
Note to readers: 
 

This chapter, taken from The Physical Environment: A New Zealand Perspective, edited by Andrew 

Sturman and Rachel Spronken‐Smith, South Melbourne, Vic. ; Auckland [N.Z.] : Oxford University 

Press, 2001, has been reproduced with the kind permission of Oxford University Press (OUP).  OUP 

maintain copyright over the typography used in this publication. 

Authors retain copyright in respect to their contributions to this volume. 

 

Rights statement: http://library.canterbury.ac.nz/ir/rights.shtml  



The Physical Environment 
A New Zealand Perspective 

Edited by 
Andrew Sturman and 

Rachel Spronken-Smith 

OXFORD 
UNIVERSITY PRESS 



OXFORD 
UNIVERSITY PRESS 

253 Normanby Road, South Melbourne, Victoria, Australia 3205 
Oxford University Press is a department of the University of Oxford. 
It furthers the University's objective of excellence in research, scholarship, 
and education by publishing worldwide in 

Oxford New York 

Athens Auckland Bangkok Bogota Buenos Aires Cape Town Chennai 
Dar es Salaam Delhi Florence Hong Kong Istanbul Karachi Kolkata 
Kuala Lumpur Madrid Melbourne Mexico City Mumbai Nairobi Paris 
Port Moresby Sao Paulo Shanghai Singapore Taipei Tokyo Toronto Warsaw 

with associated companies in Berlin Ibadan 

OXFORD is a registered trade mark of Oxford University Press 
in the UK and in certain other countries 

© Andrew Sturman and Rachel Spronken-Smith 2001 
Authors retain copyright in respect of their contributions to this volume 

First published 2001 

All rights reserved. No part of this publication may be reproduced, stored in a 
retrieval system, or transmitted, in any form or by any means , without the 
prior permission in writing of Oxford University Press. Within New Zealand, 
exceptions are allowed in respect of any fair dealing for the purpose of research 
or private study, or criticism or review, as permitted under the Copyright Act 
1994, or in the case of repro graphic reproduction in accordance with the terms 
of the licences issued by Copyright Licensing Limited. Enquiries concerning 
reproduction outside these terms and in other countries should be sent to the 
Rights Department, Oxford University Press, at the address above. 

ISBN 0 19 558395 7 

Edited by Richard King 
Indexed by Russell Brooks 
Cover and text designed by Derrick I Stone Design 
Typeset by Derrick I Stone Design 
Printed through Bookpac Production Services, Singapore 



The rock formation and deformation processes described in Chapters 2 and 3 can be 
described as endogenic because they originate from within the Earth. Wh~n rocks are 
exposed at the Earth's surface by uplift and erosion, they are subject to exogenic 

processes that operate at or very near the Earth's sUlface. Exogenic processes include 
weathering and mass movement, which are described in this chapter, and fluv ial, 

glacial, marine, karst, and aeolian exogenic processes, which are described in succeed
ing chapters. The processes that bring about the leve lling or lowering of the surface of 
landmasses are collectively known as denudation. This chapter focuses on processes of 

weathering of rock material and mass wasting on slopes. Before we begin our examina
tion of weathering and mass wasting, it is necessary to examine the links between 
endogenic processes described in Section I and exogenic processes that are the focus of 

the chapters in this section. 

Denudation 

Changes in the average elevation of land surfaces can either be positive as a result of 

uplift, or negative as a consequence of denudation or subsidence. There are many dif
ferent ways of measuring denudation rates, including the suspended and so lute loads of 
rivers, estimates of sediment volumes trapped in lakes and reservoirs, and records of 

erosion provided by dated surfaces such as lava flows and fission track dating (Goudie 
1995). The most commonly used method to calculate denudation rates is to estimate 
the solid and solute load of rivers. The suspended sediment load of a river is usually 
determined by monitoring discharge, sampling suspended sediment load, and con

structing a sediment rat ing curve which is an equation that expresses the relationship 
between discharge and suspended sediment concentration usually in the form: 

b 
Qsusp = aQ 

where QSlISP is suspended sediment concentration, a and b are coefficients fitted by 
regression, and Q is discharge. 
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Sediment rating curves permit the calcu lation of a mass per unit time (e.g. tonnes 
per year, t yrl), which may be expressed as a specific sediment output (tonnes per 
square kilometre per year, t km-2 yr-l). These values can be converted to units of sur

face lowering such as mm per thousand years (mm k Yil) by correcting for the density 
of the rock, which is typically 2700 kg m-3. Surface lowering or increases in average 

elevation of land surfaces is often expressed in Bubnoff units, which are equivalent to 
1 mm of surface lowering per thousand years (lB= 1 mm k YI- I). The main disadvan

tage of using the sediment rating approach is that there is considerable uncertainty 
about how representative contemporary denudation rates are of long-term landscape 

change, because discharge and sediment loads have not been monitored for long peri
ods. Despite this uncerta inty, and errors associated with the rat ing curve approach 
(Walling & Webb 1988), it is the most widely used method for determining sediment 

yields and denudation, and provides some valuable insights into global rates of 
denudation. 

Table 13.1 shows the maximum values for global sediment yields. The highest 
value is for the Huangfuchuan River, which is a loess-covered tributary of the Yellow 

River that has experienced substantial human modification. Of the 14 rivers listed in 
Table 13.1, six are in New Zealand: three on the east coast of the North Island and 
three on the west coast of the South Island. The values from all six rivers exceed 
10000 t km- 2 Yi l, demonstrating that the sediment yields of some rivers in New 

Zealand are exceptionally high. Although several studies of middle-latitude sediment 
yields have suggested that denudation rates are primarily related to basin relief or 
mean basin elevation (Ahnert 1970; Pinet & Souriau 1988), in New Zealand there has 

been considerable debate about the controls of contemporary erosion processes, and 
several stud ies have suggested that rainfall is the major control on denduation rates. 

In a study of South Island catchments, Griffiths (1979a, 1981) concluded that 

rivers draining the western Southern Alps have suspended sediment yields that are 

Table 13.1 Maximum va lues of mean annual specific suspended sediment yields for world rivers. 

Country River 

People's Republic of China Huangfuchuan 
Dali 

Taiwan Tsengwen 
Kenya . Pekerra 
Java Cilutung 

Cikeruh 
New Guinea Aure 
New Zealand, North Island Waiapu 

Waingaromia 
Hikuwai 

New Zealand. South Island Hokitika 
Cleddau 
Haast 

Goudie (1995) 

Drainage area 

3199 
96 

1000 
13 10 
600 
250 

4360 
1387 

175 
307 
352 
155 

1020 

Mean annual suspend 
sediment yield 

(t km-' yr') 

53500 
25600 
28000 
19520 
12000 
11 200 
I I 126 
19970 
17340 
13890 
17070 
13300 
12736 
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about 10 times higher than world average rates for mountainous areas. He suggested 
that almost all the variations in sediment yield are explained by variations in mean 
annual rainfall. In another study Adams (1980) argued that lithology, tectonic uplift 

rates, and Quaternary geomorphological history including glaCiation were also impor
tant controls on sedimen t yie lds. Pickrill (1993 ) also examined sediments that have 
accumulated in fiords and suggested that sediment yields ranged from 28 to 209 t km-2 

yr l , in comparison to Griffiths' figure of 13 300 t km- 2 yr l for the C leddau River, 

which flows into Milford Sound (Table 13 .1). More recently, Hicks e t a l. (1 996) 
examined a larger, updated data set for 203 New Zealand catchments and found that 

average annual sediment yields vary over four orders of magnitude from less than 20 t 
km- 2 Yl- l to almost 30000 t km- 2 yr- I (Figure 13.1). This study concluded that the 

main controls of sediment yield are mean annual rainfall and basin geology, which 
includes lithology, the level of tectonic activity, and the Quaternary history of the 
catchment. Examination of the geographical patterns of sediment yields shown by Fig

ure 13.1 provides some insights into the important controlling variables. Two promi
nent features are the peaks in sediment yie ld on the west coast of the South Island and 
the east coast of the North Island. Catchments in the east coast of the N orth Island 

underlain by soft marine sediments have sediment yields about 1000 times greater 
than yields from crystalline igneous and metamorphic rocks that experien~e the same 
rainfall (Hicks et al. 1996). These areas. have been cleared of forest for agricultural 

purposes. The high sediment yields from the west coast of the SOLlth Island are a con
sequence of the combined effects of the high mountains and the significant orographic 

precipitation produced by the interaction of the mountains with the prevailing west
erly a irstream (Whitehouse 1988 ). 

The uplift and erosion of the Southern Alps have been the focus of a great dea l of 

research, and three models have been proposed to explain the geomorphological 
development of the mountains. The model proposed by Adams (1 980, 1985 ) is based 
on extrapolation of a contemporary uplift rate of 10 mm yr l to suggest tha t the moun

tains have developed over 2.5 million years, and that the contemporary ra te of erosion 
is approx imately equal to the rate of uplift. T h is model suggests that the Southern 
A lps are steady-state landforms (i.e. the large-scale geomorphology does not change 
through time because uplift is balanced by erosion. Koons' (1 989 ) numerical model , 

which also utilised a contemporary uplift rate of 10 mm YI-I, predicted that near. 
steady-state elevations would be reached 0.25-0.5 million years after the start of 
uplift. Tippett and Kamp's (1 995) evolutionary model is based on new data on uplift 

and denudation rates derived from fission track analysis (see G oudie 1995 for an 
explanation of the method). The model proposed that uplift began 4- 5 million years 
ago, the mean uplift rate through this time varies from 3 mm yr l at the Alpine Fault 
to 1 mm yr l , and that the altitude of the mountains is proportional to amount of uplift 

over time. This model argues that the Southern Alps are not a steady-state landform. 
Whitehouse (1988 ) has developed the ideas of Adams and suggested that three 

geomorphological regions can be identified in the Southern Alps on the bas is of dis

tinct landform assemblages and erosion processes. The three regions are the western 
Southern A lps, which are characterised by extremely steep, intepsely d issected slopes 
formed by fluvial erosion and debris avalanches; the ax ial Southern A lps, dominated 
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Figure 13.1 Sediment yields from New Zealand rivers. 
(H icks et al. 1996) 

Figure 13.2 Geomorphological regions of the Southern Alps: (a) the intensely fluvially dissected landscape of the 
western Alps; (b) narrow bare rock ridges and ice of the axial mounta ins; (c) wide braided rivers and scree-covered 
slo pes of t he bas in-and-range to pography of t he eastern moun tains; (d) fin e-textured fluvial di ssectio n and mass 
movement dominated slopes of the front ranges of the eastern mountains. (Whitehouse 1988) 

by high, glaciated mountains; and the eastern Southern Alps, which can be divided 
into a basin and range subregion and an eastern front range subregion (Figure 13.2). 

The basin and range subregion consists of moderately dissected, scree-covered ranges 
separated by large braided rivers, while the eastern front ranges subregion consists of 
dissected greywacke mountains with rounded ridge crests and V-shaped valleys. Iden
tification of these geomorphological regions recognises that the form of the land sur

face is an expression of the endogenic and exogenic processes that currently operate, 
and the processes that have operated in the recent geological past. The exogenic 
processes by which denudat ion is achieved are the fo cus of the rema inder of this 
chapter and the following five chapters. 
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Weathering 

Weathering can be described as the physical and chemical alteration of rock at the 
surface of the Earth. It is a passive process (Briggs et al. 1997) , distinguished from the 
dynamic role of fluids such as wind, water, and ice, which are discussed in Chapters 

14-18. Weathering is essentially an equilibrium process that involves rocks formed in 
one environment being introduced into an environment in which they are unstable 
and are reduced to more stable forms. Unlike other processes of denudation, weather

ing processes do not involve transportation of materials. Weathering processes are 
often divided into those that involve alteration of minerals and the production of new 
minerals (chemical weathering), and those that involve changes in the physical char

acteristics of material only (mechanical weathering). In practice, the two groups of 
processes operate simultaneously, although one group of processes is often dominant in 

particular environmental conditions. 

Physical weathering 

Physical weathering is the physical break-up of rocks caused by a variety of processes 
generating stresses that act upon or within rock masses. A range of mechanisms have 
been identified, although their relative importance is not known. These processes 

include freeze-thaw activity, thermal weathering, salt weathering, hydration, and 
pressure release. 

Freeze-thaw activ ity and hydrofracturing are driven by the 9% volume expan
sion experienced by water as its temperature drops below ooe and becomes frozen. 

Although appealing, the widely held belief that expansion of confined water by freez

ing breaks rocks is probably incorrect because conditions conducive to total confine
ment of water are seldom met (Hall & Hall 1991). The most likely mechanism of 
freeze- thaw weathering involves the development of a capillary fringe along the 
ice-rock intelface (e.g. in a crack), which resists freezing because of molecular adhe
sion to the rock. As the temperature lowers and the freezing front penetrates the rock, 

some of this water freezes and adjacent water migrates to the area of freezing to main
tain the water film and preserve the thermal equilibrium. The crack walls are forced 
apart by the increasing volume of water and ice, but the expansion is limited by the 

availability of unfrozen water and the permeability of adjacent rock. The maximum 
pressure generated by this mechanism is an order of magnitude less than the pressure 
at the same temperature in a confined system (Tharp 1987; Bloom 1997) . This form of 
cracking is produced by slow steady cooling (O.1-0.Soe h,l) in the temperature range 

of -4 to -IS°C. 
Thermal expansion and contraction cause stresses in rocks because different 

minerals have different thermal volumetric expansions and because minerals expand 

preferentially along some crystal axes (i .e. they are anisotropic). This form of weath
ering can be divided into fatigue, which results from repeated warming and cooling, 
and thermal shock, which results from sudden extreme cooling or warming. Thermal 
weathering is more effective in hot and cold deserts, which experience greater tem

perature ranges at the interface between rocks and the atmosphere. 



Denudation, Weathering, and Slope Development 245 

Salt weathering involves physical forces exerted by growing crystals (crystallisa

tion pressures) . In addition, some salt crystals and clay minerals expand and contract 
when water is added or subtracted from them. Consequent expansion and contraction 
of the material generates a hydration pressure that can increase and decrease as atmos
pheric temperature and humidity changes. 

Pressure release is a phenomenon experienced by rocks originating at depth in 

the Earth's crust when they reach the surface through processes of uplift and erosion . 
As the substantial confining pressures that the rocks experience at depth are removed, 

volumetric expansion results, promoting the formation of joints. This process may 
result in sheeting, or exfoliation, where layers of rock parallel to the land surface sep
arate along joints. Exfoliation is most common in massive igneous intrusive rocks, 

because other rock types often have jointing patterns that permit expansion unloading 
without development of exfoliation sheets. 

Chemical weathering 

Chemical alteration of original minerals through a variety of processes, produces 

weathered rock consisting of new minerals, minerals that have resisted alteration and 
often organic debris. The residual material is often known as regolith, which together 
with altered material and organic debris, forms soil. The main chemical weathering 

processes are solution, hydrolysis, carbonation, oxidation/reduction and ion exchange. 
Solution is the simplest form of chemical weathering and involves water acting as 

a so lvent to remove ions. For example: 

silica water silica in solution 

The degree to which a given mineral is able to be dissolved is determined by its equi
librium solubility, which is usually expressed in parts per million (ppm). Quartz, for 

example, has a very low equilibrium solubility (6 ppm), whereas its non-crystalline 
form (amorphous silica) has a value of 115 ppm. 

Hydrolysis is a reaction that takes place between minerals and the hydrogen ion 

in dissociated water. Coarse-grained feldspar-rich rocks such as granites are most vul
nerable to this reaction which produces clay minerals such as kaolinite: 

albite kaolinite silica dissolved sodium and 
hydroxyl ions 

Carbonation is a reaction that removes metals from minerals and produces bicar
bonates. It depends on the production of carbonic acid when carbon dioxide is dis
solved in water: 

carbonic acid bicarbonate 
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The carbonation process depends on biological activity, because CO 2 from the 

atmosphere is fixed during photosynthes is and released during respiration and decom
pos ition. Decomposition of organic matter in soil results in much greater concentra
tions of CO2 in soil air than the atmosphere. Carbon diox ide dissolving in soil water is 

the primary source of hydrogen ions and bicarbonate ions necessary for hydrolys is: 

albite kaolinite silica dissolved sodium 

and bicarbonate ions 

Carbonation is particularly important in the weathering of limestone terrain, 
where a series of reversible reactions with CO2 from the soil and carbon ic ac id results 
in the solution of calcium carbonate. The reactions that govern the so lution of lime

stone are described in C hapter 17. 
Oxidation occurs when an element loses electrons to an oxygen ion, and reduc

tion occurs when an electron is ga ined: 

ferrous oxide ferric ox ide 

Most metal ox ides are very stable and can persist for millions of years. The capac

ity for oxidation or reduction to occur is called redox potential (Eh), which depends 
on the abundance of organ ic matter and the accessibili ty of free oxygen. Most natural 

aerated waters are ox idising env ironments. Water-logged conditions that occur in 
swamps and bogs are good examples of reducing (anaerobic) environments. 

Ion exchange is the substitution of ions in solu tion for those held in minerals. 
This process is particularly common in clay minerals, where it is responsible for the 

alteration of one clay mineral to another. The general sequence from complex to 
simple clay minerals is: 

feldspar ~ montmorilloni te ~ kao linite ~ gibbs ite 

Each clay mineral has a different cation exchange capacity (CEC), which is a mea

sure of the propensity for exchanging cations. This index is explained in Chapter 19. 
One of the more importan t controls of weathering processes is climate, and there 

have been several attempts to relate weathering processes to climatic variables such as 
rainfall and temperature . Peltier (1950) related the effic iency of chemical weathering 

and frost weathering to mean annual temperature and mean annual rainfall, and, on 
the basis of these relationships, defined a number of weathering regions (Figure 13.3) . 
This diagram shows that mechanical weathering is most predominant in humid cold 
areas, and that chemical weathering is likely to be most efficient in humid tropical 

areas. Although this approach is a valuable way of looking at the broad processes, we 
must remember that other variables such as topography, geology, and microcl imate 
also exert a contro l on weathering processes. 
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The main products of chemical weathering processes are resistant primary miner
als sllch as quartz particles, secondary minerals such as the clay minerals described 
above and iron minerals, and solutes such as Ca2+, Mg2+, and S042-, which may be 

lost from the weathered material by leaching and/or may accumulate in so ils. An 
important outcome of both physical and chemical weathering is so il formation, which 

is dependent on climate, parent material, topography, organic activity, and time. The 
process of soil formation is described in Chapter 19. 

Slope development 

A slope is a fundamental landscape unit that reflects the interaction of material prop
erties of the slope and the nature and intensity of processes that act on the slope mate
rial. Slope materials can be divided into rock-a hard, coherent material-and 

regolith which consists of soil and the underlying weathered rock. In order to under
stand the behaviour of slope materials it is necessary to understand the resistance of 
materials to deformation and motion, and the forces that act on slope materials. 
Strength is the ab ility of material to withstand deformation and fracture . On a slope, 

an important component of resistance is shear strength, which is the ab ility of a mate
rial to resist shear deformation. In unconsolidated deposits a substantial element of 
resistance is dete rmined by the frictional resistance between particles. Different mate
rials have different combinations of particle shape, size, and arrangement, which lead 
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to different material characteristics. The characteristic frictiona l properties of differ
ent materials are known as angles of internal friction. 

The forces acting on unconsolidated material can be partitioned into two compo
nents by dividing the force of gravity, which acts vertically, into the weight (w) per
pendicular to the surface (the normal stress, wcose) and the downslope component 

(wsin8). Resistance is therefore a function of the inherent frictional properties of the 
material and the normal stress act ing upon them (Figure 13.4). 

wsin\} 
wcos{} 

w 

Figure 13.4 Forces acting on a block resting on a slope. 

This simple picture of resistance of unconsolidated material is complicated by the 
presence of water, which plays a key role in the stability status of many slopes. Below 

the water table, saturation of voids produces a positive pore water pressure or buoy
ancy within the slope materials, which reduces the normal stress. The reduced normal 
stress is known as effective normal stress. A second complication introduced by the 

presence of water that alters shear strength is cohesion, which is the property of a 
material that describes its ability to stick or adhere together, thus add ing to shear 
strength. Cohesion can be defined as the chemical bonds in soil and rock (cementing) 

as well as the electrostatic and electromagnetic forces between fine-grained sediments, 
particularly between clay-s ized particles. 

Total resistance to shear deformation on a slope is defined by the Coulomb
Terzaghi equation: 

s=c + crt .tan!/> 

where s is shear strength; c is cohesion; cr' is effective normal stress and tan!/> is the 
frictional resistance of the material. 

The stability of individual slopes is often expressed in terms of a factor of safety 
(Crozier 1986): 

F= 
resisting forces 

driving force s 
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where the resisting forces are represented by the Coulomb-Terzaghi equation and the 
driving forces are the shear stresses acting on the slope. When F> 1 the slope is likely to 
be stable, and when F<l the slope is in a condition for failure (Selby 1982). Most 
natural slopes have F values from 1 to 1.3 until triggering events such as earthquakes or 

high pore water pressures reduce this value sufficiently to generate a mass movement. 
Mass movement is a collective term for the downslope movement of slope mater

ial under the influence of gravity. Although there are numerous class ifications of mass 

movements, most of them are based on a combination of the type of movement, the 
type of materials involved and the speed of movement. Table 13.2 shows a class ifica

tion system from Varnes (1978) that divides mass movements into falls, topples, slides, 
lateral spreads, flow and complex movements for rock, coarse soils and fine soils. In 
this classification 'rock' is used for a hard, firm mass that was intact before it began to 
fail; and 'soil' is used for an aggregate of solid rock, mineral particles, air, and water. 

Coarse so il (debris) consists of material of which 20-80% of the particles are greater 
than 2 mm; and fine soil (earth) cons ists of 80% or more particles less than 2 mm. Fig

ure 13.5 shows a slightly different approach, based on the work of Carson and Kirkby 
(1972), which recognises the complex nature of many mass movements by identifying 
a range of movements on the basis of three movement components and the amount of 

moisture in the materials. 

Table 13.2 Classification of mass movements. 

Type of movement 

Falls 

Topples 

Slides 

Lateral spread 

Flows 

Complex 

Varnes (1978) 

rotational few units 
translational many units 

Bedrock 

Rockfall 

Rock topple 

Type of material 

Soils 

Coarse 

Debris fall 

Debris topple 

Fine 

Earth fa ll 

Earth topple 

Rock slump Debris slump Earth slump 
Rock block glide Debris block glide Earth block glide 
Rock slide Debris slide Earth slide 

Rock spread 

Rock fiow 
(deep creep) 

Debris spread 

Debris fiow 

Earth spread 

Debris flow 

Combination of two or more types 

The criteria for flow is that the whole mass is shearing in narrow zones (Figure 
13.6) or there is turbulence (see Chapter 14). Although dry flow can occur, flow 

behaviour is most often associated with water, which can result in fluidisation and 
high flow velocities. Flows can involve a wide range of materials, which gives rise to 
terms like debris flows, earthflows, mudflows, and avalanches. The term 'debris 

avalanche' is used for highly energetic mixtures of debris, water, and/or snow. Flows 
are often confined to existing drainage lines and have distinctive initiation, transport, 
and accumulation zones (Figure 13.7) . Very slow flows include solifluction, which is 
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FLOW 

Figure 13.5 Classification of mass movements in terms of flow, slide, heave, and moisture content. (Carson & 
Kirkby 1972) 

PURE FLOW 

the downslope movement of saturated soil, and gelifluction, which is solifluction 

related to seasonal thawing of frozen ground. 
Slides are movements within which masses of rock or weathered material move 

downslope on discrete shear planes (Figure 13.6), although the term 'landslide' is 

widely used as a description for all rapid downslope movements. Slides are usually 
divided into translational and rotational types on the basis of the shape of the shear 
surface. The largest landslides in New Zealand occur in the schist terrain of Central 

Otago, particularly in the Clutha catchment and the Cromwell Gorge, where the 
Nine Mile Creek landslide covers an area greater than 900 ha and has a length of 

about 4 km (Gillon & Hancox 1992). The landslides of the Cromwell Gorge occur 
along about 15% of the shoreline of Lake Dunstan, a hydroelectric reservoir filled in 
1992. Substantial stabilisation measures were undertaken to offset the effects of lake 
filling on the landslides and to minimise failure-related hazards to the dam, power sta

tion, and downstream communities. The remedial measures included building surface 
drainage systems, drilling drainage holes, and constructing large rock buttresses at the 
toes on the landslides. Figure 13.8 shows a large, complex mass movement in deformed 

rocks in the Alpine Fault Zone in South Westland. The upper part of the failure is a 

PURE SLIDE PURE HEAVE 

Figure 13.6 Velocity profiles for pure heave, pure flow, and pure slide. (Carson & Kirkby 1972) 
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Figure 13.7 (Left) Debris flows feed ing an alluvial fan in the Oreti Valley, Southland. Note the distinctive source 
area, transportation, and accumulation zones. 

Figure 13.8 Complex mass movement deformed rocks in the Alpine Fault Zone, Havelock Creek,Westland. 

slide, and as the material has moved downslope it became a slurry and moved into the 
stream channel as a debris flow. The resulting depos it, which contains a substantial 

amount of organic debris, has choked the stream channel in the foreground of the 
photograph and resulted in substantial channel aggradation downstream of the failure. 

Creep is slow downslope movement that is common on all unconsolidated slopes. 

It occurs as ind ividual particles or aggregates experience heav ing (Figure 13.6) , which 
can be driven by vo lume changes in soils and rocks associated with heating and cool
ing, wetting and drying, and freezing and thawing. The particles or aggregates move 

upwards during expansion, and during contraction there is a downslope component to 
the movement (Figure 13 .6). C reep rates are typically in the order of 1 mm- 10 m Y1- 1. 

Spreads are lateral extensions of cohesive rock or so il that are often assoc iated 

with land subsidence and are caused by liquefaction. Loca lised subsidence can also be 
caused by co llapse into cavities (see C hapter 17) and settlement. 

Landslides and denudation 

In addition to their important role in shaping hillslopes, mass movements are an 

important link between hillslopes and channels because they supply sediment to 
channels. The role of mass movements in denudation has been the subject of many 
studies, which have concluded that the main triggers of mass movements are high

magnitude rainfall events, earthquakes, and disturbance of vegetation cover. In a 
study of past earthquakes, Bull (1996) identified four earthquake- triggered regional
scale rockfall events in the South Island in the las t 1000 years, with a mean recurrence 

interval of 260 ± 15 years. Other studies that have examined longer periods of time 
have suggested that there are phases of mass movement activity that predate human 
distu rbances or cannot be d irectly attributed to humans (Crozier 1983; Grant 1983). 
G rant (1 983) has suggested that variations in climate are related to increased land

slide activity and the supply of sediment to streams. G rant's interpretations have been 
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supported by a study of storm-induced erosion by Page et al. (1994) that concluded 
that there was a high correlation between storm sediment thickness in Lake Tutira 
and storm rainfall, and that landsliding induced by storms accounts for the majority of 

sediment mobilised by high -magnitude storms. In New Zealand, studies of the impact 
of deforestation and exotic forestry have shown that as indigenous forest was cleared 

and replaced with pine forests, the annual sediment yields from affected catchments 
rose from 100 m3 km-2 to 4000 m3 km-2, and the density of landslides increased from 
1 km-2 to 20 km-2 (O'Loughlin & Pearce 1976). Although it is very difficult to estimate 

the contribution oflandslides to denudation, Crozier et al. (1992) have estimated that 
in New Zealand they contribute 0.1-4.0 mm YLl, with the lowest rates occurring on 
forested hard rock and the highest on recently defores ted Tertiary sediments such as 

those of the east coast of the North Island (Figure 13.1). 

Slope form 

The form of slopes is large ly determined by mass wasting, a lthough flu vial processes on 
slopes may also play an important role (see Chapter 14). Slopes are composed of either 

scars, where material has been removed, or accumulations of deposited debris. They 
can be viewed as systems, which are the product of weathering processes , which gen
erate material that can be transported; and transportation processes, including mass 

movements and running water, which remove material. Carson and Kirkby (1972) 
suggested that such a view enables the distinction between transport-l imited and 
weathering- limited slopes. A weathering- limited slope is one on which the rate of 

regolith production by weathering processes is less than the rate of its removal. 
Weathering-limited slopes are likely to be rock slopes. Transport-limited slopes are 

those on which the rate of the production of regolith exceeds the rate of its removal 
and are typical of middle latitude slopes that develop under a forest cover. 

There are many slope landform models, but the one that is most widely used is 
that proposed by Dalrymple et al. (1968), which is a nine-unit landscape model 

(Figure 13.9). A lthough there is a large variety of forms, most slopes have an upslope 
convex ity, a rectilinear main slope, and a basal concavity. If a rock slope is exposed it 
is called a free face, below which there is often an accumulation of scree-a deposit of 

coarse and angular fragmented rock. Scree slopes, which are sometimes called ta luses, 
usually slope between 25 and 30° and are quite common in the eastern part of the 
Southern Alps , where they form a distinctive part of the landscape (Figure 13.2 ). Fig

ure 13 .9 shows the range of slope units that may be encountered and the processes 

associated with them. 

Summary 

This chapter described the exogenic processes of weathering and mass movement. 
The chapter began by discussing the process of denudat ion and methods to calculate 
denudation rates. A global comparison of sediment yields showed that New Zealand 
has exceptionally high sediment yields. The major controls on denudation rates 
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include rainfall and basin geology (which includes lithology, the level of tectonic 
activity, and the Quaternary history of the catchment). The chapter then focused on 
weathering, first discussing physical weathering, including the processes of freeze

thaw, thermal weathering, salt weathering, hydration; and pressure release; and then 
chemical weathering, including the processes of solution, hydrolysis, carbonation, oxi
dation/reduction, and ion exchange. Slope development was then discussed, including 

consideration of the forces that act on slope materials, the types of mass movement 
that may occur, and resulting slope forms. Mass movements are an important link 

between hillslopes and channels because they supply sediment to the channels. The 
geomorphic role of rivers is considered in detail in the following chapter. 

Further reading 
Bloom, AL. 1997, Geomorphology, 3rd edn, Prentice Hall, Englewood Cliffs, NJ. 

Goudie, A 1995, The Changing Earth: Rates of Geomorphological Processes, Blackwell, 
Oxford. 

Selby, M.J. 1982, Hillslope Materials and Processes, Oxford University Press, Oxford. 
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