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Preface
New Zealand is renowned for its mountains, its volcanoes, its earthquakes and its dramatic 

scenery. It has these qualities because geologically it is one of the most dynamic places on earth. It 
is positioned astride a major tectonic plate boundary, where the Paci�c and Australian plates collide 
and grind together. It is the energy of that collision, taking place at speeds of a few centimetres a 
year, which drives it all.

New Zealand has been in this position for the past 45 million years, and there have been 
dramatic changes throughout the whole country during that time. However, before that there was 
another 450 million years of varied geological history. The physical New Zealand we see today is the 
combined result of all of this history.

The purpose of this eBook is to guide the interested traveller � armchair and actual � through 
that history, through what we see as we move around the country, or explore from the town we live 
in. Geological history goes hand in hand with the many di�erent geological processes that have 
operated at di�erent times. This eBook gives you the opportunity to delve into those processes, 
which are described in topic boxes.

Senior secondary school students and �rst-year tertiary students should �nd the eBook useful 
for earth science courses. No previous knowledge of geology is assumed, and it is not necessary 
to travel in order to use the eBook, but I guess that many users will also be travellers, and they can 
print out pertinent chapters before their journeys. The best way to appreciate New Zealand�s superb 
geology and scenery is, of course, from the road, the walking track and the coast, but if you are 
unable to travel, the photographs, maps and illustrations may compensate somewhat.

I have tried to present the geological material as far as possible in a �generic� way, so that 
people can use it to make sense of what they see, wherever they see it. There are some descriptions 
of speci�c places, where they are easily accessible and particularly important. On the whole, 
though, I have concentrated on opening the whole landscape to the traveller�s mind. There are 
other books that describe speci�c localities in various parts of the country, and these are listed in 
the Further Reading recommendations at the end of the eBook. 

How this book is organised � Topic Boxes and Chapters
To avoid lots of repetition in chapters, general topics such as volcanoes, erosion and 

limestones are covered in a series of �Topic Boxes�. Part 1 introduces the basic facts of Geology that 
you will need to use the book. Parts 2 and 3 contain chapters each of which covers a part of the 
country that has a unifying geological theme, and is accompanied by a road map/simple geological 
map. A simpli�ed geological map of New Zealand and a geological time scale are given in Chapter 1 
(Figs 1.0 and 1.2 respectively).
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Editors� Note:  This eBook is ideally suited to any desktop monitor or laptop. It can 
also be used with tablets and kindles (and a magnifying glass), but maps and 
diagrams are too detailed for the eBook to be viewed on smart phones.

Hyperlinks have been added (coloured blue in the text and also in �gures and boxes) 
to simplify �nding �gures, boxes or blocks of text referred to in other chapters. 
Hyperlinks are not used for destinations within the same chapter, and only one 
hyperlink is used where consecutive destinations are referred to. To activate a 
hyperlink, click on the coloured part and you will be sent to the section referred to. 

When viewing of the hyperlink destination is completed, there will be a method 
for returning to the previous (source) page. The method depends on the particular 
version of pdf viewer and might require some experimentation.

Windows operating system: 
Using the standard Adobe Reader, returning to the previous page can be achieved 
either by using a right click drop-down menu and choosing the �previous view� 
option, or by using the shortcut   Alt + left arrow   (only the left side Alt key should 
be used).

Macintosh (Apple) operating system:
Readers should be able to use the shortcut   CMD + [

Ubuntu (Linux) operating system:
The standard pdf viewer is Evince Document Reader, in which arrow buttons (< >) 
on the upper toolbar allow the reader to go back and forth in page history. 
For versions 3.4 and older, the arrow buttons are not on the toolbar by default, but 
can be dragged there (Edit -> Toolbar -> Back). 

For other pdf viewers, there are similar functions as buttons or on a right click pop-
up menu, always associated with instructions about going back in history.
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Chapter 1
What is Geology?

Geology is the science of the Earth, and in their study of it geologists gain their information 
from rocks and landforms. In many ways geology is a science of time and motion � long time, 
and continuous but generally slow motion. In the past few decades we have learned many ways 
of measuring geological time accurately, and at the same time we have learned that the Earth�s 
surface is astonishingly mobile. Global positioning systems (GPS) enable us to measure how places 
are moving, with a precision of plus or minus one or two millimetres per year (mm/yr). As you read 
this, virtually every place on the surface of the earth is moving. The movement is either upwards, 
downwards or sideways � mostly the last of these. The only things that are not moving are a handful 
of volcanic hotspots, such as Tahiti, Hawai�i and Yellowstone, which are rooted very deep down, 
below the moving tectonic plates. 

Motion of the Earth�s surface is also estimated from the long-term average e�ects of tectonic 
processes. For example, dating of ocean crust at varying distances from a sea�oor spreading ridge 
(Chapter 2) gives a long-term (millions of years) average rate for the production of new crust by the 
sea�oor spreading process, which works out at typically 50�100 mm/yr. It is encouraging that the 
instantaneous rates now being obtained from GPS usually agree with the long-term estimates.

The rates of motion of the Earth�s surface are not exciting. They range from less than 1 mm/yr 
to about 250 mm/yr. But remember that a rate of 1 mm/yr over a period of a million years adds up 
to a movement of 1 kilometre (km), and we have many millions of years to play with.

To put time in perspective, the oldest things so far found on Earth are meteorites, which 
are typically 4.56 billion (4560 million, or 4,560,000,000, or 4.56 x 10�, or 4.56 Ga) years old. It is 
assumed that the Earth is also 4.56 billion years (byr) old, because that seems to be the age of our 
solar system. The oldest Earth things found so far are individual grains of the mineral zircon, the size 
of sand grains, dated at 4.4 billion years. The oldest known rocks (a rock is a collection of mineral 
grains) are just over 4 byr old. The record of the �rst 500 million years (myr) of the Earth�s history 
seems to have been destroyed, as a result of the high level of tectonic activity that has always 
characterised our planet. Life forms capable of being fossilised have been in existence for more than 
3.5 byr, while abundant life forms with shells and carapaces have been around for about 540 myr.

The oldest-known rocks on the New Zealand mainland are about 510 myr old, while the New 
Zealand continent (Zealandia is the world�s smallest continent, though most of it is submerged) has 
existed separately for about 80 myr. It has changed mightily in those 80 myr.

Ways of Measuring Time
Most ways of measuring time directly make use of natural clocks. These are radioactive 

isotopes (called parent isotopes) that decay at constant rates, changing into di�erent isotopes 
(called daughter isotopes). The amount of radioactive decay can be measured directly, by 
comparing the quantities of the parent isotope and the daughter isotope in a mineral or rock, 
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Fig. 1.1
anchor text

and converting this into an age in years. Or the amount of decay can be calculated indirectly, 
by measuring the damage that the radioactive decay does to the surrounding material. Many 
di�erent radioactive isotopes are used, and the range is increasing all the time. The most commonly 
employed are uranium, which decays to lead; potassium, which decays to argon; and rubidium, 
which decays to strontium. For short time periods of 50,000 years or less, radiocarbon can be used. 
Other dating systems make use of the accumulation of damage by radiation from space. Ages 
obtained using any of these procedures are called radiometric ages.

Since Ernest Rutherford calculated the �rst radiometric age early in the twentieth century, 
dating procedures have become ever more sophisticated, and the analytical instrumentation 
required correspondingly more expensive. Ages are quoted in years before present, plus or minus 
the error factor that is inherent in the chemical analysis. Nowadays, this error is generally less than 1%.

In order to reconstruct geological history, we also need to be able to correlate rocks of 
the same age from place to place. It is not always possible to obtain radiometric �absolute ages�, 
because they are expensive, and anyway the necessary radioactive elements are not always present. 
However, sedimentary rocks commonly contain fossils, which enable time correlations to be made 
around the world � with varying degrees of precision � as life forms have changed systematically 
over time as a result of evolution. For example, on the geological time scale (Fig. 1.2), all the named 
divisions of time are based on fossils. 

If we are to make sense of radiometric and fossil-based dates, we also need to be able to 
order geological events � which came �rst, second, etc. Thus a rock that rests on top of another one, 
or intrudes into another one, or is made by the alteration of another one, is younger. However, be 
aware that rocks can be turned upside down by the Earth�s movements.

New Zealand as a Continent called Zealandia
New Zealand is not normally thought of as a continent, but as an island in a large ocean. 

However, when we look below the sea we see that it is indeed a continent � a small one, but a 
genuine continent. It just happens to be mostly underwater (Fig. 1.3). 

Fig. 1.1. Crystals of zircon, like 
these, are the oldest things 
known that were formed on Earth 
(4.4 billion yrs ago). Dating of 
zircon crystals is also one of the 
most used methods for dating 
many of New Zealand’s older rocks. 
Width of photo 1 mm. 
Photographer Andy Tulloch.
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Continents are rafts of lighter material �oating on heavier rocks underneath. They are typically 
about 30 km thick and have su�cient freeboard, relative to the rocks they are �oating in, to keep 
their upper layers above sea level (which is, of course, a completely independent phenomenon). 
Zealandia is mostly below sea level because it is thinner than average: 20�25 km instead of 30 km-
plus. There is a geological explanation for this, as we shall see in Chapter 4.

The lighter rocks of continents contain more silica than the heavier rocks underneath. They 
are about 2.7 times as heavy as water, and represent the slag or dross that has been sweated out 
of the heavier rocks through continuing long-term melting and volcanic action. The heavier rocks 
contain more iron and magnesium, and are about three times as heavy as water. This process of 
separation of lighter and heavier rocks continues, and as a result continents are getting bigger. 
Exactly how it works is determined by plate tectonics, which is the subject of the next chapter. Just 
be aware at this stage that, like everything else on the surface of the earth, continents are moving 
around, being broken up and being added to. 

Generally speaking, once created, continental crust cannot be destroyed. Unlike the heavier 
rocks underneath, which can be � and are � taken down into the earth�s interior (subducted), the 
lighter continental rocks are usually too buoyant to be subducted. A useful analogy is trying to �ush 
a cork down the toilet. They can, however, be taken apart and redistributed, as is happening today 
in the South Island of New Zealand. Thus, the continents sail majestically and serenely around the 
globe, pushed by the �winds� of moving tectonic plates, while most of the geological action takes 
place around their margins, such as along the Paci�c Ring of Fire. That does not mean that each 
continent is an immutable object; as noted above, it can be pulled apart, or have pieces added to it.
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Chapter 2
Plate Tectonics

Fig. 2.1. Global tectonic plates.

Tectonics refers to processes that move and deform rocks. A plate is a rigid object that is 
much wider than it is thick. By coincidence, the Earth�s tectonic plates have similar ratios of thickness 
to width as do dinner plates. The main di�erence is that a tectonic plate is part of the surface of a 
sphere, so it isn�t �at. A tectonic plate is typically 100 km thick and thousands of kilometres wide. 
It is rigid and is also elastic, which means that it can be bent and will recover from bending, like an 
aluminium oven tray, but unlike a dinner plate.

The name for the top 100 km of rigid rock making up the tectonic plates is the lithosphere 
(the pre�x litho- comes from the Greek word lithos, meaning �rock�). If 100 km sounds like a very thick 
plate, remember that the earth has a diameter of 12,750 km and a circumference of 40,000 km at 
the Equator. The essence of the plate tectonic process is that the lithosphere is broken up into a 
dozen or so major plates (and a number of smaller ones) that are being moved around, a few 
centimetres a year, by the slow overturn of convection currents in the more plastic rock underneath.
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Cause of the Convection Currents
Locally concentrated heat causes convection currents � whether in the air, in water in a 

saucepan, or in the Earth � because it has to be dissipated. The Earth is a giant heat engine. The 
source of this heat is radioactive decay of some elements in the rocks from which it is composed. 
The commonest of these radioactive element by far is potassium; it is not highly radioactive, but 
there is a lot of it. It also gives us the potassium�argon radiometric clock, as noted in Chapter 1. If 
that heat were not dissipated � i.e. transferred to the Earth�s surface and radiated into space � the 
Earth would melt. 

The way the Earth�s heat is dissipated is through the formation of convection currents in the 
mantle (Box 2.2). The mantle lies between the liquid nickel-iron core and the rigid lithosphere. It 
is about 2800 km thick, and is hot enough to be plastic but not molten. The convection cells that 
form here vary in size. In cross section they typically measure between 1000 km and 9000 km from 
the ascending to the descending limb. Lengthwise, it is more di�cult to give a �gure, because the 
ascending limbs all link together around the world, as we will see next. There is still debate as to 
whether the convection cells involve the entire mantle, or only the upper part of it.

The speed of convective overturn is a few centimetres per year. If that seems to be a tri�ing 
amount, remember that 10 cm (100 mm) per year equates to 100 km in 1 myr, and that the lifetime 
of convection cells is measured in hundreds of millions of years (although they do reorganise 
themselves from time to time). When you factor that in to the speeds noted, you begin to understand 
how the earth�s geography can change radically in a couple of hundred million years.

E�ects of Convection � Plates and Plate Boundaries
If the lithosphere is broken into plates that are moving around at a few centimetres a year, 

driven by the underlying convection cells, it follows that the plates must interact with each other. This 
interaction gives rise to the observation that much of the world�s geological activity is concentrated 
around the plate boundaries.

A rising convection limb of hot mantle rock carries surplus heat to the surface. Hot rock is 
more expanded and therefore less dense than cold rock, and since all rock is �oating on denser rocks 
underneath, hot rock �oats higher than cold. If the rising limb is located underneath continental 
crust, the continent stands high. If it is located underneath oceanic crust, this also stands high but 
generally remains below sea-level, forming mid-ocean ridges or mountain ranges.

At the surface, the rising convection limb splits into two, one half going to the right, the other 
to the left (Box 2.2). In the case of the Earth�s mantle, the gradual reduction in con�ning pressure as 
the hot rock rises allows it to begin to melt, forming magma. Magma is molten rock that contains 
dissolved gases, while lava is magma that has been extruded at the Earth�s surface and has lost much 
of its dissolved gas.

Magma is even less dense than hot rock, and much more mobile, so it makes its way upwards 
rapidly. Some reaches the surface and is extruded as lava. Some does not reach the surface, but 
intrudes into surrounding rocks as molten rock bodies of various shapes. The chemical composition 
of this magma is basaltic (Boxes 6.9 A, B), which is the same composition as the Earth�s mantle.
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���M�F�B�W�J�O�H���C�F�I�J�O�E��
�B���S�F�N�O�B�O�U�
���E�F�B�E�
���W�P�M�D�B�O�J�D��
�B�S�D�
���B�O�E���D�B�V�T�J�O�H���U�I�F���C�B�D�L�B�S�D��
�C�B�T�J�O���U�P���P�Q�F�O���C�Z���B���T�F�B�ø�P�P�S��
�T�Q�S�F�B�E�J�O�H���N�F�D�I�B�O�J�T�N�����5�I�J�T��
�J�T���T�V�C�E�V�D�U�J�P�O���S�F�H�S�F�T�T�J�P�O�
��
�D�B�V�T�J�O�H���U�S�F�O�D�I���S�P�M�M�C�B�D�L��

�%�R�[�������������'�L�D�J�U�D�P�P�D�W�L�F���F�U�R�V�V���V�H�F�W�L�R�Q���W�K�U�R�X�J�K���W�K�H���3�D�F�L�¿�F���3�O�D�W�H���D�Q�G���S�D�U�W���R�I���W�K�H��
Australian Plate (not to scale).
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Divergent (Spreading) Plate Boundaries
The facts above explain the typical form of a mid-ocean spreading ridge. It is symmetrical 

in pro�le, and its highest point is located over the central part of the rising convection limb. It 
normally has a central rift valley, where the division of the rising limb into two convection cells is 
pulling the ridge apart, and the rift is the site of proli�c basaltic volcanic activity. There is high heat 
�ow, as manifested in the geothermal smoker systems that are so spectacular in underwater �lms. 
There is also a lot of earthquake activity. 

The symmetrical pro�le of a mid-ocean ridge occurs because the rocks are moving away from 
the central rift valley at the same speed on either side � a few centimetres per year. The rocks moving 
away are replaced by new lava, both extruded and intruded, and the slope of the �ank is determined 
by how rapidly the hot rocks cool and sink. Rock is a very poor conductor of heat, so cooling is a slow 
process, and it takes place at the same rate regardless of how fast the convection cell is moving. Thus, 
a fast-moving double cell will form a ridge with gentle slopes, while a slower-moving cell will have 
steeper slopes. The actual depth of ocean �oor moving away from the ridge-top, relative to sea-level, 
is directly related to its age, i.e. the cooling time that has elapsed since it was at the ridge-top.

As shown in Fig. 2.1, the mid-ocean spreading ridges form a connected system about 
40,000 km in length. A more detailed view (Box 2.1) shows that they are not continuous, but are 
broken into segments by transverse fractures called transform fracture zones or faults. Because of 
the sideways motion of the newly formed oceanic lithosphere and crust, these are sideways-moving 
faults. They form a subclass of the third kind of plate boundary, the sideways-moving boundary (see 
below). However, they have a unique feature. If you think of the segments of moving lithosphere 
between the transform faults as conveyor belts, then in the reach between the o�set ends of the 
spreading ridge one side of the fault is moving sideways compared to the other. The �conveyor belt�  
also juxtaposes lithosphere on one side of the spreading ridge (and therefore on one plate) against 
lithosphere on the other side (on another plate), so it is a genuine sideways-moving (transform) 
plate boundary. But, as soon as the transform leaves that central reach and is outside the spreading 
area, both sides of it are moving in the same direction and at the same speed. So, although we can 
still see it in the sea�oor morphology, it is no longer an active fault and lies within one plate, no 
longer forming a plate boundary. Refer again to Box 2.1.

The story doesn�t end, even there. The lithosphere on opposite sides of the inactive transform 
fault, while part of the same plate, is of di�erent ages and has therefore cooled to di�erent 
extents, which a�ects the depth of the sea �oor. In part, that is how we can still see the fault. This 
di�erence persists right until the lithosphere is eventually subducted, at which point the change in 
temperature and density across the transform fault can a�ect the subduction process (see below).

The spreading, or divergent, boundary is thus one kind of plate boundary, where new 
lithosphere is continually being created. The lithosphere is initially thin, while the rocks are still 
very hot, but it thickens to around 100 km during cooling. A cold oceanic crust, about 10 km thick, 
is di�erentiated from the underlying lithosphere. As we will see next, the long cooling time of the 
lithosphere has a bearing on the processes of subduction at the other common kind of plate 
boundary, the convergent one.
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Convergent (Subducting) Plate Boundaries
If new lithosphere is continually being created along 40,000 km of divergent plate boundaries, 

it follows that there has to be an opposite process, destruction of lithosphere � unless the Earth 
is expanding. There is no evidence for an expanding Earth, but there is plenty of evidence for 
the destructive process, whereby lithosphere bends at a convergent plate boundary and passes 
down into the Earth�s interior along a so-called subduction zone, the descending limb of a mantle 
convection cell. Probably the most impressive piece of evidence for the destruction of lithosphere 
is the fact that there is no oceanic crust (and therefore lithosphere) at the Earth�s surface older than 
about 150 myr, despite the fact that, as far as we can tell, the plate tectonic process has been taking 
place for most of the earth�s 4.5 byr history.

In light of the comments in Chapter 1 about the 4 byr age of some rocks in the continents, 
we need to qualify the 150 myr age of the oldest oceanic lithosphere. As noted in Chapter 1, 
continents � which occupy about 30% of the earth�s surface � cannot be subducted. This fact has a 
big in�uence on the pattern of the tectonic plates, and accounts for the fact that many subduction 
zones are located along the edges of continents, so that heavy oceanic crust and lithosphere are 
subducted beneath the continent. Thus oceanic lithosphere older than 150 myr may in fact be 
hiding underneath continents, which are protecting it from subduction, but we have no way of 
accessing or dating such lithosphere.

Like divergent plate boundaries, convergent plate boundaries have a characteristic set of 
features (Box 2.2). Working from the uphill side, so to speak, the bending of the elastic lithosphere 
into the subduction zone �rst causes an upwards bulge of the sea �oor. Returning to the analogy of 
the aluminium oven tray at the beginning of this chapter, if you hold one end and bend the other, 
it bulges in the middle. As rigid oceanic crust rises to pass over the bulge, it is stretched and breaks 
into rift valleys separated by ridges. The main bend of the plate creates a long, narrow, deep-sea 
trench, and the bottom of the trench is where oceanic lithosphere of the down-going plate passes 
underneath lithosphere of the overriding plate, i.e. this is the actual plate boundary. The rift valleys 
play an important role in carrying material from the inner trench slope down the subduction zone.

If one of the plates is carrying a continent, which cannot be subducted, the plate that 
subducts will always be the other one, comprising heavier oceanic lithosphere. Thus the trench runs 
alongside the coast of the continent. This is the situation along most of the west coast of Central 
and South America, and along the east side of the North Island of New Zealand. If both converging 
plates are of oceanic crust, either one can subduct. In this case, the age, temperature and density 
of the lithosphere would be determining factors. If subduction brings two continents together, and 
neither can subduct, then a major readjustment of subduction systems has to take place.

One of the beauties of plate tectonics is its variety and versatility. For example, looking at 
two-dimensional diagrams such as Box 2.2, it is easy to assume that two converging plates always 
approach each other head-on, at 180°, along the same line. That is actually seldom the case. It is 
more common for the two plates to be moving along quite di�erent lines, and all that is required for 
subduction to take place is that there is an element of convergence when all the motion factors are 
summed together. Indeed, you could have a subducting plate boundary where the two plates were 
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moving in exactly the same direction, provided that the following plate was moving faster than the 
leading plate.

In New Zealand�s case, we straddle the Paci�c�Australian plate boundary, which runs from 
north-northeast to south-southwest through the New Zealand continent (Boxes 2.3, 2.4). However, 
neither plate is moving along a WNW�ESE line at right angles to the boundary. The Australian Plate 
is moving to the north, while the Paci�c Plate is rotating anticlockwise around a point situated to 
the south of New Zealand, such that it is moving due west in the vicinity of Tonga but is moving 
southwestward, almost exactly parallel to the plate boundary, through central and southern New 
Zealand. 

This versatility in plate movement scenarios leads to all kinds of interesting variations in 
subduction zones. There isn�t room to explore all of them here, but we will look at those that a�ect, 
or have a�ected, New Zealand.

Beyond the deep-sea trench, the down-going plate moves into the Earth�s interior. The 
angle of subduction varies depending on how hot or cold (i.e. how young or old) the down-
going lithosphere is, and how old the subduction zone is. With time, the relatively cold and heavy 
lithosphere tends to sag into the plastic rocks beneath and to get steeper. At the same time, the 
sagging causes the position of the main bend in the plate � the trench � to move backwards into 
the down-going plate, a phenomenon called trench rollback.

Ultimately, the subducting slab � which is the descending limb of the mantle convection cell 
� steepens to vertical. As rock is such a poor conductor of heat, it takes an age for the descending 
limb to warm up to the temperature of the surrounding rocks. Using a technique called seismic 
tomography, we can track the vertical limbs of cooler rock down to depths of 1000 km or more. 

One factor here is constant, however, which is that the deeper the lithosphere penetrates, the 
more the con�ning pressure increases. At around 100 km depth, regardless of the angle of subduction, 
the higher pressure causes some changes in the mineral composition of the lithosphere � the 
chemistry of the rocks stays the same, but some of the minerals change into new ones that are 
stable at the higher temperatures and pressures. In the process, water is released, and this water 
reacts with the rocks in the subducting lithosphere and in the base of the overriding lithosphere 
that is in contact with the down-going slab, forming molten magma. 

As we discussed above with mid-ocean spreading ridges, magma is buoyant and makes 
its way to the surface. In the case of the subduction zone, magma forms along a line marking the 
100 km depth contour of the surface of the subducting slab of lithosphere. Thus it forms a line of 
volcanoes known as a volcanic arc or, more correctly, a magmatic arc, because not all of the magma 
reaches the surface. The arc (so called because on a map it is usually curved rather than straight) is 
the second major feature of a subduction zone after the trench. 

The Paci�c Ring of Fire (Fig 2.2) is the best-known collection of magmatic arcs. Most of 
the volcanoes along these arcs are of the Mt Ruapehu type: large edi�ces of andesitic chemical 
composition (containing a higher content of silica than the basalts of the mid-ocean spreading 
ridges) spaced at intervals of 20�100 km (Box 9.2 A). Andesite seems to be the typical magma 
generated at 100 km depth. Many of the volcanoes are entirely under water; some reach the surface 
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Box 6.8

Fig. 6.10

Box 10.1

Box 12.1 A

�� ������ ���������L�N

�.�B�S�M�C�P�S�P�V�H�I
�G�B�V�M�U���[�P�O�F

�4�0�6�5�)���*�4�-�"�/�%

�"�-
�1�*�/�&

�:�3�"�%�/�6�0�#�������������&�5�"�-�1�������������.�3�0�'�4�/�"�3�5 �5�I�F���U�S�B�O�T�J�U�J�P�O���G�S�P�N���T�V�C�E�V�D�U�J�O�H
�U�P���U�S�B�O�T�G�P�S�N���Q�M�B�U�F���C�P�V�O�E�B�S�Z
�U�B�L�F�T���Q�M�B�D�F���B�U���$�P�P�L���4�U�S�B�J�U

�$�)�"�5�)�"�.���������������3�*�4�&

�*�(�/�"�3�6�,�*�)

�)�J�L�V�S�B�O�H�J���1�M�B�U�F�B�V���J�T���B���T�M�B�C��
�P�G���F�Y�U�S�B���U�I�J�D�L���P�D�F�B�O�J�D���D�S�V�T�U�
��
�B�C�P�V�U�����������N�Z�S���P�M�E�
���U�I�B�U���J�T��
�K�P�J�O�F�E���U�P���U�I�F���$�I�B�U�I�B�N���3�J�T�F��
�B�O�E���J�T���C�F�J�O�H���T�V�C�E�V�D�U�F�E��
�C�F�O�F�B�U�I���U�I�F���/�P�S�U�I���*�T�M�B�O�E

�$�I�B�U�I�B�N���*�T��

���*
�-�"

�/

�4

�%

�/ �
0�

3�5
�) �)
�(

�6
�0

�3
�5

�������¡�&

�����¡�4

�����¡�4

�������¡

�����¡�4

�������¡�& �������¡ �������¡�8

�����¡�4

�"�6�4�5�3�"�-�*�"�/
�1�"�$�*�'�*�$

�1�-�"�5�&

�1�-�"�5�&

�5�)�3�&�&
�,�*�/�(�4
�3�*�%�(�&

�4�0�6�5�)�����'�*�+�*�����#�"�4�*�/

�/�&�8��
�$�"�-�&�%�0�/�*�"
�#�"�4�*�/�������G�P�S�N�F�E��
�E�V�S�J�O�H���U�I�F���T�U�S�F�U�D�I�J�O�H��
���������P�G���/�;�
�����������������N�Z�S��

�5�I�F���P�M�E�F�T�U���W�P�M�D�B�O�J�D��
�B�S�D�T���S�F�M�B�U�F�E���U�P���U�I�F��
�Q�S�F�T�F�O�U���T�V�C�E�V�D�U�J�P�O��
�T�Z�T�U�F�N���X�F�S�F���I�F�S�F�

�������������N�Z�S���B�H�P��

�	�'�J�H�������������


�5�I�F���F�Y�U�S�B���X�J�E�F���D�P�O�U�J�O�F�O�U�B�M
�T�I�F�M�G���I�F�S�F���X�B�T���C�V�J�M�U��
�C�Z���T�F�E�J�N�F�O�U�
���M�B�S�H�F�M�Z��
�G�S�P�N���U�I�F���4�P�V�U�I���*�T�M�B�O�E��

��

��
�� �8�)�"�/�(�"�/�6�*

�#�"�4�*�/

�$�
0

�-�
7�

*�-�
-�&

�3
�*�%

�(�&
����

�3
�*�%

�(�
&

�$�&�%�"
�.�3�&�,

�1�B�D�J�ö�D
�P�D�F�B�O
�D�S�V�T�U

�$
�&

�%
�"

�.
�3

�&
�,

�)
�$

�/
�&

�3
�5

��

��
��

��
��

�&�7�*�5
�$

�"

�$�*�/�"
�$�-

�0
�7

�U�O�F�T�F�S�Q���P�U���S�Z
�N��������

�$�3�"

����

�"�*�-
�"

�3
�5

�4
�6

�"��
�)

�5�"
�&

�/
�3

�&
�%

�/
�6��

�$�*�'�*
�$

�"�1

�5�I�F���1�B�D�J�ö�D���1�M�B�U�F���J�T��
�S�P�U�B�U�J�O�H���B�O�U�J�D�M�P�D�L�X�J�T�F��
�S�F�M�B�U�J�W�F���U�P���U�I�F���"�V�T�U�S�B�M�J�B�O��
�1�M�B�U�F���	�#�P�Y���������
��

�.�V�D�I���P�G���U�I�F���ö�O�F���T�F�E�J�N�F�O�U���G�S�P�N��
�U�I�F���4�P�V�U�I���*�T�M�B�O�E���B�O�E���T�P�V�U�I�F�S�O��
�/�P�S�U�I���*�T�M�B�O�E���U�S�B�W�F�M�T���B�M�P�O�H���U�I�J�T����
�D�I�B�O�O�F�M���U�P���U�I�F���E�F�F�Q���1�B�D�J�ö�D��

�����P
�S�D

�'
�S�F

�B

�:
�3

�"
�%

�/
�6

�0
�#��

�&�5�"�-
�1��

�(�/�*�5�$�6�%�#�6�4

�&
�/

�0�;�����$�-
�0�7����

�0�1
�6�"�5

�T�O�J�B�U�O�V�P
�N���M�B�J�Y

�"

�������D�S�"���M�B�U�O�P�S�'

�5�I�F���C�S�P�B�E���Q�J�D�U�V�S�F��
�������1�B�D�J�ö�D���1�M�B�U�F���J�T���S�P�U�B�U�J�O�H���B�O�U�J�D�M�P�D�L�X�J�T�F���S�F�M�B�U�J�W�F���U�P���U�I�F���"�V�T�U�S�B�M�J�B�O���1�M�B�U�F�
���B�U���S�B�U�F�T���B�O�E���E�J�S�F�D�U�J�P�O�T���T�I�P�X�O
�������4�V�C�E�V�D�U�J�P�O���P�G���U�I�F���1�B�D�J�ö�D���1�M�B�U�F���P�D�D�V�S�T���G�S�P�N���$�P�P�L���4�U�S�B�J�U���O�P�S�U�I�X�B�S�E�T�
���D�B�V�T�J�O�H���U�I�F���B�D�U�J�W�F���W�P�M�D�B�O�J�D���B�S�D���B�O�E��

�B�T�T�P�D�J�B�U�F�E���C�B�D�L�B�S�D�
���G�P�S�F�B�S�D���B�O�E���U�S�F�O�D�I���G�F�B�U�V�S�F�T���	�#�P�Y�F�T���������
 �
�������������"
�������0�M�E�F�S���W�P�M�D�B�O�J�D���B�S�D�T���S�F�M�B�U�F�E���U�P���U�I�F���Q�M�B�U�F���C�P�V�O�E�B�S�Z���B�S�F���T�I�P�X�O���	�����������N�Z�S�

�������5�I�F���B�D�U�J�W�F���W�P�M�D�B�O�J�D���B�S�D���T�U�P�Q�T���J�O���D�F�O�U�S�B�M���/�P�S�U�I���*�T�M�B�O�E�����*�U�T���D�P�O�U�J�O�V�B�U�J�P�O���T�P�V�U�I�X�B�S�E�T���J�T���U�I�F���8�I�B�O�H�B�O�V�J���#�B�T�J�O

�	�#�P�Y�����������

�������5�S�B�O�T�J�U�J�P�O���U�P���U�I�F���U�S�B�O�T�G�P�S�N���Q�M�B�U�F���C�P�V�O�E�B�S�Z���P�G���U�I�F���4�P�V�U�I���*�T�M�B�O�E���U�B�L�F�T���Q�M�B�D�F���B�U���$�P�P�L���4�U�S�B�J�U�����/�P�U�F���U�I�F��

�P�W�F�S�M�B�Q���C�F�U�X�F�F�O���T�V�C�E�V�D�U�J�P�O���B�O�E���U�S�B�O�T�G�P�S�N��

�'�"�
6 �-�5

��

�5�I�J�T���B�C�B�O�E�P�O�F�E
�W�P�M�D�B�O�J�D���B�S�D���X�B�T
�B�D�U�J�W�F���C�F�U�X�F�F�O
�����������N�Z�S���B�H�P

�B�H�P��

�5�X�P���B�D�U�J�W�F��
�������C�F�I�J�O�E���B�S�D��
���������������������C�B�T�B�M�U�J�D��
���������������������������������W�P�M�D�B�O�J�D��
�������������������������������������ö�F�M�E�T
�������������������������������	�#�P�Y�F�T���������

�����������������������������������������"�
���#��
�����������������������������������'�J�H�����������


�M�S�B�O �F�V �H�L�J �J �O�������) ���$ �O�I�B

�#
�B

�D
�L

�B
�S�D

���
C

�B
�T

�J
�O

�


�P
�Q

�F
�O

�J
�O

�H
���

���
�N

�Z
�S

���
Q

�S
�F

�T
�F

�O
�U

�)�
"�7

�3
�&

���
5�

3�
0�

6�
(�)

�3
�"�6

�,�
6�

.�"
�3

�"�
��1

�-�
"�*

�/ �5
�3

�&
�/�

$�
)��

�4
�-

�0
�1

�&

�G�P
�S�F

�B
�S�D
���

C�B
�T

�J
�O

�G�P
�S�F

�B
�S�D

�T�V�C�T�J�E�J�O�H
�����N�Z�S����
�O�P�X

�.�U�����5�B�S�B�O�B�L�J
�J�T���B�O���B�D�U�J�W�F
�B�O�E�F�T�J�U�F���W�P�M�D�B�O�P
�M�P�D�B�U�F�E���i�C�F�I�J�O�E�w
�U�I�F���B�S�D

�)�J�L�V�S�B�O�H�J���5�S�P�V�H�I
�J�T���U�I�F���T�F�E�J�N�F�O�U���ö�M�M�F�E
�T�P�V�U�I�F�S�O���D�P�O�U�J�O�V�B�U�J�P�O
�P�G���U�I�F���,�F�S�N�B�E�F�D���5�S�F�O�D�I��
�U�I�F���U�X�P���N�B�S�L���U�I�F
�T�V�C�E�V�D�U�J�O�H���Q�M�B�U�F��
�C�P�V�O�E�B�S�Z

�)�*�,�6�3�"�/�(�*
�1�-�"�5�&�"�6

�$�P�O�U�J�O�F�O�U�B�M���D�S�V�T�U��
�F�Y�U�F�O�T�J�P�O���P�G���4�P�V�U�I���*�T�M�B�O�E

�$�)�"�-�-�&�/�(�&�3
�1�-�"�5�&�"�6

�G�M�F�I�T���������M�B�U�O�F�O�J�U�O�P�D���������G�P���������F�H�E�F

���������N�N���Z�S

��
�������N�N���Z�S

�������N�N���Z�S

�%�R�[�������������1�R�U�W�K���,�V�O�D�Q�G���S�O�D�W�H���W�H�F�W�R�Q�L�F���V�L�W�X�D�W�L�R�Q��







22

seen in Box 2.1. Two of these chains are near the map�s northwest edge, aligned south to north, and 
record the northward movement of the Australian Plate over two volcanic hotspots. The longest is 
the Louisville Seamount Chain, which actually extends much further east, to a hotspot nearly at the 
mid-Paci�c spreading ridge. 

Seamount chains form as tectonic plates pass across very deep-seated volcanic hotspots. 
Hotspots were mentioned right at the start of Chapter 1, where it was noted that they are the only 
�xed entities on earth, being situated below the mantle convection cells. So an active volcano 
sits above the hotspot for a time, until it is carried away from the hotspot by the movement of 
the overlying plate and dies, and a new volcano forms (Box 2.1). This process continues, forming a 
seamount chain with a regular age progression. Hawai�i is the best-known hotspot volcano, and its 
chain of seamounts stretches far away into the northwest corner of the Paci�c Ocean, where it is 
being subducted at the Kamchatka Trench. The seamounts at that point are about 70 myr old.

Look again at Box 2.1, and you will see that the Louisville Seamount Chain is also being 
subducted, at the Tonga Trench. The next seamount that will enter this trench is aged 70 myr. 
Because the chain is oriented northwest to southeast, and because the Paci�c Plate here is moving 
due west into the trench, the point of entry of seamounts into the trench is moving southwards. 

It is evident around the world that subduction zones swallow seamounts quite e�ortlessly. 
The seamounts do, however, have to bulldoze their way into the inner trench slope. Along the way, 
they do quite a bit of damage, they leave scars, and they also leave bits of themselves scattered 
around on the trench slope, ready to be picked up by marine geologists using dredges. In Fig. 1.3 
a large seamount subduction scar can be seen on the continental slope of North Island o�shore 
from Ruatoria, just south of East Cape. The seamount has been pinpointed using its magnetic 
signature, and is located under the continental shelf.

Going back to the Louisville Seamount Chain, a series of large, closely spaced seamounts, 
each one entering the trench/subduction zone a little south of the previous one, would be expected 
to leave a cumulative trail of damage. And this has indeed happened. The trench immediately 
north of the present intersection is particularly deep � it is called Horizon Deep, is nearly 11 km in 
depth, and is the second-deepest place in the ocean. The inner trench slope is very steep here, and 
a dredge taken from the lower trench slope contained a variety of basalt lavas and oceanic ooze 
sediments aged around 80 myr that had been scraped o� an earlier seamount. The trench here has 
been deepened and steepened by �tectonic erosion�.

Just in passing, long seamount chains like the Hawai�i and Louisville hold useful tectonic 
information. Any change in direction of plate movement causes a bend in the chain, which can be 
dated from the ages of the seamounts. The Hawai�ian and Louisville chains are both on the Paci�c 
Plate, and therefore should both record any changes in direction of movement that have occurred 
on that plate. And they do. Both have a sharp bend at 45 myr, which coincides with the inception 
of our current plate boundary; it is possible that the collision of India with Asia (which has given us, 
among other things, the Himalayas and the Tibetan Plateau) shook up the world�s plates enough 
to cause this change in direction. There is another small bend at 25 myr, which coincides with the 
kickstarting of New Zealand�s Paci�c�Australian plate boundary (Chapter 3).
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Subduction earthquakes
The third dominant feature of subduction zones, after deep-sea trenches and magmatic arcs, 

are subduction-zone earthquakes. These are the world�s biggest earthquakes and arise because of 
friction between the two plates in the subduction zone. The energy of plate movement is stored 
as frictional stress until it is suddenly released, causing an earthquake � a jolt of movement on 
the subduction interface and/or along a surface fault. At any one area of a subduction zone this 
happens every few hundred years. The situation continues until the down-going plate warms 
su�ciently to become plastic, and then earthquakes cease. The vertical depth at which earthquakes 
cease varies between 100 km and 700 km, and depends on how hot the lithospheric slab was to 
start with, how obliquely the plate is subducting (an oblique trajectory increases the travel distance 
to a given depth, giving the slab more time to warm up) and how fast it is subducting. The deepest 
subduction-zone earthquakes, 700 km beneath Tonga and Fiji, occur where old, cold, dense 
lithosphere is subducting directly and rapidly (at around 20 cm per year).

New Zealand�s earthquake pattern is shown in Box 13.2 A�C. Deep earthquakes re�ect the way 
that the boundary between the Paci�c and Australian plates changes character as it passes through the 
country. As the subducting Paci�c Plate encounters the continental crust of North Island, a moderate 
speed of subduction and a slightly oblique trajectory carry the slab to around 300 km depth before 
earthquakes cease. Going southwards to Cook Strait and northern South Island, the speed of subduction 
gradually slows while obliquity increases, and so the deepest earthquakes here are shallower than those 
further north along the plate boundary. The �nal manifestation of subduction earthquakes, in northern 
South Island, is at 100 km depth. At that point, the cross-over from an obliquely subducting boundary 
to a sideways-moving one (see below) is complete. A new subducting slab appears at the southwestern 
corner of the South Island. Here, by contrast, Australian Plate lithosphere is subducting beneath Paci�c 
Plate lithosphere, but very obliquely and in a complex fashion.

Sideways-moving (Transcurrent or Transform) Plate Boundaries
Given earlier comments about the huge variability in the con�guration of plate interactions, 

it should come as no surprise that there are places where two plates simply slide past each other. 
It is, however, rare for the two plates to be moving exactly parallel to one another. An example of 
where this does happen is in the northern South Island, at the Wairau Fault in Marlborough (the 
northernmost part of the Alpine Fault; Chapter 15). Parts of the San Andreas Fault in California, at 
the boundary of the Paci�c and North American plates, are also purely sideways-moving, and as 
noted above, transform faults along the spreading mid-ocean ridges are a special case.

More commonly, in addition to the sideways movement there is a component of either 
convergence, causing compression (known by geologists as transpression), or divergence, causing 
tension (also called transtension). The Southern Alps of New Zealand exist because the sideways 
movement at the Alpine Fault (one of the world�s most famous transcurrent plate boundary faults) 
also involves 11° of convergence. The resulting compression pushes up the Southern Alps at rates of 
up to 11 mm per year, and has been doing so for the past 5 myr. (If you do the sum, that is 50�55 km 
of uplift, which in turn gives you an inkling of the rates of erosion that take place in mountains.) 
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Fig. 2.3
anchor text

Fig. 2.3. View northeast along the straight section of the Alpine Fault forming the west 
side of the snow-capped Southern Alps in the South Island. 
Photograph courtesy of Google Earth.












































































































































































































































































































































































































































































































































































































































































































































































