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Table 15.1 

G laciers are significant in the global env ironmental system for a variety of reasons. 
Most significant is the fact that approximate ly 80% of the globe's fresh water is locked 
up in glacier ice, a volume of water equivalent to 70-80 m of eustatic (global) sea

level change. In add ition, much of the ice-free landscape in mid- and high-latitude 
environments has e ither been directly affected by the actions of glaciers and assoc i
ated ice masses in the relat ively recent past (Table 15. 1) , or indirectly affected by 

environmental changes assoc iated with glaciation, such as lower sea leve ls and colder 
temperatures. At the Quaternary max imum of glac ier extent approximately 20000 
years ago, glaciers covered approximately 32% of the Earth's surface. In attempting to 

understand and explain the development of landscapes in mid and high la titudes, 
therefore, the actions of former glac iers must be taken into account. 

Present and maximum Quaternary extent of ice in different regions. 

Region Present area Maximum area Area ratio 
(000 krn') % o(total (000 krn') % o(towl max: present 

Antar-ctica 12535 86 13800 32 1.1 
Greenland 1726 12 2295 5 1.4 
Laurentide Complex* 147 I 13387 31 90.9 
Asia 11 5 0.8 395 1 9 34.3 
Rocky Mountains 77 0.5 260 1 6 33.8 
South America 27 0.2 870 2 32.8 
Scandinavia 4 0.Q3 6667 15 1749.8 
Alps 4 0.Q3 37 0.09 10.2 
Australasia I 0.007 30 0.07 30.0 

TOTAL 14636 43638 3.0 

* ice masses of, and centred on, Arctic Canada and extending into the Midwestern states of the USA 

Glaciers are distr ibuted across the surface of the Earth in a way that reflects the 
distribution of conditions favourable for their format ion. These conditions are essen
tially climat ic and relate to the processes of snow accumulation and its subsequent 
metamorphism into glac ier ice. The parameters that control these processes are solid 

precipitat ion rates, and temperature. The patterns of variation of these parameters are 
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such that glaciers ex ist e ither (a) where there is a sufficiently large amount of so lid 
prec ipitation for some to remain each year after a season of melting (high precipita

t ion, high rates of melting), or (b) in regimes of small precipitation rates where there 
is only a small amount of melting. Thus, across the globe, glaciers exist in environ
ments as diverse as the West Coast of the South Island of New Zealand (Figure 15.1) , 

where both winter precipitation and summer melt rates are high, and the Antarctic, 
where precip itation rates are very lo\v and melt ing is virtually non-ex istent. 

In New Zealand, glac iers ex ist in high-alt itude areas throughout the Southern 
A lps, and cover 5% of the land area (1160 km2) of the South Island (Figure 15. 1) . 
There are also small glaciers on Ruapehu (2795 m) in the central North Island, where 

they cover approximately 5 km2. Approximately 40% of N ew Zealand's total ice mass 
occurs in the Pukaki catchment on the eastern side of the Southern Alps, which 
includes the well-known Tas man, Hooker and Mueller G lacier systems. O n the 
western side of the Southern Alps, high precipitation rates offset high me lt rates, and 

glaciers such as the Fox and the Franz Josef extend through densely forested valleys to 

altitudes as low as 250 m above sea level. 
This chapter outlines processes associated with glaciers and their interactions 

with landscape. It begins with sections outlining the nature of mass and energy bal
ances on glaciers, and then examines the ways in which glaciers move. It continues 
with an examination of the way in which glaciers interact with landscape through the 
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Figure 15.1 Present and Otiran glacial maximum extent, of glaciers in the South Island of N ew Zealand. 
Locations of glaciers mentioned in the text are indicated. 



Glaciers and the Environm ent 271 

processes of erosion, sediment transport, and deposition . The focus for discussion of 
the first half of the chapter is processes occurring in temperate valley glac iers, since 
this is the type of glac ier that currently ex ists in New Zealand . Each section outlines 

the relevant general processes, and illustrates them where poss ible with examples of 
relevant research from New Zealand (see also comment below) . Genera l texts that are 
useful for further study of topics covered in this chapter include Paterson (1994), Ben
nett and G lasser (1996) and Benn and Evans (1998). 

This chapter has close links to other chapters of this book. We refer the reader in 

particular to the section of C hapter 9 dealing with water storage in glacia ted catch
ments, to the parts of Chapter 5 that deal with precipita tion patterns, and to the 
chapter on weathering and erosion (Chapter 13). Hazards associated with glac iers are 

examined in C hapter 23. 
Despite the relative abundance of accessible glaciers in New Zealand, there have 

been relatively few studies on New Zealand glaciers. The research that has been con

ducted to date has focused broadly on large-scale analyses of the relationship between 
glac ier behav iour and climate change (Fitzharris et a1. 1999). Some studies have 
examined many glaciers (e.g. C hinn 1996; Ge llatly 1985; Fitzharris et at. 1992), and 

some have focused on the behav iour of particular glaciers (e.g. Hessell 1983; Salinger 
et a!. 1983 ). The highly access ible and much-visited Franz Josef G latier on the West 
Coast, in particular, has been the subject of a wide range of pieces of work (e.g. Gunn 

1964; Woo & Fitzharris 1992; Oerlemans 1997), including a series of small-sca le 
process studies of surface energy balance processes (Kelliher et a!. 1996; Owens et a1. 
1992; Ishikawa et a!. 1992; Marcus et a!. 1985). Two other glaciers, the Ivory (in 

Westland) and the Dart (in Mount Aspiring National Park) have had fairly compre
hensive studies conducted on them in the past, aga in aimed principally at investigat
ing the behaviour in relation to climate. The Ivory G lacier work (e.g. Anderton & 
Chinn 1978 ; Hay & Fitzharris 1988a,b) was initiated as a representative basin study as 
part of New Zealand's contribution to the International Hydrological Decade. The 
Dart Glacier work resulted in the publication of a semi-popular bookle t outlining the 
main resu lts of the research (Bishop & Forsyth 1988). For a country with an abun

dance of accessible glaciers, however, there has been a paucity of detailed glaciological 
process studies, and much work is needed to elucidate the ways in which the observed 
links between behaviour and climate occur, through detailed research on mass balance, 
hydrological, and glacier dynamic processes. 

Glacier mass and energy balances 

Mass balance 

Mass balance is the balance between inputs and outputs of mass to a glacier. Inputs are 
most commonly in the form of snow, but can also be as water and ice. Outputs are in 
the form of meltwater, water vapour, and solid ice. The net mass balance (inputs-out

puts) is usually expressed as the equivalent vertica l thickness of a layer of water gained 
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or lost in a period of t ime (e.g. millimetres of water equivalent per year, mm w.e. yrl ). 

Net mass balance is commonly ca lculated for a year-long period, giving the annual net 

mass balance. 
A glacier with a pos itive annual net mass balance is ga ining mass , and therefore 

increasing in volume over time. It may respond to this increase in volume by increas
ing in area or length , depending on the morphological configuration of the glacier, 
and of its terminus area in particular. However, given a relatively narrow terminus 

region that is able to advance and retreat readily, such as those of the Franz Josef and 
Fox G laciers, a glacier with a consistently pos it ive annual mass ba lance over a series of 
years is likely to have an advancing terminus. Similarly, a glac ier with a negative mass 

balance is losing mass and decreas ing in volume over time, and a glacier that has lost 
mass consistently over a period of years is likely to have a retreating terminus. In New 
Zealand there are currently examples of glaciers that are retreating, that a re advanc

ing, and that have relatively stationary terminus pos itions. The terminus of the Franz 
Josef Glacier has advanced rapidly (by approx imately a metre per day ) between the 

late 1980s and 1999, after a period of relatively continuous re treat documented since 
the late 1800s (Figure 15.2; G rove 1988). Most glaciers, such as the Dart and Ivory, are 
retreating. A few glaciers are relatively stationary at their terminus, like the Brewster 

G lacier in the Haast Pass. Several glaciers with negative mass balance and confining 
terminal moraines are losing mass by thinning and the development of lakes at their 
termini (C hinn 1996). 
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Figure 15.2 Advance and retreat of the Franz Josef Glacier since about 1750, represented as changes in glacier 
length. (After Oerlemans 1997) 

Various climate-controlled processes contribute to the overall mass balance of a 
glac ier. Processes by which mass is added to a glacier are ca lled accumulation 
processes, and the net resulting gain of mass is called accumulation. As indicated 
above, accumulation most commonly occurs in the form of snowfall directly onto the 

surface of the glacier. Secondary deposition of snow as a result of drifting or avalanch 
ing may also contribute to mass gain, as may the freezing of rain and rime formation . 
In New Zealand, snow accumulation is the dominant accumulation process for most 

glac iers. 
A ll processes by which mass is lost are called ablation processes, and their net 

resul t is ablation. Melt ing fo llowed by runoff is an importan t ablation process for many 
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glaciers, especially temperate glaciers in low-latitude and mantlme environments 

such as those found in New Zealand. Melting followed by evaporation, and sub
limation, may also contribute to ablation, especially in arid environments. Note that 
melting itself is not an ablation process, since the products of melt must be removed 

from the glacier for it to contribute to overall ablation. Just as wind-blown snow can 
contribute to accumulation, so the removal of snow by wind can contribute to ablation. 
Glaciers that terminate in water, either in the ocean or a lake, can also lose mass by 

iceberg calving. Glaciers that lie over areas of the Earth's crust with very high geo
thermal heat flux, such as those in Iceland, experience melting at their beds that can 
contribute to mass loss. 

The relative overall importance of various accumulation and ablation processes 
depends on the environment in which a glacier is found. Low-latitude, low-altitude 

glaciers in maritime areas, such as those found in New Zealand, lose most of their mass 
by melting followed by runoff, whereas most of the ablation of outlet glaciers in the 
Dry Valleys of Antarctica, for example, is achieved by sublimation. Calving into lakes 
contributes to ablation at some New Zealand glaciers, such as the Maud and the Godley 

(e.g. Kirkbride & Warren 1997). The rates of accumulation and ablation also depend 
on the environment in which the glacier is found, with glaciers in low latitudes and 
low altitudes having greater rates of both ablation and accumulation, and those in 

high latitudes, and in more continental situations, having lower rates. In warm tem
perate environments, rates of ablation can exceed 10 cm w.e. d-1. Rates of ablation of 
3.8 cm w.e. d-1 were measured at the Ivory Glacier (Hay & Fitzharris 1988b), and 
short-term averages of greater than 19 Cm w.e. d-1 on the lower part of the Franz Josef 
(Owens et a1. 1992). 

In broad terms, mass balance has systematic spatial and temporal patterns related 

to systematic variations in climatic parameters. Mass balance varies over a glacier in 
relation to the altitudinal variation of factors that affect accumulation and ablation. 
In particular, altitudinal gradients of temperature (-0.6°C for every 100 m height 
gain) produce decreasing rates of ablation with elevation, and precipitation often has 

an altitudinal variation associated with orographic effects on air mass movement, such 
that total accumulation increases with altitude. The net effect of these patterns is that 
there is a positive gradient of net mass balance with increasing altitude. The magni
tude of this gradient defines the 'activity index' of the glacier. Glaciers such as those 

found in New Zealand, which have a large amount of accumulation and a large 
amount of ablation, have high activity indices. 

Glaciers can be divided into two zones that relate to the systematic spatial varia
tion of mass balance. The part of the glacier that experiences net accumulation during 
a given period, usually a balance year (see below), is called the accumulation area, and 
the part that experiences net ablation is called the ablation area (Figure 15.3). The 

line between these zones, at which the annual net mass balance is zero, is called the 
equilibrium line. The ratio of the accumulation area to the whole glacier area is called 
the accumulation area ratio (AAR), and the magnitude of the ratio reflects the state 
of the mass balance. For glaciers that are in balance, the AAR is typically 0.5-0.8. In 
some circumstances, glaciers can have an AAR of 0; that is, they have no accumula

tion area at all, and the entire glacier is experiencing net ablation. 
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In glaciers in areas with seasonal climates, particular seasons are characteristically 
dominated by either ablation or accumulation (Figure 15.4). Glaciologists often refer 
to the accumulation-dom inated time of year, which in mid latitudes is typica lly the 

winter season, as the accumulation season, and conversely the ab lation-dominated 
time of the year (typ ica lly summer) as the ablation season. The 'balance year' , ove r 
which annual mass balance is typically evaluated, begins and ends at the end of the 
ablation season (Figure 15.4) . 
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Figure 15.3 A schematic diagram of a 
glacier system, illustrating zonation of glacie r 
into accumulation and ablation zones based on 
net mass balance, and indicating location of the 
equilibrium line. 
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Figure 15.4 A schematic diagram illustrating the definitions of mass balance terms and the variation of mass 
balance components through a balance year. (After Paterson 1994) 

Mass balance and climate 

As indicated above, the processes that determine the mass ba lance of a glacier are 

essentially climate-controlled, and there is a direct link between climate and glacier 
mass balance. This link is such that glaciers are very useful indicators of both global 
and local climate change (Oerlemans 1994; Gellatly 1985), and that climate records 
can be used to reconstruct glac ier mass balance variations (Woo & Fitzharris 1992) 

C hanges in climate that lead to a change in mass balance will ultimately lead to 
change in vo lume of the glac ier. This change in volume may be manifest in a variety 
of ways: by changing elevation of the surface, by changing glacier area, by changing 

length, or most commonly by some combination of these three. There are two main 
aspects to a glacier's response to climate change. First is the magnitude of the response 
to a given change, which defines the sensitivity of the glacier to the change. The sen

sitivity of a glacier is determined by a combination of glacier morphology and clima
tology parameters, such that, for example, glaciers with smaller surface slopes are more 
sensitive than those with steeper slopes, and glaciers that experience higher rates of 
precipitation are more sensitive than those that receive small amounts of precipitation 
(Oerlemans 1994) . 

The second aspect of glacier response is the timing of the response. There is a 
time lag between a climate change and the glacier's response to that change. The 
length of this lag time is known as the response time, and it can characterise vo lumetric, 

annual net 
mass balance 
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areal, or terminus pos ition response. The length of the response time depends pre

dominantly on the size of the glac ier. Response times for most valley glaciers are in the 
range 10-50 years (Oerlemans 1994) . There is ev idence to suggest that the Franz Josef 
Glacier, which is approximately 10 km long, has a terminus response time of approx i

mately 5-7 years (Hessell1983 ). It is likely that the Tasman G lacier, which is approx
imately 28 km long, has a vo lume response time of over 100 years (Chinn 1996 ). 

Energy balance 

The ablation component of the mass balance is fundamentally determined by the 

energy balance at the glacier surface. Various types of energy contribute to melting. A 
glacier's surface energy balance can be represented as follows: 

where Q* is the net radiative energy (balance of incoming and outgo ing short- and 

long-wave radiation), Q/l is the sensible energy exchange, Qe is the latent energy 
exchange , Qp is sensible energy derived from precipitation, Qg is conductive (away 
from surface into ice) energy exchange, and Qll1 is the energy used for me lting. The 

energy sources and sinks on the left-hand side of the above equation combine in such 
a way as to produce a net amount of energy available for melting on the right-hand 
side. The relat ive importance of the different components of the en ergy ba lance 
equation as represented above depend on (a) the nature of the environment (e.g. the 

latitude and longitude, nature of the sky view at the site ); (b) the synoptic-sca le 
climatic conditions at any point in time; and (c) the temporal scale in question. On 
temperate glac iers, sensible and latent energy exchanges are typica lly the most impor

tant components of the energy balance, whereas on a cold glacier, radiative heat 
exchange is typically more important (Figure 15.5) . 

A t the Franz Josef G lacier, a series of energy balance studies conducted in the 

lower part of the ablation area and in the accumulation area showed that Q/l (sensible) 
heat was the most important source of energy for melting overall , with rad iative heat 
be ing of similar importance to sens ible in the summer. ~ (latent ) and Qp (precip ita

t ion) were important under particular synop tic conditions (Figure 15.6; Marcus e t a1. 
1985). At the Ivory Glacier, whose terminus elevation is approximately 1200 m 
higher than the Franz Josef, H ay and Fitzharris (1988b) found that radia tive heat was 

the most important source during the summer, with latent and sensible heat between 
them comprising the majority of the rest of the energy. 

Glacier dynamics 

There are three mechanisms that contribute to the overall motion of a glac ier (Figure 
15.7) . T hese are quas i-v iscous deformat ion , or creep; basa l slid ing; and subglacial 
sediment deformation . T he relative importance of these three mechanisms varies 
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Figure 15.5 Ternary diagram illustrating the contributions of various types of energy to total glacier melt in 
different environments. Glaciers in area A of the diagram are mainly high latitude and high altitude, those in area B 
have a wide geographical scatter, and those in area C are mainly coastal high-latitude glaciers. (After Andrews 1975) 

Figure 15.6 Energy balance components at a measurement site on the surface of the lower part of the ablation 
area of the Franz Josef Glacier. (Marcus et al. 1985) 

significantly, depending predominantly on the glacier's thermal regime and the nature 
of its substrate. In particular, if the glacier is cold , then sliding is likely to be less sig

nificant than in temperate glaciers where there is a significant supply of meltwater to 

the bed. Also, if subglacial sed iment is not present, then clearly subglacial sed iment 
deformation can not contribute to flow. Creep deformation is the ubiquitous flow 

mechanism that occurs in all glaciers at all temperatures, albeit at different rates. 
These mechanisms combine in their various proportions to produce the observed 
downslope ice velocity. In temperate valley glaciers, typical surface velocities vary 

from tens to hundreds of metres per year. 

Creep deformation 

Ice is a crysta lline solid near its melting point. Its rheology is such that it deforms in a 
way that is intermediate between perfectly plas tic and linearly viscous behaviour (Fig
ure 15.8). This kind of behaviour is referred to as 'power law flow' . In particular, the 

deformation of polycrystalline ice has been shown to obey a law of the form: 

E= A-rll 

where £ is the rate of deformation, 't is the applied stress, and A and n are constants. 

This relationship is know as Glen's Flow Law. The value of 11 is generally taken to be 
3, and it is this value that determines the rate at which deformation increases with 
stress. The value of A depends on a range of characteristics of the ice and its env iron

ment, including ice temperature, water content, impurity (solid and ionic) contept, 
and crystal size and or ientation. The shear stress can be determined in glaciers by 
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Figure 15.7 Vertical velocity distributions 
associated with various glacier motion mechanisms, 
indicated by the schematic displacement of an initially 
vertical line (a-b) during motion. In each case, 
c indicates the total surface displacement; c-d (c-a in 
(a)) indicates the component of displacement due to 
creep; e-d indicates the component of displacement 
due to sliding; and g-f indicates the component of 
displacement due to subglacial deformation. (After 
Bennet and Glasser 1996) 
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Figure 15.8 A schematic diagram illustrating the 
stress-strain behaviour for materials with various 
rheology. 
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Figure 15.9 Comparison of (a) velocity distribution 
measured in a cross-section of the Athabasca Glacier 
using borehole inclinometry (Raymond 197 1), and (b) 
ve locity distribution predicted by Nye's theory for the 
same cross-section. Velocity distribution is shown as 
contours of longitudinal velocity in m yr' I. (Paterson 
1994) 

resolution of the weight of the glacier into its bed-parallel and bed-normal compo

nents, and its value is a function of the thickness of the ice above a given point, and 
the slope of the surface. The shear stress on the bed of the glacier, or the basal shear 
stress, rb, is given by: 

where p is the density of ice, g is acceleration due to grav ity, h is the depth of the ice, 
and a is the surface slope. In the 1950s John Nye developed a theory for glacier flow 
(Nye 1965) based on Glen's Flow Law. Comparison of predictions of velocity based on 
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Nye's theory with actual field measurements of velocity in a glacier cross section (Fig
ure 15.9) shows that, in general, Nye's theory pred icts the overall pattern of veloc ity 

relatively well. It does not do a good job, however, of predicting the decrease of veloc ity 
towards the margins of the cross-section, which is more rapid than Nye's theory sug
gests, and can not produce good predict ions when ve loc ity contours intersect the bed; 

that is, when sliding is variable across the perimeter of the cross-section. 
As ind icated above, the velocit ies achieved by creep deformation depend on the 

ice thickness and surface slope. The nature of the variat ion of these two variables in a 

glacier is such that they tend to offset each other, in that thicker areas of the glac ier 
have smaller slopes, and vice versa. 

Basal sliding 

Weertman developed a theory of glacier sliding in the 1950s (Weertman 1957) in 

which he suggested that ice moves across the bed ('slides') by a combination of 
enhanced creep deformation around large protuberances at the bed as a result of 

enhanced stresses, and melting and refreezing of ice around protuberances sufficiently 
small to enable heat to be conducted through them on suitable time sca les. He 
referred to this second mechanism as regelation. Subsequent field observations con

firmed that these two postulated mechanisms did indeed occur, and that of the two, 
regelation was by far the most important (Kamb & LaChape lle 1964) . 

More recent field observations involving measurement of subglac ial water pres

sures have shown that rates of sliding are closely linked to the pressure of water fo und 
at the bed of the glac ier in the .subglacial hydro logical system, such that the lower the 
effective pressure on the bed (effective pressure = weight of overlying ice - basal water 
pressure), the greater the siding rate (Iken & Bindschad ler 1986). At present , the 

detailed phys ical operation of sliding is still not fully understood. Where it is necessary 
to calculate sliding velocity, an empirical relationship is generally used in which slid
ing velocity is taken to be proportional to the amount of shear stress acting on the bed 

(see the prev ious equation), and inversely proportional to the amount of effective 
pressure. The sliding ve loc ity also depends on the roughness of thoe bed , with rougher 
beds generating more friction and smaller sliding ve locities. The overall form of the 

relationship is as fo llows: 

where Ub is sliding velocity, 'rb is the basal shear stress (described in the previous 
equation), N is the effective normal pressure on the bed, p and q are empirical con

stants defining the relationship, and k is a constant that depends primarily on bed 
roughness. 

Sliding can be highly significant in glacier flow (Table 15 .2), especially where 
there is an abundant supply of meltwater and steep slope, such as in temperate valley 
glac iers. There have been no studies specifically addressing the issue of slid ing in New 

Zealand glaciers. However, it is clear that sliding contributes significantly to ve locit ies 
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Table 15.2 Glacier sliding velocity as proportion of total surface velocity at various glaciers. 

Glacier, country 

Aletsch, Switzerland 
Athabasca, Canada 
Blue, USA 
Variegated, USA 
Osterdalsisen, Norway 

Fr-om data in Paterson (1994) 

Proportion of surface velocity 
achieved by basal sliding % 

50 
10-87 
3-90 

53- 95 
65 

of up to 2.5 m day-l measured on the Fox and Franz Josef G lac iers (Gunn 1964; 

Lawson unpub. data), and a study in progress at the Brewster Glacier in the Haast Pass 
aims to establish what proport ion of the measured velocit ies of a few centimetres per 

day is due to sliding (Lawson & Owens, in prep.) . 

Subglacial sediment deformation 

Sediment beneath a glacier can deform in response to the overburden stress exerted by 
the weight of the ice, and its deformation can contribute to the net downslope motion 
of the glacier. The rheology and behaviour of subglacial sediment is still not well 

understood , but it depends on the cohesion and friction properties of the sediment 
itself. T he behaviour of subglacial sediment is highly dependent on the pressure of 
water in the pores of the sediment, since, as in other granular materials under stress, 

high water pressure weakens the bulk strength of the material. In general terms, sub
glacial sediment can be treated as a plastic material (see Figure 15.8); th at is, a mater
ial that experiences no deformation at stresses lower than at a certain critica l stress. 

This critical stress defines the strength of the material. In the case of subglac ial sedi
ment, the strength under sh ear stress can be characterised by what is known as the 

Mohr-Coulomb relation, as fo llows: 

where 1:0 is the shear strength (or yield shear stress) , c is the cohes ion, N is the 
effective pressure, and tan ¢ is the coeffic ient of internal friction. (This equation is 
presented in slightly different form in Chapter 13.) At stresses lower than 1:0 , no 
deformation occurs. At shear stresses greater than the shear strength, deformation 

occurs such that: 

E=B 

where E is the rate of deformation, 1: is the applied shear stress , and B, a and bare 
constants whose values depend on the properties of the sediment. The property that is 



280 The Geomorphic Environment 

most significant in determining the behaviour of the sediment is the grain-size distrib
ution of the sediment. 

Appreciation of the potential significance of subglacial sed iment deformation for 
glacier motion is a relatively recent but highly significant development in glaciology 
(Boulton 1986). To date , no work has been done in New Zealand address ing this issue. 

However, the abundant supply of sediment derived from weathering of the Southern 
A lps suggests that subglac ial sediment deformation may be a sign ificant process for 
New Zealand glaciers. 

Glacier-landscape interactions 

Glacial erosion 

The main processes of glacial eros ion are usually divided into three groups: abrasion, 
plucking or quarrying, and glac ial meltwater eros ion. 

Abrasion is achieved by ice containing debris overriding rock. The contact 

between the particles in the ice and the rock produces fine-grained sediment. The 
main controls of abrasion are the relative hardness of the rock, velocity of the ice, the 
concentration of debris in the ice, and the basal contact pressure. Two alternat ive 

views of abrasion are expressed in the Boulton and Hallet abrasion models (Bennett & 
G lasser 1996). In the Boulton model, the rate of abras ion is largely controlled by the 
basal contact pressure, which is exerted by the normal load of the ice less the basal 

water pressure. If the ve locity is constant, then as effective pressure increases, the rate 
of abras ion increases. As the effective load continues to increase, the friction between 

the particle increases and the particle velocity will decrease, thereby producing a 
decrease in abrasion. The Hallet model of abrasion is built on the theory that particles 
in the ice do not support the normal pressure because the ice wi ll flow around the par
ticles, which will be surrounded by ice. In these circumstances Hallet (1979 ) argued 

that the abrasion rate is determined by the velocity of the particle toward the bed, 
which in turn depends on the rate of basal melting and the presence of extending 
(velocity increas ing downglacier) flow. 

The second important process of glacial eros ion is plucking, which is the removal 
of blocks or fragments from the glacier bed as ice freezes around the block and forms an 
adhesive bond between it and the flowing ice. This process is also called quarrying 

and involves two distinct steps: fracturing or crushing of the bed, and entrainment of 
the fractured or crushed material. The magnitude of forces at the beds of glaciers are 
usually too low to produce crushing and fracturing, although it has been suggested that 
glaciers may generate cracks by alternate loading and unloading associated with 

glaciation and deglaciation, exploitation of pre-existing frac tures, and/or frost wedg
ing, which requires temperatures fluctuating near the pressure melting point. 

The third main mechanism of glacial erosion is associated with meltwater activity 
within or at the bed of a glac ier. Meltwater erosion includes mechanical erosion 

processes (abras ion and cavitation) and chemical eros ion as described in C hapter 13 . 
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Our ex isting knowledge of glacial erosion processes suggest that there is a close 
association of erosion rates with basal thermal regime. Erosion is likely to be most 

effective where ice is warm-based and there are consequently high rates of basal melt
ing, basal sliding, and possibly subglacial sediment deformation. Cold-based ice is 
likely to be associated with limited abras ion and some plucking. Fluctuations around 

the pressure melting point are likely to lead to efficient entrainment and high debris 
concentrations in basa l ice. 

The erosion processes described above produce a wide varie ty of landforms that 

span a considerable range of spatial scales and can be divided into three landscape 
units: one associated with areal scouring, another associated with linear ice sheet ero
sion, and one produced by valley glaciers (Table 15.3 ). The most famili ar landscape in 

New Zealand is the glaciated valley landscape produced by valley glaciers eroding 
troughs (Figure 15.10) with characteristic over-deepened profiles , many of which are 
occupied by large finger lakes such as Wakatipu and Hawea, and fiords such as Milford 

Sound, where the troughs have been inundated by rising sea levels. 

Classification of glacial erosional landforms. 

Process 

Unconfined 
ice flow 

Morphology 

Streamlined 

Landform 

Areal scouring I 

Glaciated valley 
Fjord 

Hanging Valley 
Watershed breach 

Whale back 
Groove 
P-forms 

Striations 
Polished surfaces --

Channelled Part streamlined Trough head 
ice flow Rock step 

Cirque 
Col 

Roche moutonnee 
Reigel 

Crushing Non-streamlined Lunate fracture 

Frost 
shattering 

Residual 

From Hambrey (1994) 

Crescentic gouge 
Crescentic fracture 

Chattermark 

Arete 
Horn 

Nunatak 
I 

" 3 
3 

Entrainment and transportation 

3 
3 

Scale 

------
----------------------

I I I 

c: ~ 

3 ~ 
~ 

~ 
~ 

0 0 0 
3 () 3 0 3 " 3 3 3 

I 

~ 
0 

'3 

I 
• 

Entrainment is the process of incorporation or picking-up of material. A lthough 
entrainment is different fro m eros ion, the process of plucking has an entra inment 
element, and erosion processes only remain efficient if the products of erosion are 
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Figure 15.10 The Siberia Valley in the Southern Alps, a steep-s ided trough eroded by a valley glacier. Note the 
valley-side fans that have formed after glaciation. 

transported away from the site of eros ion. The two locations for entra inment are sub
glacial, which leads to the development of the distinctive debris-bearing ice known as 
basal ice or the basal debris zone; and in a supraglacial position, which results in mate

rial being transported within or on top of glaciers. Basal entrainment may occur as 
water and/or sediment is frozen on to the bed through a variety of mechanisms (Ben
nett & Glasser 1996), particles become surrounded by ice and are mobilised, and 

thrust planes develop within basal ice and the glacier substrate. 
If material from valley walls and peaks that project above the ice surface accumu

lates on glaciers above the equilibrium line, the debris wi ll be buried by accumulating 

snow and transported in an englacial position (Figure 15.11). If this material accumu
lates below the equilibrium line, it remains on the surface of the glacier in a 

Ablation area 

Supraglacially derived debris 
remains on surface 

Marginal zone of compression. 
Some debris from basal transport 

zone moved to higher level 

Ablation area 

Supraglacially derived debris 
Iran sported englacially above basal 

transport zone 

Supglacially eroded debris 
tends to remain in basal 

transport zone 

Figure 15.1 I Debris transport paths through a glacier. (Boulton 1978) 

Supraglacially 
derived debris 

I descends into I 
basal transport I 
zone 

Basal Iran sport zone 
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Figure 15.12 Debris-covered terminus of the Tasman Glacier. The large morainal lake has grown rapidly since 
1960. This photograph was taken in January 1992. following a large rock ava lanche from Aoraki/Mt Cook (the high. 
flat-topped peak in centre left) fell onto the surface of the glacier. (T. J. Chinn) 

supraglacial position. Material from the basa l zone may become elevated into an 
englacial or supraglacial pos ition if folds or thrust planes develop in the glacier, as is 

common in the zone of compressive flow associated with the termini of glaciers (Fig
ure 15.11). In the Southern A lps, the lower parts of several glaciers on the eastern side 
of the divide are debris-covered because of rock avalanches from the valley sides. A 

good example of this process is the debris ava lanche that occurred on the northern 
face of Aoraki /Mt Cook on 14 December 1991 (Figure 15.12). The rock ava lanche 
involved approx imately 14 million m3 of rock, which flowed across the Tasman G lac

ier and up to 70 m above the glacier on the oppos ite wall of the valley (Chinn et al. 
1992). 

Glacial deposition 

Deposition of glacia lly eroded and transported material can occur in a wide var iety of 
ways that combine to produce highly complex depositiona l environments. Debris that 

is deposited directly from glacier ice is termed till. Till is a term that is used for deposits 
released by ice that have not been disaggregated, although they may have flowed . 
T hree main depositional processes can be identified: lodgement, melt-out, and subli

mation. Lodgement occurs at the base of glaciers where the frictional drag of a particle 
in the basal zone against the substrate exceeds the shear force of the moving ice and 
the particle ceases to move. Melt-out is the release of materia l held within ice by melt

ing of the surrounding ice matrix, and may occur in subglacial or a supraglacial posi
tion. Sublimation involves the release of material as a consequence of the transfer of 
ice to a vapour without a liquid phase and is only likely to occur in very cold arid envi
ronments. A fourth group of processes that can be added to these is glaciotectonic 

deformation, which involves the deformation of subglacial and proglacial sediments 
as the stress exerted by a glacier exceeds the strength of adjacen t sed iments. On the 
basis of these processes and the position of deposition, six types of t ill defined by their 
mode and environment of genesis can be identified (Table 15.4). 
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Table 15.4 Genetic till classification. 

Table 15.5 

Till type Process 

Drag, cavity fill 
Melt of intersitial ice 
Melt of intersitial ice 

Position of deposition 

Lodgement 
Subglacial melt-out 
Supraglacial melt-out 
Deformation 
Flow 
Sublimation 

Glaciotectonic deformation of substrate 
Saturation and mass movement 
Sublimation of intersitial ice 

Subglacial 
Subglacial 
Subglacial 
Subglacial 
Supraglacial 
Supraglacial 

Depositional landforms that have been generated by glaciers are called moraines. 
A useful classification of moraines is based on their orientation with respect to the 
d irection of ice flow (Table 15.5) . Moraines that are generally para llel to ice flow 
include ground moraine, which may be fluted (a negative relief feature) or drum

linised (a positive re lief feature). Drumlins, which are streamlined sediment with a 
blunt upstream end, tend to occur in groups. Crag and tail ridges consist of blocks of 
rock with a tail of debr is in its lee side. The forms described above are glacial bedforms 

usually associated with ice sheets, and are rare ly associated with valley glac iers. Lat
eral and medial moraines are deposited at the lateral margins of valley glac iers and 
downstream from the confluences of valley glaciers. The best-known moraines that 

are transverse to ice flow are end moraines, which form at the termini of glaciers 
through a variety of processes, including dumping of material from an ice front and 
accumulation of glaciofluvial and glaciolacustrine sediment adjacent to ice margins. 

Lateral and end moraines are readily recognisable in many areas of the South Island, 
such as the Tasman Valley, where Late Pleistocene advances of the Tasman Glacier 
flowed just south of Lake Pukaki leaving three distinctive belts of moraines named the 

Balmoral, Mt John, and Tekapo Formations. Push moraines are a group of landforms 
that are produced by the bu lldozing of proglacial sediments and are therefore distinct 
from end moraines because they are structural rather than constructional landforms. 
Rogen and De Geer moraines are forms thought to be associated with subglacial 

Classificat ion of glacial landforms based on their relationship to ice flow direction. 

Parallel to ice ~ow Transverse to ice ~ow 

Streamlined subglacial forms Subglacial forms 
Fluted, drumlinized ground moraine Rogen moraine 
Drumlins and drumlinoid ridges De Geer or 

Crag and tail ridges 
washboard moraines 

Subglacial thrust moraines 

Lacking a consistent orientation 

Subglacial forms 
Low-relief ground moraine 
Hummocky ground moraine 

Ice-pressed forms 
Longitudinal squeezed ridges 

Ice-pressed forms Ice-pressed forms 
Transverse squeezed ridges Random or 

Ice marginal forms 
Lateral and medial mOl'aines 
Interlobate and kame mOI-aines 

Ice marginal forms 
End moraines 
Push moraines 

Based on Sugden and John (1976) after Prest (1968). 

recti linear squeezed I'idges 

Ice surface forms 
Disintegration moraines 
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shearing, the latter are generally smaller and assoc iated with lakes. Subglacial forms 
that lack a consistent orientation consist of sheets of till that generally have low-relief 
elements that lack the linear arrangements of other subglacial forms. lee surface forms 

that lack a consistent orientation are generally referred to as disintegration moraines, 
or dead-ice topography, because an accumulating blanket of supraglacial material has 
been progressively disturbed by ablation of the underlying ice, which tends to destroy 

any linear forms. 

Periglacial systems 

The term periglacial was originally used to designate areas around the extensive glac
iers that occurred in the Northern Hemisphere during glaciations. More recently the 
term has been used as an umbrella term for processes and landforms associated with 
very cold climates but not covered with permanent snow or ice. These occur mainly in 

high-latitude areas of the Northern Hemisphere and small areas of the Southern 
Hemisphere, and in high-altitude areas. 

An important component of periglacial areas is permanently frozen ground (per
mafrost), the behaviour of which controls the geomorphology. Features associated 

with a permafrost environment are an active layer than thaws and freezes seasonally; 
the permafrost table, which is the boundary between the permafrost and the active 

layer; and taliks, which are unfrozen pockets within or adjacent to the permafrost 
(Figure 15.13). 

Permafrost table-

Permafrost 

Closed talik --,--~~ 

Sub·permafrost talik 

Figure 15.13 Features associated with permafrost. 

Periglacial processes 

Active layer 

Open (sub· 
permafrost) talik 

Freezing and thawing underlie many of the important geomorphological processes in 
periglacial areas. Frost weathering, which was described in Chapter 13, is driven by 
the 9% volume expansion associated with freezing of water, which can lead to shatter
ing of rock into characteristic angular fragments. Heaving and thrusting are vertical 

and horizontal movements of material associated with the formation of ice and are 
often difficult to distinguish because they generally occur together. Frost cracking is a 
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process associated with the development of thermal contraction fractures at very low 
temperatures and often results in polygonal arrays of cracks. Cracks can be exploited 

by frost wedging, which is the prying of so il and rock as water freezes in cracks and 
generates cryostatic stress in the material adjacent to the crack. A group of processes 
that are respons ible for progress ive sorting of fine and coarse material are co llective ly 

named frost sorting. Washburn (1979) suggested that the two main mechanisms 
responsible for frost sorting are frost pull and frost push. Frost pull occurs where coarse 
and fine particles are heaved during freezing, and as they thaw, the fine particles co l

lapse around and therefore support the larger particles. Over many freeze-thaw cycles 
the coarse material is ejected from the soils and supported by finer materia l. The frost 
push hypothesis is based on the observation that stones are better conductors than 
so il, therefore cool more rapidly and ice forms their margins first , thereby heaving 

them upwards. Thawing occurs around the margin of the stone first when the ,area 
beneath the stone is still frozen. Consequently the material around the stone collapses 
first and the stone cannot return to its original pos ition. Other geomorphological 

processes described in this book such as mass movement processes (Chapter 13) and 
fluvial processes (Chapter 14) may take on a different character in periglacial areas. 
For example, two forms of mass movements that are likely to be particularly important 

are frost creep and solifluction. Solifluction that involves the seasonal thawing of 
ground is often termed gelifluction and is particularly effective because water released 
in the summer thaw is unable to drain into the frozen substrate, thereby producing 

high pore water pressures that may result in fluidisation. For similar reasons, the 
hydrology and fluvial processes in periglacial areas take on a different form of opera
tion, characterised by highly seasonal disch arge regimes and spring floods. 

Periglacial landforms 

One of the most distinctive features of permafrost environments are well-developed 

geometric patterns in the ground known as patterned ground that are generated by a 
combination of the freeze-thaw processes described above. Washburn (1979) sug
gested that five characteristic forms are recognisable in patterned ground, all of which 

have sorted and non-sorted varieties (Table 15.6 ). Figure 15.14 shows patterned 
ground on the floor of the Taylor Valley in Antarctica where the patterning consists of 
sorted polygons about 5 m in diameter. 

Ice wedges are wedge-shaped intrusions of ice that penetrate soil and poorly con
solidated rock. They have a planform that is polygonal and forms a distinctive form of 
patterned ground (Figure 15.14). Frost cracking followed by ice wedging appear to be 
the most important processes in their formation . Large ice-cored mounds known as 

pingos have been described in the Arctic, where mechanisms of formation are recog
nised. Closed-system pingos form where a surface talik, which can be generated by 
lake infilling or drainage , free zes from above and below, trapping a body of water that 

expands as it freezes and domes the overlying sediment. Open-system pingos form 
when groundwater that has flowed through the permafrost freezes near the surface 
thereby generating hydrostatic and cryostatic pressure that causes doming. T his type 
of pingo requires that a talik extends through the permafrost to permit groundwater 
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Figure 15.14 Oblique aerial photograph of patterned ground in the TaylorVall ey. Dry Valleys. Antarctica.The 
foregrou nd is the frozen surface of Lake Popplewell. 

Table 15.6 A simple classification of patterned ground. 

Type 

Circles 

Polygons 

Nets 

Steps 
Str-ipes 

Characteristics 

Occur' singly or in groups. 0.5- 3 m in diameter~ frequently border-ed with stones. 
Occur in polar' and alpine environments. not necessarily restricted to per-mafrost 
areas. 
Non-sorted polygons ar'e < I m to > 100 m wide and are marked by furTows or 
cracks. Sorted polygons ar-e no mor-e than 10m wide. stones form the border~ and 
finer mater'ia l r'ests inside the polygon. 
Tr'ansitional form between circles and polygons. usually <2 m wide. Fr'equently occur 
as ear'th hummocks surrounded by a ring of vegetation. 
Found on slopes either fo llowing contours or as downslope lobes. 
Found on steeper slopes. Sorted str'ipes consist of stripes of coarse and fi ne material. 
Non-sorted stripes ar'e char'acterised by downslope troughs frequently occupied by 
vegetation. 

Based on Summeriield ( 1991 ) from Washbur-n ( 1979) 

flow. Palsas are small « 10 m high) ice-cored mounds that develop in bogs. Abla tion 
of ground ice leads to the development of irregular depressions that usually form small 

ponds and are collectively called a thermokarst landscape because of the superficial 
similarity to solution landscapes described in Chapter 17. Rock glaciers are large 
lobate features composed of angular boulders that have been div ided into ice-cored 

forms, which contain an ice core and a coating of rock debris, and those that consist of 
a mixture of rock and debris (ice-cemented). They are known in the polar and subpo
lar regions, as we ll as in high mountains of mid-latitude areas, and there has been a 

great deal of debate about their origin and movement mechanics. 

Glaciers and landscape change 

Despite over 150 years of research we have not been able to determine whether 
glaciated basins experience higher rates of erosion than non-glaciated basins. One of 
the problems in such comparisons is that direct comparison of fluvial and glac ial ero

sion is likely to be misleading because glacial erosion and transportation involves a 
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su ite of environmental controls as described above (Goudie 1995). However, in a 
recent review of rates of glacia l erosion Hallet et al. (1996) state that effective annual 
rates of glacia l erosion range from 0.01 mm for polar glaciers to 10-100 mm for large 

fast-flowing glaciers in southeast A laska. By comparing sediment yie lds from glaciated 
and non-glaciated basins, they suggest that climat ic conditions favourable for the 
expansion of temperate valley glaciers are conducive to increases in mechanical and 

chemical denudation rates. In New Zealand, Hicks et al. (1996) examined 12 
glaciated and glacier-free catchments in the Southern Alps and concluded that the 
highly variable sediment yields that ranged from 1 to 10 m yr- 1 primarily reflected 

local precipitation. Models of landscape evolution developed for the Southern Alps by 
Adams (1985) and Whitehouse (1988) have also suggested that the primary correlate 

of erosion rates is rainfall, and that glaciation plays and has played a minor role . This 
work is supported by studies of sediment yields of many of the major rivers draining 
the Southern A lps (see Chapter 13). However, several researchers, including Church 

(1972), have suggested that sediment yields in glaciated basins bear no relationship to 
contemporary rates of erosion. Church and Ryder (1972) have argued that the period 
following deglaciation is characterised by elevated sediment yields as easily trans

ported glacigenic sed iments are mobilised. They called this period of high sediment 
yields the 'paraglacial' period, and Church and Slaymaker (1989) have argued that 
this process may produce a disequilibrium in sediment yields that may last for tens of 

thousands of years. These ideas have not yet been evaluated in the Southern Alps. 

Quaternary climatic change 

Examination of the landscape of the Southern A lps demonstrates that the mountains 
have experienced multiple glaciation, recorded by the large glacially eroded troughs 

and multiple belts of lateral and end moraines that lie well beyond the present glaci
ers. The longest continuous record of glaciation of the Southern Alps comes from a 
core drilled from the sea flooi' about 300 km offshore of the east coast of the South 

Island. This site, known as Deep Sea Drilling Programme (DSDP) site 594, consists of 
alternating layers of pelagic sediment derived from free-swimming marine organisms 
and hemipelagic deposits that consist in part of sediments derived from the Southern 

Alps (Nelson et al. 1985). Analysis of the top 100 m of the core has yielded an appar
ently uninterrupted record of sedimentation that records 12 major periods of alpine 
glaciation over the last 730000 years. In contrast, only six major periods of ice 

advance can be recognised in the terrestrial record of glaciation of the Southern A lps 
(Table 15.7). The two oldest reconstructed ice advances, the Ross and Porika glacia
tions, which are known from evidence in South Westland and Nelson, are thought to 
have occurred before the Pleistocene in the late Pliocene. The next four glaciations 
are the Nemona, Waimaunga, Waimea, and Otira, which occurred in the middle and 

late Pleistocene and are best known in north Westland (Suggate 1990). Comparison 
of the terrestrial model of glaciation with information from DSDP site 594 suggests 
that the 1.75-million-year gap between the late Pliocene and middle Pleistocene 

glaciations suggests much of the terrestrial evidence of glaciation is miss ing. This gap 
in the record has been attributed to the combined effects of uplift of the Southern 



Table 15.7 Late Cenozoic glaciations of the Southe rn Alps. 

Glaciation 

Otira 

Waimea 
Waimaunga 
Nemona 
Porika 
Ross 

Based on Suggate (1990) 
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Approximate age (thousands of years BP) 

14-16 
18 
64-75 
128-195 
25 1- 297 
347-367 
1200-2100 
2400-2600 

A lps and erosion. However, recent applications of uranium series and palaeomagnetic 
dating have suggested that at least some of the depos its thought to be middle Pleis
tocene in age are much older and are likely to lie within the gap in the terrestrial 
record (McSaveney et al. 1992; Fitzsimons et al. 1996). 

Summary 

This chapter has focused on the processes associated with glac iers and their interac
tions with landscape. Glacier mass and energy balances were described in some detail. 
Accumulation and ablat ion processes were outl ined, together with the main environ

mental contro lling factors-particu larly that of cl imate. Indeed, the link between 
glac ier mass ba lance and climate means that glac iers are very useful ind icators of 
global and local climate change. G lacier dynamics were then described, with a discus

sion of the three mechanisms (creep, basal slid ing, and subglacial sediment deforma
tion) that contribute to motion of glaciers. 

The chapter continued by discussing glacier-landscape interactions such as the 
processes of glacial erosion, entra inment and transportation , and glacial deposition, 
together with the resulting landforms. Then there was consideration of periglac ial sys

tems, including a discuss ion of periglacial processes and a descript ion of periglac ial 
landforms. The final section concerned glac iers and landscape change with a compar
ison of sediment yields for glac iated and non-glac iated basins, and a discuss ion of Q ua

ternary climatic change in the Southern Alps of New Zealand. The paucity of research 
on New Zealand glaciers and hence the need for more study is highlighted throughout 
the chapter. 
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