
as some of their blocks were only 1 km wide. Values of 0 of several kilo-
meters conflict with some deeptow results which indicate that ¢ < 400 m is
required (Larson, 1971; Blakely and Cox, 1972b).

If a thin magnetized layer is assumed the anomalies produced by an ideal
model (0 = 0) produces anomalies which are too sharp. Random injection
removes the objection provided ¢ is a few kilometers. A thick magnetized
layer produces anomalies which are already smooth so virtually no random
injection is required; indeed the need to maintain small anomalies demands
a very narrow injection width.

The range of reported standard deviations may not reflect a real range
of injection widths. Rather it may reflect differences in the assumed, or
actual, thickness of the magnetized layer. Only drilling at least 2 km
into the seafloor is likely to produce data capable of resolving the

important issue of the thickness of the magnetized layer.




116

6.6 VARTATIONS OF ANOMALY AMPLITUDE

The data density in the southwest Pacific basin is sufficient to permit
an analysis of variations in the amplitude of particular anomalies,

Fig. 6.12 shows the mean and range in amplitude of the clearly observed
anomalies. Some 348 individual amplitude measurements are involved. In
view of the discussions in previous sections detailed comparisons of

observed amplitudes with model amplitudes are not justified, but some general
comparisons are in order.

The mean amplitudes of the observed anomalies 27-36 agree adequately
with model amplitudes, especially when the likelihood of variations in the
paleo-intensity of the magnetic field is recalled. However the observed
amplitudes of anomalies 25 and 26. are lower than models predict. The depth
to the seafloor is, if anything, shallower under anomalies 25 and 26 than
the older ones so depth to the source is unlikely to be an explanaticn.

A lower field intensity at that time cannot explain it as in NPAC and other
north Pacific profiles the amplitudes of anomalies 25 and 26 are not low
relative to the older anomalies. 1In Chapter 4 it was pointed out that there
is a change in the general anomaly structure of the area at about anomaly 25.

Some effect associated with this change could explain the lower amplitudes.
Possible effects are changes in (1) the thickness of the magnetized layer,

(2) petrology, (3) thermal conditions at the time of formation of the anomalies.
Whatever the cause it appears to be regional.

Substantial variations within the region also crcur. The area has been
divided into six zones separated by fracture zones (Fig. 6.13). The anomaly
amplitudes for each zone are shown in Fig. 6.14. The ranges in each zone
are large but zones two and three tend to have lower amplitudes than the
other zonmes. Fig. 6.15 shows it more clearly.

Several possible causes of zone differences can be discounted;

(1) Variation in the paleo-intensity of the magnetic field would affect all
thé zones; (2) Variation of present or paleo-position would produce insuf-
ficient effect, even if zones two and three were considered to have originally
been substantially displaced relative to the other zones - which is
improbable; (3) Depth to the seafloor and basement is not substantially
different in any of the zomes; (4) Spreading rates do differ between the
zones (Fig. 6.16). Fig. 6.17 shows that this could affect the amplitude of <
anomaly 32A but the major anomalies are not affected. Anomaly 32A is more
affected because the width of its "source block", 4 km at 4.0 cem/yr, is in
the range where width variations substantially alter the amplitude

(Appendix 6B). The major anomalies all have widths beyond the critical range

and so their amplitudes do not alter much with spreading rate.
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It is probable that the difference between zones two and three and
the other zones reflects a thinner magnetized layer and/or a lower intensity
of magnetization of the crust in zomes two and three. Both could be pro-
duced by differences in thermal conditioms at and/or subsequent to the time
of formation of the anomalies. Thermal differences are an obvious possibility
when spreading rates differ. The problem is that the rates in zomes two and
three do not differ significantly from those in zone one, which does not
have low amplitudes. Thermal effects associated with fracture zones could
be an explanation, as zones two and three are narrower than the other zones
(Fig. 6.13). However throughout the southwest Pacific basin there are no
indications that amplitudes of anomalies close to fractures are low.

Weissel and Hayes (1971, 1972) also have found variations in anomaly
amplitudes south of Australia. Amplitudes (of the same anomalies) in three
zones differed, and in one zone the amplitudes south of the ridge were lower
than to the north. The latter suggests that some effect reduced the effec-
tive magnetization of the crust after the anomalies had formed and moved
away from the ridge axis. Such an effect could explain the lower amplitudes
of zones two and three in the southwest Pacific basin. However the differences
between zones south of Australia; and the low amplitude of anomalies 25 and 26
throughout the southwest Pacific basin, suggest that regional effects are
also required. Systematic differences in petrology between different tectonic
regimes and different plate boundaries have been reported by, for example,
Melson and Thompson (1971), Thompson and Melson (1972) and Shido and
Miyashiro (1973). Such differences may be the source of systematic regional
or local variations in the magnetic properties of the crust. Data to confirm

this dinteresting possibility would not be easy to obtain.
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CHAPTER 7

EARTHQUAKE MAGNITUDE-FREQUENCY RELATIONSHIPS

This chapter is a study of earthquake magnitude-frequency relationships.
An introduction (7.1) is followed by a description of the method of analysis
(7.2). Then results from previous work (7.3) and from the southwest Pacific
area (7.4) are presented. Interpretations of the results are discussed in

section 7.5.

This work has been done with R. Feriel Falconer.

7.1 INTRODUCTION

The positions of the plate boundaries in the southwest Pacific area
are reasonably well delineated by bathymetric, magnetic and epicentral
data. In most places the nature of the boundaries is clear but for the
Macquarie complex and the Pacific-Antarctic fracture zone the data do not
provide a definite indication of the boundary type. It would be useful to
have other means of defining the type of boundary.

One possible relationship for characterising a boundary is the relation-

ship between earthquake magnitude and frequency

lOgN=a-bM °ees s 7.1

where N is the number of events of magnitude M or greater, and a and b are
constants. The constant a is determined by the level of activity and is
not considered here. It is the coefficient b which-is of interest. It
depends on the proportion of large to small events in a given group of earth-
quakes. A high b value indicates a greater proportion of smaller events, a
low b value indicates a greater proportion of larger events.

~ The value of b depends on the magnitude scale used but where M is the
surface wave magnitude Ms, b lies between 0.5 and 1.5, averaging about 0.9
(Gutenberg and Richter, 1954; Isacks and Oliver 1964; Evernden, 1970;
Acharya, 1971). Results from several studies suggested that b was constant
in both time and space (Isacks and Oliver, 1964; Sykes, 1965) but there is
increasing evidence that this is not so (e.g. Utsu, 1965; Francis, 1968a,b;
Evernden, 1970; Karnik, 1969, 1971).

The results of Francis (1968a,b) are particularly significant. They

show that for the mid-Atlantic Ridge the b values are higher for ridges
than fracture zomes. It would be very useful if this difference could be

shown to be general. It would then be possible to make hypotheses, based on
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b values, for boundaries which are either not well surveyed or difficult to
interpret. With this in mind an analysis has been made of the Db values of
the plate boundaries in the southwest Pacific area. The data used were the
magnitudes in the USCGS file (Section 3.6) and the area considered is shown
in Fig. 7.1. The intention was first to see if b values from clearly'under—
stood sections of plate boundary agreed with Francis's results; then to

see if anything could be learned about the less well understood sections.

Before presenting the results the method of analysis will be described.

7.2 ANALYSIS METHOD

Several aspects of b value study are open to discussion. In particular:
the formulae to be used for calculating b, the validity of the basic equation,
magnitude scales, range of magnitﬁdes, and reliability of data (Evernden,
1970; Karnik, 1971). Many papers do not give full details of the analysis
method used, which makes it difficult to compare results.

It appears that b is often determined by visual fitting of a straight
line to the graph of log N against M. A more analytical method is preferable
but least squares is not very satisfactory (Karnik, 1971; Vere-Jones,

pers. comm. 1972). The estimator used here is

b = %-1og 1+ :_JQ__ suns Tak
M- Mo

where the earthquake magritudes are given in intervals of A, the minimum magni-
tude considered is Mb and M is the mean magnitude of those earthquakes with
magnitudes > M . This estimaor is a modified form of that given by Utsu
(1965), and takes into account the grouping correction discussed by Utsu
(1966). Aki (1965) has shown that it is the maximum likelihood estimator for
grouped data.

When determining b this way it is assumed that the linear relationship
between log N and M is reasonably valid. TFig. 7.2 shows that this is not so
for all magnitudes. The lack of linearity for low magnitudes is mainly due
to reduced sensgitivity of the detection network for low magnitudes (Evernden,
1969), and most studies throughout the world show a similar effect. For this
study another possible reason for the low magnitude nonlinearity is that wmagni-
tudes are not given for all the earthquakes reported (Table 7.1). This is not
a uniform factor throughout the area. TFor instance magnitudes are given for
all of the reported earthquakes east cf 140°W (Fig. 7.1) but they are given
for only 55% of those on the Indian-Antarctic boundary. For the Eltanin
fracture zone area (1200—14O°W), the linear relationship holds down to m = 4.7
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(Fig. 7.3) whereas for the whole area (Fig. 7.2) it holds only down to m = 5.1.
This suggests that the earthquakes elsewheve for which magnitudes are not
given are probably the lower magnitude events. When calculating b the minimum
magnitude considered (Mb) must be chosen such that the linear relationship
holds reasonably well for all magnitudes > Mo. The value Mb = 5.1 will be
taken throughout. It does mean discarding some information but should give

a degree of uniformity between different areas.

Table 7.1 Numbers of reported magnitudes

With magnitudes > 5.1
« of those

With magnitudes

Number of

Segtion earthquakes Number 7 of Number & with
. total .
total magnitudes
Whole area 297 209 70 124 42 59
Indian-Antarctic 102 56 60 33 32 59
Pacific-Antarctic 123 110 85 51 42 47
Indian-Pacific '
Whole 72 43 60 40 56 93
North of 57°8 56 30 54 29 52 97
South of 57°8 16 13 81 11 69 85

The value of b depends on the magnitude scale used. The magnifudes used
here are *he body wave magnitudes oy given by the USCGS. The majority of
previous studies use either curface wave magnitudes Mé or magnitudes which
approximate the surface wave scale (Richter, 1958; Karnik, 1969; Evernden,
1970). The relationship between m and MS is complex, probably depending on
factors such as focal region, type of focal mechanism and transmission path.

A relationship can be given by
= .o a0 7.3
MS OLm.b+B

where o and B are constants (Gupta and Rastogi, 1972). If b' is the value of
b in equation 7.1 for M_ and b is the value for m equations 7.3 and 7.1 give

b=ub' L 704

The reported values of o range from 0.70 to 2.63 with a median of 1.20
(Gupta and Rastogi, 1972). Many studies using Ms find b' values close to 0.9

and this value is often referred to as the normal b value. Because of the
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uncertainties in o it is difficult to say what the value of b corresponding
to b' = 0.9 would be. The value b' = 0.9 seems to apply to world statistics
as well as smaller areas so it is reasonable to assume that a value of b

(for mb) calculated from world data would be suitable for comparison. For
1970 (1036 earthquakes with mbiz 5.1) b = 1.35. For 1971 (1193 earthquakes)
b = 1.37. The value b = 1.36 will be assumed and be referred to as the world
value.

Evernden (1970) has questioned whether the relationship between log N
and M is linear for body wave magnitudes, especially for magnitudes greater
than 5.5. The nonlinearities that he found may be related to Tsuboi's (1958)
observation that superposition may not hold. That is, if log N is linearly
related to M with different values of b in a number of areas then log XN is
not linearly related to M. A non-linear curve may result from data which
consists of two or more sets with different b values. However such data can
also yield a good linear curve (Francis, 1968a). The only practical solution
is to break the data into different areas and/or time intervals. If subsets
of a data set yield b values which are similar the b value of the whole data
set should be valid. The mean of subset b values should also be valid. The
extent to which data can be subdivided is limited by the need tec have suffi-
cient data in a set for the b value to be reliable.

The confidence limits of any b value can be estimated from the fact that
the estimator used (equation 7.2) is approximately chi-squared distributed
with 2N degrees of freedom, where N is the total number of earthquakes (Utsu,
1966). The b values of two data sets can be compared with the F test. If
two sets A and B with NA and NB earthquakes respectively have estimates bA and
bB then for bA < bB’ bB/bA i{a distributed as the F distribution with ZNA and
2NB degrees of freedom (Utsu, 1966). A mean b value calculated from the b
values of several data sets can be compared to another mean value with the

standard t test.

7.3 EARLIER WORK

This b value study involves comparison of results from the southwest
Pacific area with results from other areas. Since the southwest Pacific
seismicity is associated with cnly oceanic plate boundaries the results from
other oceanic boundaries are of most interest. Not many determinations of b
have been made for the mid-oceanic ridge system. Gutenberg and Richter
(1954) using surface wave magnitudes of 6.0 and above obtained b' = 1.4 for
27 Atlantic earthquakes, and b' = 1.3 for 19 Indian Ocean events. Sykes
(1965) considered 267 events north of 60°N, primarily on the ridge extending
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from Iceland through the Arctic Ocean to Siberia. The magnitude-frequency

plot was linear for magnitudes (surface wave) from 4.5 to the maximum of 6.9,

and b' = 0.91. TFor ridges in the Indian Ocean Stover (1966) obtained

b' = 0.91 from 76 events with surface wave magnitudes greater than 6.0.

Stover (1968) also studied, as one data set, the mid-Atlantic ridge south

of 4°N, the Southwest Atlantic ridge and part of the Southeast Indian ridge.

He found b' = 1,01 for 51 surface wave magnitudes greater than 6.0. TFor

83 USCGS bodywave magnitudes in the range 4.7 to 5.9 he found b = 1.04.
Francis (1968a,b) using USCGS located earthquakes on the mid-Atlantic

ridge has obtained results more detailed than any of the above. He first

(1968a) considered bodywave magnitudes of events in areas where the ridge

was well mapped. One hundred and fifty-four events gave b = 1.28

(Fig. 7.4 A). He then separated the events into those on fracture zones

(75 events) and those on the ridge axis (79 events) and obtained b = 0.99

and b = 1.72 respectively (Fig. 7.4 B). If the data in Fig. 7.4 B are con-

sidered linear above magnitude 4.6 the two b values are different at the 957

level, Francis then considered individually the four fracture zones which

the fracture zone events represented and got for the mean of the four

b= 1.03 0.33*. Similarly three certain ridge axis sections gave

b= 1,73 £ 0.65. Inclusion of data from less well mapped areas, 50°S to 55°N

I+

gave three more definite fracture zones and nine more ridge axis sectioms.
Adding these to the previous data gives a fracture zcne mean b = 1.00 * 0,31,
and a ridge axis mean b = 1.88 * 0,68. These are different at the 997 level.
Francis (1968b) repeated the analysis of the initial four definite fracture
zones and three definite ridge axis e~ctions using surface wave magnitudes
(Fig. 7.4 C). This gave for fracture zones b' = 0.63 * (.14 and for ridge
axes b' = 1.08 + 0.18. These are different at the 95% level.

It is noteworthy that before Francis separated the fracture zocne and
ridge axis events (Fig. 7.4 A) he obtained a reliable value, b = 1.28, which
is close to the world value 1.36. Sykes (1965) and Stover (1966, 1968)
obtained values close to the world value for surface waves. Their data
encompass both fracture zones and ridge axes. It is quite possible that if
they had separated the two they would have found different b values for the
two boundary types. It is clear that at the very least boundary types
should be separated; further subdivision is preferable.

The plate boundaries in the southwest Pacific area are probably of
either fault or ridge type but subduction has been suggested for parts of

the Macquarie complex. The most thorough b value analysis of trench areas

* -
Error limits quoted in the text throughout this chapter are oné standard
deviation,
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is that of Acharya (1971). He has analysed many trench sections
individually. For shallow seismicity (surface waves) the b' values range
from 0.70 to 1,04, but most are between 0.80 and 0.90. Evernden (1970) pre-
sented USCGS bodywave magnitude data for the Tonga-Kermadec trench. He
considered the data nonlinear but b = 1.40 would fit the data very well.

In general the b values for shallow seismicity at trenches appear to be
close to "normal". For intermediate and deep seismicity, b values range
from normal to well below normal (Acharya, 1971). All of the seismicity in
this study is shallow.

7.4 THE SOUTHWEST PACIFIC RESULTS

7.4.1 Whole area

The seismicity of the area studied is shown in Fig. 7.1. For the
whole area there are 124 earthquakes with m > 5.1. They give b = 1.24
(Fig. 7.2) which is not significantly different from the world value 1.36.
A breakdown of the data into the three boundaries concerned is shown in
Fig. 7.5 and Table 7.2. The b value of the Pacific-Antarctic boundary (1l.41)
differs from the complete data b value (1.24) at the 75% level, and the
other two boundaries differ from 1.24 at the 90% level. The differences
indicate that the whole area should not be considered as one data set.
Each boundary is considered separately and in more detail in the following

sections.

Table 7.2 Southwest Pacific area b wvalues

Section Number ot Number with Number with b
earthquakes magnitudes m > 5.1

Whole area 297 209 124 1.24 + 0.19"

Indian-Antarctic 102 56 33 1.62 £ 0.47

Pacific-Antarctic 123 110. 51 1.41 * 0.34

Indian-Pacific 72 43 40 0.92 £ 0.27

*907% confidence limits.

7.4.2 The Indian-Antarctic boundary

That part of the Indian-Antarctic boundary east of 135°E is considered
(Fig. 7.1). It contains most of the seismicity of the whole boundary

(Sykes, 1970a) which in this area consists of short east-west sections of
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active spreading ridge offset by north-south fracture zonmes. The ridge
sections are comspicuously aseismic and all the earthquake activity can be
considered fracture zone activity.

The b value for the boundary as a whole is 1.62, which is greater than
the world value (1.36) at the 75% level, and is greater than Francis's frac-
ture zone value (0.99) at the 98% level.

Most of the epicentres occur in three major sections (Fig. 7.1) which
can be considered separately (Table 7.3). The number of epicentres available
in each section is insufficient to justify further subdivision even though
the 140°E section is definitely two fracture zones and the long section
between 54°S and 60°S may be several separate zones. The mean b value of
the three sections is 1.54 * 0.13 which is greater than Francis's mean frac-

ture zone value 1,00 *+ 0,31 at the 95% level.

Table 7.3 Indian-Antarctic boundary b values

Section Number of Number with  Number with b
earthquakes magnitudes M > 5.1

Whole boundary 102 56 33 1.62 £ 0.47%

50-55°S, 140°E 28 17 8 1.40 + 0.89

55-60°S, 145-150°E b 24 15 1.63 + 0.75

60-63°5, 155°E 21 11 8 1.60 + 1.02

%907 confidence limits.

7.4.3 Pacific-Antarctic boundary

Since there is no seismicity on the Pacific-Antarctic boundary north of
48%s effectively all of the boundary is considered (Fig. 7.1). East of
150°W the seismicity, although scattered, is all associated with fracture
zones which have been mapped from bathymetric and magnetic data (Herrom, 1971).
The activity between 1559W and 170°W is probably on one or more fracture
zones but these have not been mapped. All the areas east of 180° where
active spreading ridges have been identified are aseismic, so it is probable
that all the seismic activity east of 180° is fracture zone activity. The
section from 180° to the triple junction— the Pacific-Antarctic fracture
zone, is probably one or more fracture zones. Some of the seismicity there
might be associated with short sections of active ridge.

The b value for the boundary as a whole is 1.41 (Table 7.4). This is

greater than Francis's fracture zone value (0.99) at the 957 level.
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Table 7.4 Pacific-Antarctic boundary b values

Section Number of Number with Number with b
earthquakes magnitudes M > 5.1

Whole boundary 123 110 51 1.41 + 0.34%
50%s, 115°W 14 14 6 2.43 + 1.83
55°S, 120-140°W 52 52 17 1.23 + 0.52
(Eltanin F.Z.)

57°s, 140-145°W 12 11 6 0.93 + 0.70
63°s, 160-170°W 15 12 6 1.46 *+ 1.09
63%°s, 180-163°F 25 16 14 1.62 + 0.74

(Pacific-Antarctic F.Z.)

*%90% confidence limits.

Individual sections, some composed of several fracture zones, range
from 0.93 to 2.43 (Table 7.4). The mean of the sections is 1.53 * 0.56
which is greater than Francis's fracture zone mean value (1.00 * 0.31) at
the 907% level.

One of the aims of the b value study was to see if the b value of the
Pacific-Antarctic fracture zone would provide any indication of whether its
seismicity was associated with fracture zones or ridges. The b value is 1.62
which is not significantly different from the b values of sections on the
Indian-Antarctic and Pacific-Antarctic boundaries that are known to be frac-
ture zones (Tables 7.3 and 7.4). There is no seismicity on the ridges in
the southwest Pacific area to provide comparative ridge b values, but in
the Atlantic Francis (1968a) found a mean ridge b value of 1.88 * 0.68.

The Pacific-Antarctic fracture zone value is not significantly different
from that. Thus the b value does not provide an unequivocal indication of

the nature of the seismicity on the Pacific-Antarctic fracture zone.

7.4.4 Indian-Pacific boundary

The Indian-Pacific boundary from New Zealand southward is well recog-
nized as complex, and elements of ridge, trench and fault have all been
suggested. It is clearly quite different from the simple ridge-fault boun-
daries of the Antarctic plate with the Indian and Pacific plates. Earthquakes.
north of 48°S may be associated with the New Zealand continental margin so
only data south of 48°S are considered.

The b value of the whole boundary is 0.92 (Table 7.5). This is lower
than the world, Indian-Antarctic and Pacific-Antarctic values at greater

than the 987 significance level.
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Table 7.5 Indian-Pacific Boundary b values

Number of Number of Number with

Reckion earthquakes magnitudes M> 5.1 b

Whole boundary 72 43 40 0.92 + 0.27%

South of 57°S 16 13 11 1.48 + 0.80

North of 57°S 56 30 29 0.80 *+ 0.26
48—-5128 33 18 17 0.84 + 0.35
51-57°s 23 12 12 0.76 + 0.39

%907 confidence limits.

There is a gap in seismicity at about 57°S. The section south of there
is characterised by the Hjort trench. Subduction has been suggested but all
the earthquakes are shallow. The b value for the section is 1.48 (Fig. 7.6
and Table 7.5); not significantly different from the "normal" world value,
1.36. Shallow seismicity associated with trenches elsewhere appears to have
"normal" b values (Section 7.3) so on the basis of b values the section
could be a subduction area. The observed b value is comparable to those
found for fracture zones on the Pacific-Antarctic and Indian-Antarctic boun-
daries (Tables 7.3 and 7.4) so from b values the area could also be a fracture
zone,

The section north of 57°S has a b value of 0.80 (Fig. 7.6 and Table 7.5).
This is different from the southern section at the 95% level and is different
from the world, Pacific-Antarctic and Indian-Antarctic values at the 987%
level. Within the section north of 57°S there is a gap in seismicity at
51°S. South of there the deeps associated with the Macquarie ridge are east
of the ridge, while to the north they are to the west. The b values of the
two sections are not significantly different (Table 7.5).

The Indian-Pacific boundary north of 57°S differs from the other sections
in several ways. Six of the seven earthquakes of magnitude greater than 6.0
in the whole study occurred there. The only large clusters also occurred
there (Section 3.6.4). Oﬁly 3% of the earthquakes with magnitudes are less
than magnitude 5.1, compared with 41% and 53% on the Indian-Antarctic and '
Pacific~Antarctic boundaries respectively. The lower the b value the smaller
the proportion of low magnitudes relative to higher magnitudes, but the
observed number of low magnitudes is too small to be accounted for by the low
b alone. It is not likely to be an observational factor as the percentage
of earthcuakes for which magnitudes are reported is comparable to that of

the other boundaries (Table 7.1).



127

7.5 DISCUSSION

Six of the eight fracture zones along the Antarctic boundary studied-
here have b values higher than the world b value. S8ix of the seven fracture
zones in the Atlantic studied by Francis have b values lower than the world
value. The mean for the Antarctic fracture zones, 1.54 % 0.43, is higher
than the Atlantic fracture zone mean, 1.00 * 0.31, at the 99% level. The
Antarctic fracture zone mean is not significantly different from the mean
of the active ridge sections of the Atlantic, 1.88 * 0.68. Obviously the b
value alone cannot be used to determine whether a section of plate boundary
is a fracture zone.

This result is in itself useful but the differences which have been
found between the Atlantic and the southwest Pacific area are probably more
useful. They may provide information on the tectonic significance of b
values. To facilitate further discussion various factors which have been
suggested as important in determining the b value of an area are listed in

Table 7.6.

Table 7.6 Factors which may influence b values

| Factor High b Low b
boundary type ' rift zone fracture zone
type of faulting normal strike-slip
space-timne sequence swarm, clustering nonclustered
temperature high low
mode of deformation cataclastic brittle
material heterogeneous homogeneous
stress distribution nonuniform uniform
stress level low high
stress drop small \ large

The b value difference between ridges and fracture zones in the Atlantic

is significant irrespective of whether surface waves or body waves are con-
sidered (Section 7.3). This indicates that the cause of the difference is

source effects, rather than propagation effects such as attenuation in high
temperature areas of the ridge axis, or orientation of seismograph stations
with respect to the source (Francis, _968b). One possible source effect is

the nature of faulting. Focal mechanism studies indicate that strike-slip
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faulting predominates on fracture zones while normal faulting occurs on ridge
sections., Francis (1968a) pointed out the possibility that b is a function
of the type of faulting; high for normal faulting, low for strike-slip
faulting. There are four reliable focal mechanism studies for the Antarctic
boundary fracture zones, and each indicates predominantly strike-slip
faulting. There is no reason to suppose that the faulting on any of the
fracture zones is not strike-slip. The high Antarctic boundary b value thus
negates the possibility that strike-slip faulting produces low b values.

In a study of earthquake swarms on midocean ridges (mainly the Atlantic)
Sykes (1970b) suggested that the b value of the ridge axis is high because
much of the seismic activity is of the swarm type. However Francis and
Porter (1971) have shown that nonswarm activity also has a high b value.

The Antarctic boundary activity is not of the swarm type (Section 3.6.4)
so the high Antarctic b value further supports Francis and Porter's conclusion
that high b is not just a swarm effect.

Francis (1968b) suggested that at a ridge axis high temperatures and
relatively low pressures lead to cataclastic deformation, which has a high
b value (Scholz, 1968a);' while at fracture zones temperatures are lower and
brittle failure would occur, for which the b value is low. If Francis is
correct the high Antarctic boundary b values imply cataclastic deformation
along the Antarctic fracture zones. This is not contradictory with the
Atlantic fracture zones undergoing brittle fracture if it is the temperature
regime, not the boundary type, which determines the mode of fracture. For
all the Antarctic boundary fracture zones the lengths of the fracture zones
in relation to the spreading rates are such that the age of the seafloor
rither side of the fractures is less than 10 my. In the Atlantic the age
differences across the fracture zones studied are more than 20 my. Since
crustal temperature is inversely related to age the Antarctic fracture zones
are at higher temperatures. They are still close to ridge axis conditions
and so could be expected to behave in a ridge manner, The similarity of the
b values of the Antarctic fracture zones and the Atlantic ridge axis could
thus be due to similar thermal environments,

The results for the Macquarie ridge complex provide support for several
aspects of the preceding discussion., Firstly the section south of 57°s.

The seafloor west of the boundary is the northern flank of the Indian-
Antarctic ridge. The age of the seafloor ranges from zero at 61.5°S to 20 my
at 57°S. The eastern side is a part of the Pacific plate for which the age
is not known. From the depth and relaticnship to the Cretaceous anomalies
east of 165°E it is likely to be considerably older than the adjacent Indian

plate., Although the age difference across the boundary is probably more than
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10 my most of the west side is less than 10 my old. The boundary would there-
fore still be in a high temperature environment. The relatively high b value
(1.48) is consistent with the association of high b with high temperature
observed on the Atlantic ridge and Antarctic boundary fracture zones.
Secondly the section north of 57°S. The age of the seafloor on the west is
20 my at 57°S, 35 my at 52°N and probably older further north. The age of
the eastern side is not known but it is not likely to be young. Although

the topography of the Macquarie Ridge probably reflects recent tectonic
activity the area is basically a boundary between two old, cold crustal
sections. The low b value (0.80) is consistent with the association of low b
value with lower temperatures observed on the Atlantic fracture zones.

The association of high b with high temperature areas and low b with
low temperature areas appears to be valid, but does not explain the basic
cause of the differences in b. The cause probably lies in (1) the nature of
the fracture process, (2) the type of material, and (3) the stress conditions
in the source region of the earthquakes. All three factors are probably
interrelated.

Laboratory measurements of Mogi (1962, 1963a) and Scholz (1968a,b) have
shown that nonuniform stress and/or heterogeneous material can produce high
b values. Sykes (1970b) suggested that the Atlantic ridge axis high b values
could be due to volcanic activity producing both nonuniform stress and hetero~
geneous structure. Earthquake swarm activity is probably the best indicator
of volcanic activity. The USCGS data and T-phase data (Northrop et al., 1970)
do not indicate such activity on the Antarctic boundary fracture zones.

Thus even if volcanism does produce high b it is not the only reason.

Scholz (1968a) suggested that b reflects the level of stress; low b for
high stress and vice-versa. On the Macquarie ridge complex north of 57°S the
large numbers of high magnitude earthquakes suggest high stress. In the
Atlantic the stress appears to be high on the fracture zones, as they have
the highest magnitude earthquakes and account for most of the energy release
(Francis, 1968a). Both areas have low b values, in agreement with the high"
stress, low b relationship. The Atlantic ridge axes also agree with the
relationship as they appear to have low stress and their b values are high.
Intuitively it might be expected that fracture zones would be high stress
areas, and in the Atlantic they appear to be. However if the relationship
between stress and b is correct the high b values of the Antarctic boundary
fracture zones indicate low stress. The Antarctic ridge axes are aseismic
which indicates that they are even less stressed. Thus in both the Atlantic

and the southwest Pacific area the fracture zones are relatively higher
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stressed than the ridge axes. However it is interesting to note that
Lachenbruch and Thompson (1972) conclude from the orthogonality of ridges
and fracture zones that fracture zones provide less resistance to motion
than ridge axes.

Gibowicz (pers. comm., 1973) has suggested that the b value reflects the
mode of stress release rather than the level of stress; low b values indi-
cating high stress drop at each event, high b values indicating lower stress
drop. High stress drop at each event leads to a low b value because most of
the stress is released as a one shot process and the residual stress, if
released at all, is released only in much lower magnitude events. Such a
process would explain the lack of low magnitude events on the Macquarie ridge
complex north of 57°S, where the b value is very low.

The main conclusion of this study is that several of the suggested
relationships between b value and other factors (Table 7.6) are not valid.

In particular b does not indicate: (1) boundary type — fracture zones can
have high or low b, (2) type of faulting — strike-slip faults can have high
or low b, (3) space-time sequence — high b occurs for clustering and non-
clustering. The relationship of b value to stress level may apply only to
relative stress rather than to absolute stress — the lowest b value areas in
a region indicating the highest stressed areas.

The association of high b with high temperatures and low b with low
temperatures appears.to b2 clearly established. The b value may fundamen-
tally be related to one c¢r all of the more detailed factors: type of fracture,
stress distribution, stress drop, and type of material; but temperature
probably nas a controlling influence on all of these factors. As more data
becomes available further b value studies should provide constraints on the
present hypotheses. A detailed study of the relationship between b value

and crustal temperature would be useful.
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Postscript to Chapter 7

An important paper by Wyss (1973) has become available since the research
described in this chapter was completed and typed. Wyss combines magnitude-
frequency and magnitude-moment relationships and derives a relatiomship which
shows that b is related to the stress drop and the source area of an earth-
quake: high b for low stress drop and/or small source area; and conversely
low b for high stress drop and/or large source area. Applying his results
to Francis's data Wyss estimates that for the mid-Atlantic ridge system the
fracture zone events (low b) could have 30% higher stress drops or 20%
larger source dimensions than the ridge crest events (high b). He suggests
that lower stress drop on the ridge could be due to higher temperatures and
weaker crust there; alternatively larger source dimensions on the fracture
zones could be due to a greater thickness of brittle crust in the cooler
areas away from the ridge crest. Both suggestions are in accord with the
chapter 7 conclision that there is a relationship between b value and

temperature - low b for low temperature and high b for high temperature.
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CHAPTER 8

EPICENTRAL POLES

In this chapter a new method of determining poles of rotation is
presented. An introduction (8.1) is followed by a description of the method
(8.2). Use of the method to obtain the Indian-Pacific, Pacific-Antarctic and
Indian-Antarctic poles is described in section 8.3, and the consistency of
the poles is examined in section 8.4. The epicentral results are compared

with other results in section 8.5.

8.1 INTRODUCTION

The basic principle of plate tectonics is that when plates are considered
to be rigid the motion of one plate relative to another can be described by a
rotation about a pole. A consequence of this is that any pure slip boundaries
between plates (transform faults) must lie on small circles about the pole of
rotation. Using this fact the position of the rotation pole can be found from
a knowledge of the transform faults.

Several methods for finding the rotation pole have been described in
section 1.4.6. A new method dependent only on earthquake epicentres is
presented here. It is based on the fact that most transform faults are
seismically active, and that the faults should be small circles zbout the
rotation pole. For convenience the method will be referred to as the epi-
central method, and the rotation poles determined witl: the method will be

referred to as epicentral poles.

8.2 THE EPICENTRAL METHOD

Suppose there is a group of N epicentres which are all associated with
one transform fault., Ideally the epicentres would lie along the arc of a
circle centred on the rotation pole (Fig. 8.1). In practice they are scattered
about the arc, either because the epicentre locations are not accurately deter-
mined or because the tectonic activity at the transform fault is not concentrated.
If the pole position is known the distance Ty of each epicentre from the pole
can be calculated. If the distance of the transform fault (i.e. the arc of the

circle) from the pole is R the distance di of an epicentre from the arc is
d, =r, -R wraeBsd

In practice the transform fault, i.e. arc, is not precisely definec so R is

not known. However if the epicentres are randomly distributed about the arc
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a good estimator for R will be the mean distance T where

T S .

r = i

=
™=

i=1
The standard deviation of the distances di of the epicentres from the arc is

then given by
1 0 i

- 2
S o= __— Z (I‘ - I‘)2 0'..803
w1 o i

Now suppose that the pole position is not known. The standard deviation
S can be calculated about any point but the minimum value of S will be obtained
for calculation about the centre of the arc. It is this minimum property that
is used to determine the pole position. A pole position is assumed and S cal-
culated and this is repcated for other positions chosen in any way desired,
e.g. a regular grid about the initial point. The position that gives the mini-
mum value of S can then be considered the best estimate of the pole position.

In general there may be several transform faults along a boundary, each
one an arc about the rotation pole. Each fault may have associated earth-
quake activity and the method outlined above can be extended to consider all
the faults.

Suppose there are k groups of epicentres, each group representing one

fault (Fig. 8.2). The mean standard deviation for all the faults is given by

s-1 % 3 O W
k j=1 j _
where Sj’ the standard deviation of the j'th fault is given by
A _ =
Sj- EE:I oy (rij - rj) cann8ad

and ;j is the mean arc distance of the Nj epicentres associated with the j'th
fault,

As before S is calculated for several ﬁositions and the pole is given by
the position for which S is minimum. The minimum position could be found by
a gradient search method from the initial point but in practice it is better
to calculate S at a series of grid points. This enables the existence of
secondary minima to be identified and contours of S can be used to indicate
the uncertainty in the pole position (see later).

The fracture zones may differ and it seems desirable to calculate the mean

standard deviation from weighted valves of the Sj' This gives
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where hj is the weight for the j'th fault.

Some factors which could be taken into account for determining the weight

of a fault are @s follows:

(1) The namber of epicentres, N
(2) The standard deviation, Sj'
(3) The length of the fault as defined by the epicentres.

T

(4) The distribution of the epicentres within the fault zone,
(5) The distance from the pole, ;j'
(6) The accuracy of the epicentre locations, which may vary along a

boundary.

The weighting function used in this study is

(2n, )2
by ———SJ— esaBa
|
It takes into explicit account only factors (1) and (2) above. More complex
weighting functions could be suggested but a simple treatment is preferable,
at least initially. The particular function used can be justified on statis-
tical grounds. If the deviations about the j'th fault are normally distrib-
uted the standard deviation of S will tend towards ____j_i: for large N g
(2N)

Thus in using eguation 8.6 to determine the mean standard deviation, each
Sj is weighted by the inverse of its standard deviation.

The length of a fault is not directly taken into account in the present
method. It is however indirectly considered because for a small displacement
from the true pole position the standard deviation will increase more rapidly
for a long zone than a short zone. Hence the minimum will be sharper for a
long zone. Normally several zones at different azimuths from the pole are
required to get a tightly constrained pole but a good pole can be determined
from only one zome if it is long enough to form a significant arc.

The distributions within the fault zones are important. A distribution
such as that in Fig. 8.3A is clearly less suitable than that of Fig. 8.3B.

Both distributions will give the same contribution to the mean standard
deviation S, but case B will lead to a sharper minimum than case A. The contri-

bution to S will be the same for each of the distributions shown in Fig. 8.4.
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However these cases would be distinguished because the standard deviations
would show minima at different pole positions.

The basic starting point of the method is a set of epicentres of earth-
quakes known to be on transform faults. The epicentres are then grouped so
that each group consists of epicentres associated with only one fault. This
implies some knowledge of the location of the transform faults. For midocean
ridge plate boundaries the orthogonality of the ridges and transforms,and in
places the aseismicity of the ridges are useful indicators of the transform
faults., Other boundaries are usually more difficult as pure transforms may
merge into sections with only a component of slip along the boundary. Epi-
centres are normally scattered which can make it difficult to distinguish one
long fault from a series of shorter ones with a different trend. The analysis
method is however tolerant of both invalid "nontransform epicentres' and
incorrect grouping of epicentres provided not too many incorrect epicentres
(or even groups) are included. 1In fact one of the main benefits of the method
is that it will indicate such misinterpreted epicentres.

A particularly important aspect of the method is a careful examination of
the distribution of epicentres within each fault zone. The program used lists
various data of each zone for the best pole position found. The deviations
from the arc for each epicentre are given so that the distribution can be
checked. Isolated irregular epicentres can be detected from their large
deviations and whole zones which do not fit the calculated pole can be detected.
Criteria can be established for rejection of epicentres with large deviations

and epicentres can be regrouped for further recalculation.

8.3 APPLICATIONS OF THE EPICENTRAL METHOD

8.3.1 Indian~-Pacific

The boundary between the Indian and Pacific plates extends from southeast
Asia to the southern end of the Macquarie complex (Fig. 0.2). From Asia to the
northern end of the Tonga trench the boundary is complex and several small
plates may be involved (Johnson and Molnar, 1972; Krause, 1973). From the
northern end of the Tonga trench to the centre of New Zealand the existence of
intermediate and deep earthquakes indicate that subduction is taking place.
In the South Island the boundary is generally associated with the Alpine fault
and its branches but seismicity is scattered (Evison, 1971) and tectonic
activity appears to be distributed over a wide area. In the southwest part of
the South Island (Fiordland) intermediate depth earthquakes (Smith,1971)
suggest subduction. Further south the seismicity is associated with the

Macquarie complex, the precise nature of which is not clearly defined.
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The lack of any clearly defined transform faults on the boundary repre-
sents a difficulty for the application of the epicentral method. However
when the USCGS epicentres south of New Zealand are plotted on a stereographic
projection all those south of about 49°s lie close to the arc of a circle
(Fig. 8.5). In a stereographic projection a circle on the map represents a
circle on the earth. In plate tecionics a circle about the pole of rotation
defines the locus of a possible transform fault. Thus if the earthquakes on
the Macquarie complex are considered to be on a circular arc they define a
transform fault. They can therefore be used for the epicentral method.

As a starting point it is assumed that all the epicentres south of 49°s
are associated with one fault zone. An initial pole is taken at 55°S, 175°E
and the epicentral standard deviation S is calculated at two degree intervals
for 30-80°S, 150°E-150°W. A single minimum is found at 56°S, 176°E. A search
at 0.1 degree intervals about there gives a minimum value of S = 27.1 km at
56.0°S, 175.2°E. The distribution about the arc (Fig. 8.6) is normal when
tested with the chi-square test. There are two epicentres close to each other
at 53.2°S which are 67 and 69 km respectively from the arc., For a normal dis-
tribution with a standard deviation of 27 km there is less than 2% chance of
even one deviation as large as 67 km. Since there are only 59 epicentres it
is probably justifiable to reject these two epicentres from the calculation.
When this is done the epicentral pole for 57 epicentres is found at 56.0°s,
175.6°E with a value of S = 24.0 km., The distribution about the arc is
normal (Fig. 8.7).

The contours of S (Figs 8.8 and 8.9) indicate thét the pole position is
more corc<trained in the north-south direction than the east-west direction.
The confidence limits on S chould be an adequate statistic to use for quanti-
tatively assessing the accuracy of the pole. If the deviations about the arc
are considered normally distributed (which is acceptable statistically) the
90% confidence upper bound for S is 1.24 S. The contour of 1.25 S is pro-
bably a reasonable measure of the accuracy of the pole. The area it encloses
will be called the confidence area. “

The simple distribution of deviations about the arc (Fig. 8.7) is useful
but does not take into account the spatial distribution of the epicentres.

If the epicentres represent several faults,not just one as assumed, the
deviations about a single arc may be normal but probably would not be random
because runs would occur, The latitudinal distribution (Fig. 8.10) is not
random when tested with the run test. It is the epicentres from 49°s to 50°s
which are not random (Fig. 8.11). Those south of 5108 are random when tested

separately.
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The epicentral method should be satisfactory if not all of a fracture
zone is included. Since there is doubt about the 49-50°S section it can be
omitted, leaving 33 epicentres all south of 52°8, They give a pole at 56.2°S,
174.1°E, which is inside the confidence area of the 57 epicentres solution.
The epicentral standard deviation is 23.3 km which is less but not signifi-
cantly (F test) less than the 24.0 km of the 57 epicentres (Table 8.1).

Table 8.1 1Indian-Pacific epicentral poles based on Macquarie complex
epicentres.

Data set g;?i:;tgﬁs lat °s long °g S (km)
Usces 57 " 56.0 . 475.6 24.0
USCGS south of 52° 33 56.2 174.1 23.3
Sykes 47 55.8 176.4 25.1
USCGS-Sykes mix 61 56.0 175.8 24,4
USCGS 2 zone 57 56.0 176.0 24,1
USCGS 3 zone 57 55.6 175.2 23.0
Sykes 2 zone 47 55.8 175.9 25.3
Sykes 3 zone 47 55.8 175.8 25.3

A second, although not entirely independent, set of data for the area are
the Sykes' epicentres. They are fewer in number (Fig. 8.12) but probably
more accurately located. A preliminary trial with atl those south of 48,5°s
yields four epicentres more than threes standard deviatioms from the arc.
Eliminating them leaves 47 epicentres which give a pole ot 55.805, 176.4°E
with § = 25,1 km (Table 8.1). The pole is inside the confidence area of the
pole of the 57 USCGS epicentres.

The distribution of epicentres between 48°S and 50°S is better for the
Sykes epicentres (Fig. 8.13) than for the USCGS epicentres (Fig. 8.11). The
arc of the USCGS pole fits the Sykes epicentres well. A data set consisting
of Sykes' epicentres north of 51°S and USCGS epicentres south of there gives
a pole at 56.0°S, 175.8°E (Table 8.1). The latitudinal distribution of the
deviations from the arc for the mixed set is random when tested with the run
test.

So far all the epicentres have been assigned to only one zone, which
assumes that the Macquarie complex is one fracture zone. A good test of this
assumption is to split the area into sections each of which is regarded as
an individual fracture zone. The pole can then be computed from the sum of

the sections. Results for four data sets are shown in Table 8.1 with
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details of each set in Table 8.2. All the pole positions fall within the
confidence area of the pole of the 57 USCGS epicentres. The standard’
deviations of all the sections do not differ significantly (F test). The
radii of the individual sections within each data set do not differ signifi-
cantly (t test), except for the three zone USCGS. The solutions based on

more than one zone yield standard deviations comparable to those of the

single zone solutions (Table 8.1). But if the zones can be validly considered
part of one zone the single zone solution is better because the confidence

area is smaller (Fig. 8.14).

Table 8.2 Results for data sets consisting of several zones,

Data set Number of Radius of S (km) Contribution
and zones epicentres arc (deg) to mean S (%)
USCGS 2 zone 57 mean 24,1
49.0 - 55.1 38 9.82 22 .2 64
56.2 - 61.7 19 9.82 28.2 36
USCGS 3 zone 57 mean 23.0
49,0 - 52.8 29 ' 9.15 23.9 40
52.8 - 56.9 13 9.31 19.3 33
58.0 - 61.7 15 9.49 26.1 27
Sykes 2 zone 47 . mean 25.3
© 48,1 - 49.9 26 9.66 25.5 54
50.2 - 61.9 19 9.59 25.1 46
Sykes 3 zone 47 mean 25.3
48.1 - 49.9 28 9.66 255 46
50.2 - 53.0 11 9,57 23.0 32
55.0 - 61.9 8 9.62 29.0 22_

Considering the results of the various data sets (Tables 8.1, 8.2) the
following conclusions can be made. The similarity of the standard deviations
and radii of the different sections of the Macquarie complex indicates that
it is valid to assume that the epicentres south of approximately 48.5°s
define one single transform fault, This gives an epicentral pole at approxi-
mately 56°S, 176°E. Using the 1.25 S contour as a confidence region the pole
position can be given as 56.0 * 0.3°S, 1760 % 3.0°E, or 56.0°S % 35 km,
176.0°E + 190 km.
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8.3.2 Pacific-Antarctic

The majority of the seismicity on the Pacific-Antarctic boundary occurs
in distinct linzar sections (Fig. 8.15). The only reliable first motion
solution for the whole boundary is in the section at SOOS, 115°wW (Forsyth,
1972). It indicates pure strike-slip motion along the trend of the epicentres.
A very unreliable solution at 55.408, 128.2% (Sykes, 1967) is compatible with
strike-slip motion along the trend of the epicentres there. The bathymetric
and magnetic data are sufficient to indicate that east of 180° the epicentre
lineations are along active fracture zones. It should be valid to assume
that these active fracture zones are transform faults. In the Pacific-
Antarctic fracture zone area, 180° - 1610E, the seismicity could be on ridges
and/or fracturc zones. Since there are sufficient distinct sections of
epicentres that are associated with transform faults the epicentral method is
readily applica®ble to the boundary.

The epicenire lineations are approximately east-west (Fig. 8.15) so
sections are initially chosen by longitude. The few obviously isolated
epicentres are not considered and four sections are taken at SSOS between
118°0 and 138°W. The Pacific-Antarctic fracture zone is included and taken
as one section. There are eight sections all together. An initial run
yields four epicentres (open circles in Fig. 8.15) which have deviations more
than 2.5 times the standard deviation of their respective zones. Omitting
them leaves 100 epicentres. A search at five degree intervals over a wide area
gives a pole at 7505, 150°E. A one degree search gives a pole at 7608, 144°E
with a standard deviation S = 15.5 km. This pole will be referred to as the
eight zone pole; an alternative pole based on ten zones will be discussed later.

A simple means of assessing the pole is to examine the standard deviations .
of the individual zones used (Table 8.3 overleaf). In section 3.6.3 it was
shown that the uncertainty in epicentre locations is likely to be at least
25 km so all the individual standard deviations are satisfactory. The
distribution in each zone could be checked with various statistical tests,
examples of which were given in the previous section. In practice the
rigorous tests are needed only when the interpretation is uncertain. A simple
inspection of the distribution about the mean arc of each zone is usually
sufficient.

The section at SOOS, 115°W (Fig. 8.16) is remarkably linear. It is
170 km long, the standard deviation is only 5.8 km, and only one of the
epicentres is more than 8 km from the arc. The distributions between
118°W and 145°W (Fig. 8.17) also fit the eight zone arcs well. It should
be noted that when the pole is calculated from several sections there is no

requirement that every section fit the pole well. The distribution at
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160°w (Fig. 8.18) is not random about the eight zone arc. The standard
deviation is only 18.5 km but a lower standard deviation would be obtained for
an arc trending more east-west. Two separate fracture zones would probably be
more satisfactory. 1In the Pacific-Antarctic fracture zone, 180° - 1610E,
(Fig. 8.19) the distribution about the eight zone arc is visually reasonable

but the run test indicates that it is nonrandom at the 95% level.

Table 8.3 Pacific-Antarctic epicentral poles

8 zones: 760811440E 10 zones: 7108112208

oo MEbTOE s CTgR s Comrd
115 11 5.8 33 5.8 29
120% 3 18.9 5 19.0 5
125°u 12 23.3 9 25.1 7
130°wW 29 24.6 13 25.0 11
136°W 5 15.3 8 15.0 7
142°%W 12 17.3 11 19.4 9
160°wW 7 18.5 . 8 - 28.1 5
Pac-Ant 21 20.8 13 (1) 9°  25.5 6
(2) 5 15.7 7
(3) 6 8.2 15

mean S = 15.5 mean S = 14.9

In the Pacific-Antarctic fracture zone (Fig. 8.19) the gaps in the seis-
micity suggest that the area could be considered as three zones. When this is
done there are ten separate sections on the whole Pacific—Antarctic boundary.
They give a pole at 7108, 122°E. The standard deviation is 14.9 km, a slight
but not significant improvement on the 15.5 km of the pole calculated with
eight zones. -

The arcs about the eight and ten zone poles differ little for the
sections east of 150°W (Figs 8.16 and 8.17), and the standard deviations
are similar (Table 8.3). At 160°W (Fig. 8.18) the ten zone standard
deviation is 28.1 km compared with 18.5 km of the eight zone. However
if the section is considered two separate fracture zones the best fitting
arcs are those about the ten zone pole.

In the Pacific-Antarctic fracture zone (Fig. 8.19) the differences
between the two poles are significant. If there are three separate fracture

zones they fit the pole at 7105, 122°E adequately, especially the western-
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most, third zone (Table 8.3). When the likely uncertainties in epicentre
locations are considered (Fig. 8.20) three separate zones would also fit the
pole at 7608, 1440E. For that position the standard deviations of zones one
and two are virtually the same as for the pole at 7108, 1220E, but for zone
three the standard deviation is 24 km compared with 8 km. If the area is
one single zone both poles are not acceptable. For the pole at 7lOS, 122°E
the standard deviation of the single zone is 98 km, and it is clear from
Fig. 8.19 that the single zone strike is too east-west to fit that pole.

Some contours of the epicentral standard deviation for the ten and
eight zone data sets are shown in Fig. 8.21. The 90% confidence limit is
17.9 km and 18.6 km respectively which gives confidence areas not much
smaller than the area inside the 20 km contour. However the contours may
not adequately indicate the confidence limits for the epicentral pole.
For example 7105, 122°E is inside the confidence area of the eight zone data
set, but Figs 8.19 and 8.20 indicate that that position is not adequate for
the eighth zone of the data set i.e. the Pacific-Antarctic fracture zone as
one zone. Thus the 907 confidence area defines an area of adequate standard
deviations but not neccessarily adequate distributions. Alternative means
of assessing the confidence limits for the pole are required.

To conclude: TFig. 8.21 indicates that the Pacific-Antarctic epicentral
pole is not tightly determined, but without discussing any other geophysical
data a pole at 7103, 122°E can be considered preferable. It fits all the

epicentre lineations weil and it produces the lowest epicentral standard

deviation.

8.3.3 Indian-Antarctic

For the Indian-Antarctic epicentral pole Sykes' epicentres (Fig. 3.10)
are used. Tirstly because they show less scatter than the USCGS epicentres
(Fig. 3.9). Secondly because the USCGS file was set up with data only east
of 135°E, whereas the Sykes file has data for the whole Indian-Antarctic
boundary.

The area east of approximately 135°E (Fig. 8.22) is relatively clear
so that area is considered first. The available bathymetric and magnetic
data indicate that all the seismic activity is associated with fracture zones
that offset east-west sections of spreading ridge. Focal mechanism studies
(Banghar and Sykes, 1969) for two earthquakes at the northern end of the
long zone from 55° to 60°S indicate npredominantly strike-slip motion along
the trend of the epicentres. It should be valid to assume that all the

activity, apart from a few isolated epicentres, is on transform faults.
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A longitudinal division into three sections, ignoring the small section
at 144°E, is semsible. However in the section at 140°E there is a short
length of spreading ridge at 52.308, (Weissel and Hayes, 1972), so the 140°E
section is considered two sections separated at 52.3°S. This gives a total
of four separate sections. They yield an epicentral pole at'26OS, 1630W,
with an epicentral standard deviation S = 21.3 km. The standard deviations
of the individual zones are between 18 and 25 km, Contours of the epicentral
standard deviation are shown in Fig. 8.23. The 90% confidence limit is
25.8 km so the 25 km contour approximates the confidence area. It can be
seen that this area is very large, but it probably overestimates the
uncertainties im the pole position.

In the long section from 55°S to 60°S (Fig. 8.22) none of the deviations
from the arc is more than two standard deviations and the distribution is
random with the run test. Nevertheless there is a suggestion that it is more
than one zone. Data sets using several different subdivisions of this section
produce poles less than four degrees from 3005, 166°W. However the distrib-
utions in the smaller sections are not all random, the short sections lead to
large confidence areas, and a "false" secondary minimum occurs near SOOS,
160°E. For that position the Balleny fracture zone (Fig. 8.24) has a
standard deviation of 75 km, and it contributes only 8% to the mean standard
deviation. The position is obviously unsuitable for the Balleny fracture
zone but it is not clearly discrepant for the shorter sections further north.
The false minimum is a product of the weighting system used. The standard
deviation of the Balleny fracture zone for positions off the "true" pole is
such that its weighting compared with the‘other sections decreases too quickly.
It is effectivly weighted out of the sum of all the zones and so has little
effect.

Next the boundary west of 135°E is considered. The epicentres between
130° and 1200E (Fig. 3.10) are associated with the Australian-Antarctic
discordance and are not considered for the epicentral method. West of
120°E (Fig. 8.25) epicentre lineations are not striking but there are
seven small areas with élightly concentrated activity. The six areas west
of 100°E are associated with fracture zomes which McKenzie and Sclater
(1971) have tentatively identified from magnetic and bathymetric data;
and the area at 118°E coincides with a fracture zone mapped by Weissel and
Hayes (1972). These seven zones give an epicentral pole at 2808, 1620W,
very close to the pole position from data east of 135°E (Table 8.4 overleaf).
The standard deviations of the separate zones are between 9 and 20 km.

In the group at 3208, 780E, two focal mechanism studies (Banghar and
Sykes, 1969) indicate normal faulting not strike slip motion so this area

may not be a transform fault and so should not strictly be considered.
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The distribution at 118°E is not good and possibly should not be considered.
o}
Eliminating these two areas leaves five zones which give a pole at 31°S,

166°W (Table 8.4).

Table 8.4 Indian-Antarctic epicentral poles

Data set z;?zzztgzs lat °s long %y S (km)
4 zones east of 135°E 80 26 163 21.3
as above : equal weighting 80 26 163 21.0
USCGS east of 135°E (4 zones) 91 _ 27 : 164 24.5
7 zones east of 120°E 42 28 162 13.5
5 zones east of 120°E 31 31 166 14.4
9 zones, whole boundary 111 30 166 16.6
as above : equal weighting 111 30 166 16.8

When the best data east and west of 135°E are combined there are nine
zones for the whole boundary. They give a pole at 3005, 166°W with
S = 16.6 km. Contours of the epicentral standard deviation are shown in
Fig. 8.26. The 90% confidence limit is 19.5 km so the 20 km contour
approximates the confidence area.

For the complete boundary data set the secondary minimum discussed
previously is present. One way of "avoiding'" it is weight each section
equally i.e. use hj = 1 in equation 8.6. This proquces an identical
epicentral pole position, 30°S, 166OW,and nearly the same mean standard
deviation as the more complex weighting system (Table 8.4). The standard
deviation contours (Fig. 8.27) are similar in shape and the confidence area
‘(approximately the 20 km contour) is smaller. Equal weighting also gives the
same pole as the more complex weighting for the data east of 138°E only
(Table 8.4).

The USCGS epicentres east of 135°E (Fig. 3.9) give a pole at 27OS,
1640W; virtually the same as the other poles found using Sykes' data.

To conclude: the results for the Indian-Antarctic boundary reveal
deficiencies in the weighting system used but a wide variety of data sets give
poles near 30°S, 166°W. The convergence of the different data sets probably
indicates that the confidence area as defined here is too conservative an
estimate of the uncertainties in the epicentral pole. The Indian-Antarctic

epicentral pole is close to BOOS, 166OW.
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8.4 CONSISTENCY OF THE EPICENTRAL POLES

The epicentral poles for the Indian, Pacific and Antarctic interactions
are listed in Table 8.5. It should be noted that each pole has been

determined quite independantly.

Table 8.5 Epicentral poles

Indian-Pacific Pacific-Antarctic Indian-Antarctic

56°s 176°E 71% 122°E 30%  166°W

An important check of the reliability of the poles is that they should
form a consistent set. The poles define the directions of the angular
rotation vectors of the interacting plates, and if the plates are rigid the
vectors should be such that

w(Pac-Ant) + w(Ant-Ind) + w(Ind-Pac) = 0 P . o ¢
A neccessary condition for equation 8.8 to hold is that vectors are coplanar;
which means that the rotation poles must lie on a great circle. Fig. 8.28
shows that the epicentral poles very closely satisfy that condition; in fact
no pole is more than 35 km from the great cir