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'Greot God! this is an awful place.,
The South pole, RobertFalcon Scott, Journal, 19i2
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It appear.s that roughly every 200_250 million
years in the Earth,s history there have been major
periods of ice activity (Figure 4.1). Of these, the
most recent and significant occurred during

Figure 4.1

A chronology of ice

ages (in bold)

the Pleistocene epoch of the euaternary period
(Figure 1.1). In the 2 million years since the
of the Quaternary, the time subject to most
interest and scientitic research, there have been
fluctuations in global temperature of up to l0"C
which have led to cold phases (glacials) and
phases (interglacials). Recent analyses of both
ocean floor and Antarctic ice cores (piaces 14)
confirm that over the last 750 000 vears the I
has experienced eight ice ages (glacials)
by eight interglacials (Figur.e '1.2).
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it is estimated that it covered 30 per cent of the L
Earth's land surface (compared with some 10 perl

Figure 4.2

Generalised trends

in mean global

temperatures duÍing

the past 1 million years

cent today). However, its effect \,vas not only felri
in polar latitudes and mountainous areas, for
each time the ice aclvanced there was a change l
the global climatic belts (Figure 4.3). Only 1g 0ll
years ago/ at the time of the maximum advance
within the last glacial, ice covered Britain as far

south as the Bristol Channel, the Midlands and
Norfolk. The southern part of Britain experi_
enced tundra conditions (page 333), as did mosr

of F'rance.
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Althor.rgh it is accepted that climatic fluctuations
occur on a variety of timescales, as yet there is
no single explanation for the onset of major ice
ages ol for Íiuctuations within each ice age. The
most feasible of theories to date is that of Milutin
Milankovitch, mathematician/astronomer.
Bet\ /een 7912 and 19'{1, he perfor.med exhaus.
tive calculations which show that the Earth,s
position in space, its ti]t and íts orbit aroun<] the
Sun all change. These changes, he claimed, affect
incoming radiation from the Sun and produce
three main cycles of 100000, 40000 and 21000
thousand years (Figure 4.6). His theory, and the
timescale of each cycle, has been given conslder_
able support by evidence gained, since the mio_
1970s, from ocean floor cores. As yet, although
the relationship appears to have been established,
it is not known precisely how these celestial
cycles relate to climatic change.
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Othcl suggestions hat'e bcen made as to the
causes of ice ages. Soule of these processes are

liliel.v to act in combination (l)laccs 14) and ntay
r,r'ell anl pl ify M i l a nkor,i tch,s r'ariatíon s.
I Variations in sunspot actirrity lnay incrcase or

decrease the amount of ladiation receivcd by
thc Earth.

r Injc'ctions of volcanic clust into the atmos-
phere can reflect and absorb radiation from
the Sun (page 207 anct Figurc 1.'18).

I Changes in atmospheric carbon clioxicle
gas could ilcccntuatc tl-re greenhouse effect
(Case Stucl), 9B). Initially extta COr traps

heat in the atmosphcre, pctssibly taising
r,i'orld tempe ratures by an estirnated 3'C. In

time, some of this CO, lvill be absorbed by
thc seas, rcducing the amount renlainin5J it.t

the atmosphere and causing a drop in wotld
temperaturcs and the onset of another ice age

(Figure 4.5).
I 'fhe movcrnent of plates - citl'rer into colder

latituclcs or at constructive margins, wherc
there is an íncte.ase ín altittrcle _ coulcl lead tcl

an overall clrop in wolld land temperatutes.
r Changes in ocean currents (page 211) ot iet

Stťeams (page 227).
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lfntarctiea and

Antarctica
In '1988, the Russians announced the first results
of a five-year drilling experiment in Antarctica
in which they extracted ice cores descending
downwards through the ice sheet for nearly 2 km.
Each core is a cylinder of ice I0 cm in diameter and
about 3 m Ín length.The cores show a succession
of rings, each of which is equivalent to the
accumulation of one year of snow (Figure 4.4). From
this, it was estimated that the ice at the bottom of
the core had been formed 1 60 000 ago.

ln 2004, the European Project for lce Coring in
Antarctica (EPICA) went deeper.The team, from ten
countries and including members of the former British
Antarctic Survey, produced a 3 km deep ice core that
contained, at it lowest point, snowfallfrom 740OOO
years ago.The consortium are still drilling and hope,
by 20 1 0, to reach base rock under the ice sheet and to
recover ice that fell as snow over 900 000 years ago.

Ana|ysÍs of the core showed hoW temperature has
changed in the past and how the concentration of
gases, mainly CO, and methane, and particles in the
atmosphere, have varied. Results confirmed that:

. there have been eight glacials in the last 750 000
years ano our present warm period is part ofan
interglacial that could Iast for at least another
15 000 years (although this could, without
evidence, be longer if globalwarming continues)

. there is a close link between temperature
change and the content ofCO, in the
atmosphere (Figure 4.5) and the last glacial
began when the CO, content was very low

. there have been several previous periods of
considerable global volcanic activity

. there is a likelihood of the Earth wobbling on its
axis causing Milankovitch's 21 million year cycle.

previous climatic change

level 2007 ---+

CO, concentration (Antarctic ice core)

150

'temperature change ('C)

r00 50
thousands of years ago

Fiqure 4.5

Greenfand,lgg&
Atmospheric (0, concentratilr

and temperature change

Two projects conducted from .l 
989 to ,l993 

collectecl
parallel cores of ice from two places 30 km apart in

the central part ofthe Greenland ice sheet. Each core

was over 2 km deep and has been shown to extencl
back 1 10 000 years. During that period snowfall
averaged 15 20 cm a year. At the same time as the

snow was being compressed into ice (page 105),

volcanic dust, wind-blown dust, sea salt, gases and

chemicals which were present in the atmosphere,
were trapped within the ice. The gases included two
types ofoxygen isotope, O-l 6 and O-l B (page 248).

The ratio between these two isotopes changes as

the proportion of globalwater bound up in the ice

changes (the amount of O- lB in the atmosphere
Increases as air temperature falls, and decreases
as atr temperatu re rises). The cha nging ratios from
the Greenland cores showed shoit-term and long-
term changes in temperature, and that rapid global
change is more the norm for the Earth's climate
than the stability and gradual adjustmenr that
was previously assumed. The recent ice core from
Antarctica dÍrectIy correIates,with an astoundíng
regularity'with the abrupt climate changes in both
polar areas. However, findings also suggest that as

Antarctica warms up, Greenland cools and, likewise,
wnen temperatures rise in Greenland, they fall in
Antarctica.This link suggests that the two icy regions
are connected by ocean currents in a bipolar seesaw
(Case Study 4).
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a the 100 000 year eccentřicity

The Earth's orbit stretches from being nearly circular to an
elliptical shape and back again in a cycle of about 95 000
years. During the Quaternary, the major glacial-interglacial
cycle was almost 100 000 years. Glacials occur when the orbil
is almost circular and interglacials when it is a more
elliotical shaoe.

! /' 5un

Earth: elliptical orbil

Earth: more circular orbit

vsolar radiationb the 40 000 year obliquity

A|though the tÍopics are set at 23.5"N and 23.5.5 to equate
with the angle ofthe Earth's tilt, in reality the Earth's axis
varies from its plane of oÍbit by between 2'l .5. and 24.5..When
the tilt increases, su m mers will become hotter a nd winters
colder, leading to conditions favouring interglacials.

c the 21 000 year precession

As the Earth slowly wobbles in space, its axis describes a

circ e once in every 2l 000 years.
1 At present,the orbit places the Earth closest to the Sun
in the northern hemisphere,s wínter and furthest away
In summer.This tends to make winters mild and summers
cool.These are ideal conditions for glacials to develop.
2 The position was in reverse 1 2 000 years ago, and this has
contributed to the onset of our current interqlacial.
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As the climate gets colder, more precipitation is
likely to be in the fonn of sno\v in winter and there
is less tirňe for that sno\^/ to melt in the shorter
summer. If the climate contínues to deteriorate,
sno\ i \ /i11 lie throughout the year forming a per-

manent snoM/ line - the ievel above which snow
will lie all year. In the northetn hemisphere, the
sno\,v line is at a lower altitude on north-tacing
slopes, as these receive less insolation than south-
facing slopes. The snow line is also lower nealer to
the poles and hlgher neaÍel to the Equator: it is at

sea'level in northeln Greenland; at about 1500 m
in southern Norway; at 3000 m in the Alps; and
at 6000 m at the Equator. It is estimated that the
Cairngorms in Scotland would be sno\v-covered
all year had they been 200 m higher. In 2003 when
Sir Edmund Hillary revisited the base camp for his
1953 ascent of Mount Everest, he found the snow-
line had retreated uphill by B km in 50 years.

>un [,t

When snowflakes fall they have an open/
feathery appeaÍance/ ttap air and have a low
density. Where snow collects in hollows, it
becomes compressed by the weight of subsequent
falls and gradually develops into a more compact,
dense folm called firn or névé. Firn is compacted
snow which has experienced one winter's freezing
and survived a summer/s melting. It is composed
of randomly oriented ice crystals separated by air
passages. In temperate latitudes, such as in the
Alps, surnmer meltwater pelcolates into the firn
only to freeze either at night or during the fol-
lowing winter, thus forming an increasingly dense
mass. Air is progressively squeezed out and after
20-40 years the firn will have turned into solid
ice. This same process may take several hundred
years in Antarctica and Greenland where there is
no summer melting. Once ice has formed, it may
begln to flow downhill, under the force of gravity,
as a glacier.
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humid and cold inputs
snowfall

(low annual avalanches from
temperatures) valley sides

\:-.----.-..-

ACCUMULATION
(usually only in

winter)

snow line

zone of equilibrium

outputs
meltwater

transfers

(balance between rlvers

accumulationand directevaporatlon
ablation) from glacier

calving (icebergs on coast)

ABLATION
(usually only in summer)

4 Icecaps and ice sheets are huge areas ofice
which sptcacl out\,vards fi.om central domes,
Apart from exposecl sulnmits of high moun.
tains, callecl nunataks, the wl.role lanclscapr
is buriecl. Ice sheets, which once covered
much of northern F.urope and North r\merira
(Figure 4.3) ar.e now confined to Antarctica
(86 per cent of present-clay world ice) and
Greenland (1 1 per. cent).

5 Ice shelves folnt when ice sheets reach the
sea anci begin to float. Icebergs form when
ice breaks away, a process known as calving,

* i ;* I j,* * :l :{51,r* r,,,,:. rjl r"r tli * rj {ii {.:j,t {i
A glacier behaves as a system (Framewor.k 3, page
45), witir inputs, stoÍes, transt.els and outputs
(figure 4.7). Inpr,rts are clerived frorn snow falling
clirectly onto the glacieÍ or from avalanches along

valley sides (Case Study 4). 'fhe glacicr itself is
v/ater in stotage and transfer. Outputs from the
glacier system include evaporation, calving (the
fonnation of icebergs), and meltwater. streams
which Í]ow either on top of ol uncler the ice
during tire summer rnonths.

'l'he upper part of the glacier, where inputs
exceed outputs, is known as the zone of accu_
mulation; the lower part, lr,here outputs exceed
lnputs, is called the zone of ablation. l.he zone
of equilibrium is where thc rates of accumula-
tion and ablation are equal, and it corresponds
with the snow line (Figures 4.7 and 4.g).

The glacier budget, or net balance, is the cliÍ.
Íérence between the total accumulation and the
total ablation for onc year. In temperate glaciers
(page 108), there is likely to bc a negative balance in

sunlmer when ablation exceeds accumulation, and

a positive balance in winter when the reverse occur!
(Figurc 4.9). If the sumnleÍ and wintet budgets
cancel each other out, the glacier appears to be
stationaÍy. lt aitpears stationaly because the snout
- i.e. the encl of the glacier - is neither aclvancing
nol Íetleating, although ice frorn the accumulation
zone is stili ntoving down-valley into the abla-
tion zone. Because glacicrs are acutely aÍfected b1.

changes to inputs and outputs, they are sensitirrc
inclicators of climatic change, both short term ancl
long term.

Figure 4,7

The glacial system

showing inputs,

stores, transfe6
and outputs

Figure 4.8

The GigjókuIl qIacler,

lceland, showing the

zones ofaccumulation,

equilibrium (snow

line) and ablation
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Glaciers ma1. be classifiecl (Framework 7 , page 167)
accor:ding tct size and shape - characteristics that
are relatively easy to identify by ficlcl observation.
1 Conie or cirque glaciers are small masses of

ice occupying armchalr-shaped hollows in
mountains (Figure 4. 14).'fhey often overspill
fi'om their hollows to feecl valley glaciers.

2 Yalley glaciers are larger masscs of ice which
move down front either an icefield or a cilque
basin sourcc (Figurc 4.8). They usr,rally follow
tormer river courses and arc boundecl by steep
sides.

3 Piedmont glacicrs are formecl when valley
glaciers extend onto lowland areas, spreacl
out and merge.

r ncreast n g
amounts
of water

equivalenl

JFMAMJJASO
winter spring summer autumn

ND
winter

':ii

.i**:t

/\/\/\/\

106 Glaciation



Glaciers
Glaciers are composed of a mosaic of thermal types of ice and
most aÍe polytherma|'This means that they may be
predominantly'polar' or predominantly'temperatei based upon
the climatic conditions in which they occur and their size (e.9.

the base of the 'polar' Antarctic ice sheet is 'temperate'because
it traps huge amounts of geothermal heat).

Y
Glacier movement

Cold (polar) glaciers
Occur in very cold areas where no melting occurs and where
the relief is usually gentle, e.g. Greenland, Antarctica.The base
is much colder than the pressure melting point temperature
and so little or no melting occurs (Figure 4.1 1a).

I
I

Ý
Interna| í|ow

In very cold climates, the glacier will be frozen to its bed.Without
anyfriction or an increase in pressure there will be no melting.
Such glaciers may only move l -2 cm per day and erosion wil
be minimal (Figure 4.1 1b).

Creep

Temperate glaciers
occur in aÍeas With mi|der summers allowing me|ting to occuÍ,
and where the relief is steeper, e.g. the Alps, Norway.The base
of a temperate glacier is at about the same temperature as the
pressure melting point (Figure 4.1 1a).

,i?
Basal slippage (fl ow/sliding)

lf the glacier moves,there will be an increase in pressure and
friction with the bedrock.This will raise the temperature and the
basaI ice may melt.The resu|ting meltwater WiIl act as a IubÍicant
enabling the glacier to flow more rapidly (perhaps 2-3 m per
day),to pick up material (debris) and to erode its bed
(Figure 4.11b).

Extending and compressing flow Surges

These are the result of an excessive
build-up of subglacial meltwater
reservoirs (not, as stated in earller
editions of this book, by excessive
snowfalls in the accumulation zone).
In addition,they can occasionally
occur when rock avalanches fall onto
the glacier surface or, on even rarer
occasions, if triggered by an
earthquake. In a surge,the glacier
moves forward, perhaps by 300 m in
a day, an event which takes place in
some glaciers once in every 30 100
years. The surge may damage farms,
and sudden release of meltwater
can cause severe flooding.

_t

lce crystals orient themselves
in the direction oí the glacier,s
movement.This allows ice
crystals to slide past each other.
As the surface ice moves faster,
ara\/r(<p< mav darrolnn

(Figure 4.1 3). (This process can
aIso opeÍate Within temperate
glaciers.)

tigute 4.1 0

Processes ofglacier

m0vernent

lfthere is an obstacle in the path
of the glacier, pressure will
increase. As the stress builds up,
the ice behaves like plastic and
flows round or over the obstacle.
The Iower the temperature, the
greater the pressure needed to
allow this process to take place
and so it is less likely to occur in
cold glaclers.

crevasses (an important
source of basal debris)

I

s

As most temperate glaciers occupy
previously river-eroded valleys, their
initial velocity must have been
controlled by differences in the
gradient ofthose valleys.J.F. Nye
suggested that where there was a

reduction in the gradient of the
valley floor,the ice would decelerate
and become thicker. He called this
compressing flow.Where the valley
gradient steepened, the ice would
accelerate and become thinner:
eXtendín9 flow. Erosion is gÍeatest
where the ice is thickest (Figure
4.12c).

extending
flow

compressing flow
(maximum erosion)

ice thins extending
flowice thickens

steeper gradient
gradient lessens

gradient increases
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Figure 4,1 1

Comparison of
temperature and

velocity profiles in

polar and temperate

glaciers

* šm**er Ě"B.1 *v*ťtŤtr*tt m mď €**tt p*ratu r*
The character and movement of ice depend upon
whether it is warm or cold, which in turn depends
upon the pressure melting point (PMP). The
pressure melting point is the temperature at which
ice is on the verge of melting. A small increase in
pÍessuÍe can therefore cause melting. PMP is nor-
mally 0'C on the surface of a glacier, but it can be
lower within a glacier (due to an increase in pres-
sure caused by either the weight or the movement
of ice). In other words, as pressure increases, then
the freezing point for water falls below 0"C.

fu{rkrm grxďc*ťďf**
Warm ice has a temperature of around 0.C (pMp)
throughout its depth (Figure 4.11a) and conse-
quently is abie, especially in summer, to release
large amounts of meltwater. Temperatures in
cold ice are permanently below 0"C (pMp) and
so theÍe is vir.tually no meltwater (Figure 4'ILa).
It is the pÍesence of meltwater that facilitates the
movement of a glacier. Temperature is therefore
an alternative criterion to size or shape for use
when categorising glaciers - they may be either
temperate (mainly warm ice) or polar (mainly
cold ice) - Figure 4.10. Movement is much faster
in temperate glaciers where the presence of
meitwater acts as a h-rbricant and reduces fric-

tion (Figure 4.11b). It can take place by one of
four processes: basal flow (or slipping); creep;
extending-compressing fl ow; and surges
(Figure 4.10). Polal glaciers move less quickl1,as,
without the presence of meltwater, they tend to

be frozen to their beds. The main process here is

internal flow, although creep and extending-
compressing flow may also occur.

Both types of glacier move more rapidly on
the surface and away from their valley sides
(Figure 4.IZa and b), but it is the temperate
one that is the more likely to erode its bed and
to carry and deposit most material as moraine
(page 1 1 7). Recent research suggests that any
single glacier may exhibit, at different points
along its profile, the characteristics of both polaL

and temperate glaciers.
Movement is greatest:

r at the point of equilibrium - as this is where
the greatest volume of ice passes and conse.
quently where there is most eneÍgy avallable

I in areas with high precipitation and ablation
r in small glaciers, which respond more readilv

to short-term climatic fluctuations
r in temperate glaciers, where there is more

meltwater avaiiable, and
I in areas with steep gradients.

a Temperature profiles
Polar glacier

+'10 'C

surface of
glacier

increasing
depth (m)

base

Temperature at base of cold glacier is well below pMp.
Litt|e oÍ no me|twater beneath g|acier prevents it from
moving freely. Only under thickest parts of glaciers
in Antarctica does temperature exceed PMp to allow
melting and movement to occur.

b Velocity profiles
Polar glacier

depth (m)

0'c

- 
PMP (pressure melting point)

- 
annual temperature

W = winter surface temperature

s = summersurfacetemperature

On both graphs temperatures show an
increase with depth due to geothermal heat.

ice surface

Temperate glacier

+10 "C
surface of

glacier

base

Temperature at base of temperate glacier is
about the same as PMP. Meltwater beneath
glacier can either be permanenr or seasonat
allowing the glacier to move freely (less friction),

ice surface

base of glacier
(at pressure
melting point)

Temperate glacier

depth(m) | "*;;;-7-
I burutno* /

speed of flow
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a suřfaceve|o(ityof
a glacier

valley wall

b changes in velocity
with depth

0 10 20
m per year

c extending and compressing flow

extending Í|oW

bergschrund and
crevasses

extending flow

crevasses and seracs (ice-blocks or step
faults), '1 000 m/yr (Figure 4.1 3)
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because ofthe higher velocity
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Transportatiom by áee

Glaciers are capable of moving large quantities
of debris. This rock debris mav be transoorted in
one of three ways:
I Supraglacial debris is carried on the surface

of the glacier as lateral and medial moraine
(page 1 1 7). It consists of material that has
fallen onto the glacier fi'om the surrounding
valley sides. In summer, the relatively small
load canied by surface meltwater streams
often disappeaÍs do\Vn CrevasSes.

2 Englacial debris is material carried within the
body of the glacier. It may once have been on
the surface, only to be buried by later snow-
falls or to fall into cÍevasses (Figure 4.4).

3 Subglacial debris is moved along the floor
of the valley either by the ice or by melt-
ÝVatel stleams formed by pressure melting
(page 108).

ffi&meĚmš*ťffi$áeřŤ

Ice that is stationary or contains little debris
has limited erosive po\ /er, whereas moving ice
carrying with it much debris can drastically alter
the landscape. Although ice lacks the turbulence
and velocity of watet in a river, it has the 'advan-
tage' of being able to melt and refreeze in order
to overcome obstacles in its path (F'igure 4.10)
and consequently has the ability to lower (i.e.
erode) the landscape more quickly than can
running $/ater. Virtually a1l the glacial processes
of erosion are physical, as the climate tends to
be too cold for chemical reactions to operate
(Figure 2.10).

Glaciation 109



]..' ]'.i.' 1: r.'. :i ; ]].l ]] .i']' 1i] :i ii..! ii !.1 l l.i í!} i:] !.i:: }-.l

1 he processes associated lrrith glacial crosion arc:
frost shattcring, abrasion, plucking, rotational
movetnent, ancl extencling and compl.cssing
flow.

:;,,',i;,r, .f .:i,i.:,i! i lai r.'r:,;,.,;

This process (pagc 40) prtrduces much loose
inatclial w.hich t'r'ray fall from the vallel, sicles
onto thc- edges of the glacier-to form lateral
moraine, be coverecl by later- snowfalj, or.plurrgr
clown crevasses to be transpolted as englacial
dcbris. Sornc of this rnaterial mav bc adcled
to rock loosened by frost action as the clir.nate
cleteriorated (but beforc glaciers fornred) to folm
basal debris (page 112).

.|ii] i.i i.ťi.1:i{:'i.i

This is the sanclpaper.ir-rg eftcct of angular mat_
clial embedded in the glacier as it lubs against
the valley sidcs anci floor. It usually ploduces
smoothenecl, gently stoping lanclfor.rns.

;':i';,rl:r.:;,l,1 *
At its sirnplest, this proc-ess involves the glacieL
tleezing onto rock outcrops, aftel lrrhlch ice ntolt
ment pr-rlls away nlasses of rock. In realit1,,, as the

Strength of thc bcc]r.ocl( is gleateÍ tharr that of thL

ice, it woulcl seem that onlv pr.et,iouslv loosencd
matelial can lte tcnroved. \.4ater.ial mav be con-
titlr.ralIv loosened bv tlttc of three pÍocesses:
1 The rc.lationship betvveen local pressurc anrl

telripelat u Ic ( the PN,ÍP) pt.oc1 u ces s u fficj erlt
rne ltwatcr for freeze_thar,r, activity to brcah Ll

thc icc.-contact rock.
2 Water flotving down a bcrgschruncl {a laLgt

crcvasse-likc feature founcl near.the head ol

some glaciers - Figut-e .1.14b) or st.naller.cre.
vasses wlll later- fr.ecze onto trck surfaces,

.l Rernoval of layers of bcclrock by thc glaclcr
causes a release in pressur-c ancl an enlar.ginr
of joints in the unclcrlying r.ocks (pressuLe
release, page 4l).

Plucking gencrally creates a jaggecl_featurccl
landscape.

Figure 4.1 4

Processes in the

formation ofa cirque

a earlystagesof
glacial erosion

frost shatteÍing provides
a supply of loose
material

snow rema jns in hollow allyear,
hollow is enlarged by nivation

surlace thaws

rock debris removed by
meltwater stream or by
soIifluction Ín summer

in summer

b advanced stages
of glacial erosion

permanently frozen ground

1 frost shattering above glacier provides
morainic debris which falls onto top of glacier

5 meltwater flows down bergschrund
and crevasses to base oí glacier

Transportation of debris
X supraglacial debris (on top of glacier)
Y englacial debris (within the glacier)
Z basal debris (under the glacier, by

ice and meltwater)
A bergschrund and crevasses formed

as ice pulls away from the back wall
B crevasses
C dead ice and moraine

6a a pivot point for
rotational movement

3a plucking steepens the
back wall and adds to supply
of debris

zone of plucking 4 widening of joints
by pressure release
(exaggerates shape)

zone of abrasion

(Numbers refer to different glacial processes)

lormer supraglaciaI děbris ...
which has been covered
by later snowfalls Y

6b glacier has a

rotational movement
deepening its base

8 uneven floor due ,;
to extending and
compressing flow
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Figure 4.'15

AcirqueinWest

Wales ((ader ldris).

Thesteepwall

maintains its shape

asfreeze-thaw still

operates. Broken-off

material forms scree

which is beginning

to infill the lake,

which itselfhas been

dammed behind a

natural rock lip

ff ***p*í*ptery$ rm * w*r,m**t *

This is a downhill movement of ice which, like a

landslide (Figure 2.I7), pivots about a point. The
increase in pressure is responsible for the over-
deepening of a cirque floor (Figure 4.I4b).

#xř**e*fťm gl *?gsď ď#á??$sť#s$$ff # ff$w
Figures 4.10 and 4.12c show how this process
causes differences in the rate of erosion at the
base of a glacier.

Maximum erosion occuÍs:
I where temperatures fluctuate around 0'C,

allowing frequent freeze-thaw to operate
I in areas of jointed rocks which can be more

easily frost shattered
r where two tributary glaciers ioin, or the valley

narro\ /s, giving an increased depth of ice, and
I in steep mountainous regions in temperate

latitudes, where the velocity of the glacier is
greatest.

š-a xx ďť* rx"g3 $ p ř*# eé {** by 5 i* e€* * * ť* $& & *,t

ďxr6x*s
These are amphitheatre or armchair-shaped
hollows with a steep back wall and a rock basin
(Figure 4.15). They are also known as corries
(Scotland) and cwms (Wales - Figures 4.25
and 4.26).

During periglacial times (Chapter 5), before
the last glacial, snow collected in hollows,
especially on north-facing slopes. A series of
processes, collectively known as nivation and
which included freeze-thaw, solifluction and
possibly chemical weathering, operated under
and around the snow patch (Figure 4.14a). These
processes caused the underlying rocks to disin-
tegrate. The resultant debris u/as then removed
by summer meltwater streams to leave, in the
enlarged hollow, an embryo cirque. It has been
suggested that the overdeepening pÍocess might
need several periglacials or interglacials and

glacials in which to form. As the snow patch
greq its layers became increasingly compressed
to form firn and, eventually, ice (page 105).

It is accepted that several processes interact
to form a fully developed cirque (Figure 4.14b).
Plucking is one process responsible for steepening
the back wall, but this partly relies upon a supply
of water tbr freeze-thaw and partly upon pressure
release in well-jointed rocks. A rotational move-
ment, aided by \ /ater from pressure point melting
and angular subglacial debris from frost shattering,
enables ablasion to over-deepen the Í.loor of the
cirque. A rock lip develops where erosion decreases.
This may be increased in height by the deposition
of morainic debris at the glacier's snout. When the
climate begins to get u/almeÍ, the ice remaining in
the hollow melts to leave a deep, rounded lake or
tarn (Figures 4.15 and4.26).

In Britain, as elsewhere in the northern
hemisphere, cirques are nearly always oriented
between the north-west (315"), thlough the
north-east (where the fi'equency peaks) to the
south-east (135"). This is because in the UK:
I northern slopes receive least insolation and

so glaciers remained there much longer than
those facing in more southerly directions (less
melting on north-facing slopes)

I western slopes face the sea and, although still
cold, the relatively ÝVarmer winds which blew
from that direction were more likely to melt
the snow and ice (more snow accumulated on
east-facing slopes)

I the prevailing westerly winds cause sno\ / to
drift into east-facing hollows.

Lip orientation is the direction of an imaginary
line from the centre of the back wall of the cirque
to its lip. Of 56 cirques identified in the Snowdon
area, 51 have a lip orientation of between 310"
and I2O", and of 15 on Arran, 14 have an orien-
tation between 5" and 115'.

Glaciation 1 1 1



Figure 4,1 6

Normal and skewed

distrÍbUtion5

a normal distribution

Mean, median and mode are alltypes of average
(measures of dispersion, Framework B, page 246).

1 The mean (or arithmetic average) is obtained
bytotalling the values in a set of data and
dividing by the number of values in that set. lt is
expressed by the formula:
-\x

n

wnere:

f = mean, ž = the sum of, x = the value ofthe
varlable, n = the number of values in the set

The mean is reliable when the number of values
in the samp|e is high and theír range, i.e. the
difference between the highest and lowest
values, is loW but it becomes less reliable as the
number in the sample decreases, as it is then
influenced by extreme values.

The median is the mid-point value of a set of
data. For example, you have to find the median
height of students in your class. To do this you
wiÍ| have to rank each person in descending
order of height. lf there were 15 students then
the mid-point would be the eighth student as
there will be seven taller and seven shorter. Had
there been an even number in the sample. such

b positively skewed distribution

as I6, then the median would have been the
mean of the two middle values.The median is

a less accurate measure of dispersion than the
mean because widely differing sets of data can

return the same median, but it is less distorted by

extreme vatues.

3 The mode is the value or class that occurs most
frequently in the data. In the set of values4,6,4,2,
4 the mode would be 4. Although it is the easiest

of the three'averages'to obtain, it has Iimited
value. Some data may not have two values in the

same class (e.9.1,2,3,4, 5), while others may have

more than one modal value (e.9. 1, 1, 2, 4, 4\.

Relationships between mean, median
and mode
When data is plotted on a graph we can often
make useful observations about the shape ofthe
curve. For example, we would expect A-level results

nationally to show a few top grades, a smaller
number of 'unclassifieds'and a Iarge number of
average passes. Graphically this would show a

normal distribution, with all three averages at the
peak. lf the distribution is skewed, then by definition
only the mode will lie at the peak (Figure 4.16).

c negatively skewed distribution

.& rg*ť*s sfŤ# pyť#á??ď#m$ p**&s
When two adiacent circlues crode backwards
or sideways tou/ards each other, the previousl,v
rounded landscape is transformed into a narrolv,
locky, steep-sided ridge called an aréte, as at
Striding Edge in the Lake District (Figure 4.1 7) anci

Crib Goch on Snowdon (Figure 4.25). If three oL

more cirques develop on all sides of a mountain,
a pyramidal peak, or horn, may be formed. l'his
feature has steep sides and several arétes radiating
from the central peak (Figures 4.18 and 4.19), e.g.

the Matterholn.
Figvre4.'17

An aréte:Striding Edge on

Helvellyn in the Lake District

6
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mean, median and mode

variable variable

mode
median
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variable



'l'hcsc featur:t-s ale in tcrrelatcd ln their fot'nta-
tion. Vallel, glaciels straighten, r,r'iclen ancl cleepcn
prcglacial valle)'s, turning thc oliginal V-shaltccl,
rivcr-folnred featurc ir-rto tltc. chalactc-ristir: U
shapc typical oí glacial et.clsicltt, e.g. \\ast \\atcr tn
the I,akc Distríct (l.ígrrrc '1.20). Thcse stecp-sic1ecl,
flat-floorecl vallcl's ale krrrtr,vn as glaciai trougl'rs.
The overdceltening of thc vallevs is c-r'eclitcd to the
rnoveme.r)t of ice which, aiclccl lrrr large vollLrnes
of r-neltnratt-r ancl sLrbglacial cleblis, has a grcater
c|osi'r'e prolveI tltan that of rivers. Extenciing ancl
cornplcssing flon' ma1- cx'clcleepren ltarts of tl-re
tlotigh 1'loor, r,rrhictr later rriarr lte occultiecl bt, lon3,,
IlaII()\'\. ríllb<lrr lirkcs, such irs Wast \,\''litet., or lnav
le;rr"c lr.ss crocletl, tnotc resistant rock steps.

Theori cs to exp Lair-r pro nou n cecl overclet.p-
ening of vallcr. floctls ale clcbatecl arnrtrrgst glaci-
ologists ancl geornollthoIogists. Slrggcstecl causes
i n c I udc: extra t'rtlsi cl n ťclll rlr'v i rrg tI.re

confllrcnce ol' tr'r,'o glacicrs; tlte plesencc of
lr'cul<er rocks; an arta of rock cleepll r,r,eathc.rccl
in pt.cglacial times; or.il Z()lle clť lr.e]l-ioirltecl rock.
Should the cleepcning of the trolrgh continue
belorv tht folrncl sea-lc.r'cl, tlten cltrring clcglaci.r-
tíon arrcl sttllse.c1ucnt liscs itt sea-|cr,el the r''irller'
t-tla1. beconle subtrrct.gecl tcl frlrnl a ťiclrcl (t.igrrrcs
.{.21ancl ó.48)'

Abrasion bv cr-rglaciaI ancl sr.rbglaciaI clcbris
ancl plucking along the valle\,' siclc.s rernovc. the
tips of prcglitcial irrtt'r'locking slturs lc.arring cli l'f
like truncatecl spurs (Figule 1.20, und to tl're lefl
of Figure. 4.27).

Fígure 4'"*1.}

A fiord Milford Sorrnd Npur 7p:l:nrl

ťjí

Figure 4. i 3

lretes ;n the l(arakoranr

l,'lrL nta ns, northern Pakistan

,: G acia trough with rlbbon lake

,: \(i!t\i/ater in the Lake Distrirt
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Hanging valley:

Lake Bigden,

Norway

ligul. 
o:21

A roche moutonnée:

Yosemite National

Park, (alifornia

fioule 
l,zl

The formation ofa
roche moutonnée

Hanging valleys result from differential
erosion between a main glacier and its tributal
glaciers. The [loor of any tributary glacier ir

deepened at a slower rate so that when the
glaciers melt it is left hanging high above the

main valley and its river has to descend bv a

single waterfall or a series of water.falls, e.g

Bigden, Nolway (Figure 4.22) and Cwm Dyli,
Snowdonia (Figure 4.25).

s*rÉx ťÉmrxs" y*ťfŤ #$ řm *čs{.*g}řŤ d$*s. ťeď&
ďrumfírls ďffiď ťťdrgl crrlď ťď$ij
These are ail smaller erosion features which
to indicate the direction of ice movement. As a

glacler moves across aLeas of exposed rock, l

fragments of angular debris embedded in thetcr

tend to leave a series of parallel scratches and
grooves called striations (e.g. Central parkin
New York).

A roche moutonnée is a mass of more
resistant rock. It has a smooth, rounded u
or stoss slope facing the direction of ice flow
formed by abrasion, and a steep, jagged, donn
valley or lee slope resulting from plucking
(Figures 4.23 and 4.241.

Rock drumlins are more streamlined bed

which lack the quarried lee face of the roche
moutonnée. They are sometimes referred to as

whalebacks as they resemble the backs of wha

breaking the ocean surface.
A crag and tail consists of a larger mass of

Íesistant rock or crag (e.g. the basaltic clagupon
which Edinburgh Castle has been built) which
protected the lee-side rocks fi.om erosion, thus
forming a gently sloping tail of deposited material
(e.9. the tail down which the Royai Mile extends)

It should be remembered that \ /hile manvof
lhese erosional land |orms may be founr1 togáther

in most glaciated uplands, their arrangement, fre.

quency and presence is likely to change from one

area to another. Places 15 describes some of these

glacial features as found in one part of Snowdonia,

114 Glaciation

some ice, behaving like plastic, can flow around the obstacle lee
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Landsketch of glacial features in 5nowdo;i; (lo;ki;q ;;tt)

Llyn Peris -
ribbon lake

Snowdonia is an example of a glaciated

upland area. Although Snowdon itself has

the characteristics of a pyramidal peak, the

ice age was too short (by several thousand

years) for the completed development of

the classic pyramidal shape which makes the

appearance ofthe Matterhorn so spectacular

(compare Figure 4.19). What are well

developed are the arétes' such as Crib Goch

and Bwlch Main, which radiate from the

centraI peak' Between these arétes are up to

half a dozen cirques (cwms, as this is Wales),

including the eastward-facing Glaslyn and

the north-eastward-oriented (page 1 1 1)

Llyn (lake) Llydaw. Glaslyn, which is trapped

by a rock lip, is 170 m higher than Llyn

Llydaw (Figure 4.26). Striations and roches

moutonnées can be found in severaI p|aces

where the rocks are exposed on the surface.

To the north and south-east ofSnowdon are

the glacial troughs of Nant (valley) Llanberis,

Nant Ffrancon and Nant Gwynant'These

valleys have the characteristic U shape, with

steep valley sides, truncated spurs and a

flat valley floor (Figure 4.27). Located on

the valley floors are ribbon lakes, including

Llyn Peris and Llyn Gwynant (Figure 3.24).

Numerous small rivers, with their sources

in hanging valleys, descend by waterfalls,

as at Cwm Dyli, into the two main valleys.

Although the ice has long since gone, the

actions offrost and snow together with that

of rain and more recently people, continue

to modify the landscape - remember that

rarely does a landscape exhibit stereotyped

'textbook'features (see Fig ure 4.25)!
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Glacigenetic, or glacial, sediment

Figure 4,28

Landíorms resuIting

from glacial

deposition

Tiil
(unsorted material deposited by glaciers)

I

l Titl
2 Eríatics
3 Moralnes
4 Drumlins

ffi ť* gtm ě c$* pers$€aaxrt

Glacigenctic secliment (or glacial sediments) has
replacecl 'drift' as the tclm which was used histon-
cally by British geologists ancl glaciologists when
re'fer ringJ collectively to all glacial deposits (Figure
4.28).'l'hesc deposits, which inch,rclc boulclels,
gravels, sancls and clays, may be sr-rbdivided into
till, which inclucles all material depositecl dilcctly
by the ice, ancl glacifluvial material, which is the
deblis depositec1 by meltwateI StleamS. GlaciÍli.rvial
material includes deposits wtrich may have bccn
cicposited initially by the ice ancl which were latcr
picked up and rcdepositecl by meltwater - either'
dnling or after: thc ice age. Till consists of largely
unsortecl rnaterial, whereas glacifluvial dcpctsits
havc been sorted. Deposition occurs in upland
vallcys iincl acLoss lou4and areas. A str,rdy of glacr-
genctic cleposits helps to explain the:
r natLlre ancl extcnt of an ice advance
r tlequenclr of ice advances
I soulccs ar-rd directions of ice movement, ancl
I postglacial chronology (inciucling climatic

chang,es, page 2o-{r.
,í.fťíď*p*sí*s

Although the term till is often appliecl todai, tcr

all rnatelials depositecl by ice, it is more accurately
usecl to nlcan an unsortecl mixture of rocks, clavs
and sands. This material was largely transported
as supraglacial debris and later: depositecl to
form moraine either during peliods clf active
ice movcment, or at times nrhen the glaciel was
in letreat. In Britain, till was commonll, called
boulder clay but - since some deposits rnay
contain neither boulders nor clay - this term is
now obsoletc. Individual stones are sub-angular
- that is, they are not loundecl like river or beach
rnaterial but neither do they possess the shalp
edges of rocks that havc recently bcen broken
up by frost shatterinS;. The composition of tiil
rcflects the character of thc rocks over which it
has passed; liast Anglla, fol example, is covered
by chalky till becar-rse the ice passed ovel a chalk
escarpment, i.e. thc East Anglian Heights.

Glacifluvial
(sorted material deposited by meltwater streams)

I

I

1 Outwash sands and gravels (sandur)
2 Glacilacustrine sediments (e.9. varves)
3 Kames and kame terraces
4 Eskers
5 Kettles
6 Braided streams

'l'ill fabric analysis is a ficldu'ork tcchniclue
used to deterrline the direction and source of
glacial deposits. Stones and pebbles carried b,v a

glaciel tencl to bccome aligned with their long axu

parallcl to the direction of ice flow, as this otlers
least resistance to the ice. For exarnplc, a srnall
sample of .50 stone s was taken from a moraine iu

Glen Rosa, Arran. As each stone was removed, its

geology n'as exarnined ancl its orientation was care.

ftrllv measured r-rsing a cornpass. 'lhc results alloweLt

two conclusions to be reached:
1 'lhe pebbles wcre groupcd into classes of 20"

and plotted onto a rose diagrarn (Figure'i.29),
The classes were plottecl as lcspective radii tiont

the midpoint of thc diagram and then the ends

of the radii wele joinecl up to form a star-like
polygonal graph. As eiictr stone has two orien.

tations which must be opposites (e.g. 10" and

190'), thc graph will be sytunetrical. The resultr

show that the ice must have come Íiom t1le

north-north-west or the south-south-east.
2 Aithough most of the pebbles taken in the

sample \ /ere composed of local rock, some
were of material not found on the island
(erratics). This suggcsts that some of the ice

must have come frorn the Scottish niainland,

1 80'
S

Figure 4,29

Ti|| fabric anaIysis: orientation oÍ

a sample ofstones taken from a

moraine in Glen Rosa, Arran

N
0"
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Figure4.30

An elÍati( neaÍ

Ingleborouqh in

theYorkshite Dales:

5 |urian rock Iyíng on

top ďGrboniferous

imestone (Fiqure 1.1 )

Landforrms e $taracter!stáe of Eíacia$
depositicm
Erratics
These are boulders picked up and carried by ice,
often fol many kilometres, to be dcposited in aleas
of completely different lithology (Figure 4.30).

Lithology is the study of the nature and composi-
tion of rocks. By determining where the boulders
orlginally came from, it is possible to track ice
movements. For example, volcanic material from
Ailsa Craig in the Firth of Clyde has been found
250 km to the south on the Lancashire plain,
while some deposits on the north Norfolk coast
originated in southern Norway.

l|ég*rašp"e
Moraine is a type of landform that develops when
the deblis canied by a glacier is deposited. It is
rrof, therefore, the actual rnaterial that is being
transpolted by the glacier - with the exception of
the medial moraine, which is a term that refers to
a landfolm both on the glacier and in the vallev
aÍter glacial tecession. It is possible to Iecognise at

least five types of moraine (Figure 4.31):

r Lateral moraine is folmed fi'om debris delived
from frost shattering of valley sides and car ded
along the edges of the glacier (Figure 4.32).
When the glacier me1ts, it leaves an embank-
ment of material along the valley side.

r Medial moraine is founci in the centre of a

valley and results from the melging of two
lateral moraines where two glaciers ioined
(Figure 4.32).

I Terminal or end moraine is often a high
mound (or series of mounds) of material
extending across a valley, or lowland area, at
right-angles to and marking the maximum
advance of the glacier or ice sheet.

t Recessional moraines mark interruptions in
the letreat of the ice when the glacier or ice
sheet remained stationary long enough for a

mound to build up. Recessional moraines are

usually parallel to the terminal moraine.
r Push moraines may develop if the climate

deteriorates sufficiently for the ice tempolarily
to advance again. Previously deposited molaine
may be shunted up into a rnound. It can be rec-

ognised by individual stones which have been
pushed upwards from their odginal horizontal
positions, or even large blocks of sediment that
have been bulldozed whole, while trozen.

{,\
Íigure4.3l

Types ofmotaine

'I cirque glacier

2 lateral moraine
3 medial moraine
4 valley glacier
( fr^(f <h]ttořin^

6 meltwater streams
7 recessional moraine
8 push moraine
9 termjnaI moÍaine
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tigure 4,32

l\4edial and lateral moraines,

Meade Glacier, Alaska

FiOure 4,33

Morainic mounds above

HaWe5WateÍ, cumbria

a steep, stoss
end

ffp"xgptď;gas
'fhese are smooth, elongated mounds of till
with their long axis parallel to the clirection of
ice movement. Drumlins may be over 50 m in
height, ovel 1 km in length and nearly 0.5 km
in width. The steep stoss end faces the direc-
tion fi'om which the ice came, while the lee side
has a more gentle, streamlined appearance.'lhe

hí9hest point
near the stoss end

gentler, streamlined

highest point of the feature is ncar to the stoss

end (Figure 4.34). The shape of dlumlins canbe

desclibed by using the elongation ratio:

.I
W

where 1is the maximum bedform length, and ll

is the maximum bedform width. Drumlins aLe

always longer than they are wide, and they are

usually fotrnd in s\ /arms or en echelon.
There is much disagreement as to how drum.

lins are formecl. Theories suggest they ma1,be

an erosion feature, or formed by deposition
around a centlal rock. However, neither of thue

accounts for the fact that the majority of drum.

lins are composed of till \ /hich, lacking a central

core of lock and consisting of unsorted mateLial

would be totally eroded by moving ice. 'l'he 
mos:

widely accepted view is that they were formed

when the ice became overloaded with mateLiaL

thr-rs reducing the capacity of the glacier. The

reduced competence may have been due to the

melting of the glacier or to changes in velocitr

related to the pattern of extending-compressing t,nur.
flow. Once the material had been deposited, it

may then have been mouldecland stťeamlin..r ll':::
by later ice movement. The most ,aaar-tt thaorr. "t " 

l'n'

(7987) is based on evidence that drumlins can bt

composecl of both till ancl glacifluvial sedimenti

The most widely accepted view now is that'ther yea

are subglacially defolmed masses of pre-existing 2

sediment to which more sediment may be addril

by the melting out of deblis from the glacier

base'(D. Evans, 1999).

Figure 4.34

Drumlins

a plan showing typical dimensions

b swarm - en echelon

+

-----+
direction of
ice movemenl

+
y('.1
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Glacifluvial landforms ale those moulded by
glacial meltwater and havc, in the past, been
considered to be rnainly depositional. More
rccently it has been realised that meltwater
plavs a far rnore irnportant nrle in the glacial
systern than was previously thought, especially
in temperate glacicrs ancl in creating erosion
features as well as depositional landfotms.
Most meltn atel is dcrived flom ablation. The
discharge of glacial strcams, both supraglacial
and subglacial, is high cluring the warmet, if
llot ÝVaIm, sLlmrner months. As the water ofterr
flovr.s under considcrable pÍeSSuIe/ it has a high
velocity ancl is vcry turbulent. [t is therefore
able to pick up and transport a larger amount of
rnaterial than a normal liver of similar size. This
l.nateriá] can cr.odc vettically, rnainly through
abrasion but partly by solution, to create sub-
glacial valleys and large potl'roles, sorne of the

latter being up to 20 m in depttr. Deposition
occurs whenever thele is a decrease in dis-
charge, and it is responsible for a group of land-
folms (Fignres 4.35 and'1.37).
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These are cornposed of gravels, sands and, upper-
most and furthest fi'om the snout, clays. They
are deposited b), meltwater streams issuing fr on'r

the ice either during sunlmer or r'r.hen the glacier
melts. 'l'he rnaterial may clriginally have been
depositecl bv the glacier ancl later pickecl up,
sorted and dropped by running water bevond
the rnaximurn extent of the ice sheets. [n parts
of the North Gennan l)lain, cleposits are up tcr

75 m cleep. Or.rtwash material rnay also be depos-
ited on top of till following the Ietťeat of the ice
(Figure'1..3.5).
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A varve ls a clistinct layer of silt lying on top of a
layer of sand, clepositecl annually in lakes found
near to glacial margins. The coarscr', lighter-
coloulcd sand is dcposited cluling late spling
whcn meltwater strealns have their peak dis-
charge and are calrying theil rnaximum load.
As discharge decreases towards autumn u,hen
temperatures begin to dlop, the fincr, darkel-
colourcd silt settles. Each band of light and dalk
rnatcrials lcpresents one year''s accurnulation
(figule '1.36). By counting the nurnber of varves,
it is possible to date the origin of the lake; vari-
ations in the thickness of each varve inclicate
\\rarmer and colder periods (e.9. greater melting
causing increased deposition).
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Kames are undulating mounds of sancl and gravel
deposited unevenly by meltwater, similar to a selies
of deltas, along the front of a stationary or s1ow1y

melting ice sheet (Figure 4.35). As thc ice retreats,
the unsupported kame often collapses. Kame ter-
races, also of sand and gravel, are tlat areas found
along the sides of valleys. They are deposited by
meltwater streams flowing in the trough between
the glacier and the valley wa1l. lioughs occur here
because, in summel the valley side heats up faster
than the glacier ice and so the ice in contact with
it melts. Kame terraces are distinguishable trom
lateral moraines by their sorted deposits.

#s&*rs
'l'hese are very long, narrow, sinuous ridges
composed of sorted coarse sands and gravel. It is
thought that eskers ale the fossilised courses of
subglacial meltwater streams. As the channel is
restricted by ice walls, the hydrostatic pressure

and the transported loacl are both considerable,

As the becl of the channel builds up (thcre is

no floodplain), matcrlal is left above the sur-

rounding land following the retreat of thc ice,

Like kames, eskels usually form during tirnes oi

deglaciation (Figure 4.35).

ffeťsřes
These form from detached blocks of ice, leftbt,

the glacier as it retleats, and then partiall_v burit

by the glacifluvial cleposits left by rneltwateL

streams. When the ice blocks melt, they leave

enclosed depressions which often fill with u'ate

to folm kettle-hole lakes and 'karne and kettlc'

topography (Figure 4.35).

&ncrdď*ďsťť#dřřř?5
Channels of meltwater r ivers often become
choked with coarse materlal as a result of
the marked seasonal variations in clischarge
(comparc Figures 3.32 ancl 5.16).

mound could not be a terminal moraine as it did not

markthe maximum advance of the ice.When a till

fabric analysis was carried out, it was noted that the

average dip ofthe stones was about 25', suggesting

that the feature might instead have been a push

moraine resulting from a minor re-advance during

deglaciation.The orientation of 50 sample stones

(Figure 4.29) showed that the ice must have come

either from the north-north-west (probable, as this

was the highland) or the south-south-east (unlikely,

as the lower ground would not be the source of
a glacier). An examination of the geology of the

stones showed that B0 per cent were granite, and

therefore were erratics carried from the upper Rosa

valley; 15 per cent were schists (the local rock); and

5 per cent were other igneous rocks not found on

the island. lt was inferred from the presence of
these other rocks that some of the ice must have

originated on the Scottish mainland. Also at point

B, an investigation of river banks showed a mass

of sand and gravel with some level of sorting - as

might be expected in an outwash area.

Upstream from A was a second mound, C, filling
much of the valley floor (Figure 4.38). Student
suggestions as to the nature ofthe feature included

its being a drumlin, a lateral, a medial, a recessional

or even another push moraine. When measured, it

was found that its length was slightly greater than

its width (an elongation ratio of 1.25:1) and the

highest point was nearest the up-valley end; it had

neither the streamlined shape nor a sufficiently hlgh
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W Arran: glaciat landforms

Using Íieldworkto answer an
Advanced GCE question:'Describe
the landforms found near the
snout of a former glacier.'
Figure 4.28 lists the types of feature formed by
glacial deposition, subdividing them into those
composed of unsorted material, left by the glaciel
and sorted material deposited by glacifluvial
activity. lf the snout of a glacier had remained
stationary for some time, indicating a balance
between accumulation and ablation, and had then
slowly retreated, severalof these landforms might
be visible following deglaciation. One such site
studied by a sixth form was the lower Glen Rosa

valley on the lsle of Arran (Figure 4.37).

The dominant feature was a mound A, 14 m high, into
which the Rosa Water had cut, giving a fine exposed
section of the deposited material. As the mound was
a long, narrow, ridge-like feature extending across
the valley, it was suggested that it might be either a

terminal or a recessional moraine. lt was concluded
that the feature was ice-deposited because the
material was unsorted: many of the largest boulders
were high up in the exposure; also, most of the stones
were sub-angular (not more rounded as might be
expected in glacifluvial deposits).

However, an observation downstream at point B
revealed that materialthere was also unsorted and
this, together with some large granite erratics seen
earlier nearer the coast, seemed to indicate that the
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elongation ratio to be a drumlin (and there were no

signs of a swarm!). lt appeared to be too far from

the valley side to be a lateral moraine; and as two
glaciers could not have met here, neither could it
have been a medial moraine. lt was concluded that

it l'1lds another moraine perhaps formed during an

intermediate stillstand in the glaciers retreat, or if

the glacier lost momentum after having negotiated
a bend in the glacialtrough.

Across the river (D), was an area of low hummocky
material winding along the foot of the valley side to
as far as A. lt was speculated that the feature may

have been formed in one of three ways: meltwater
depositing sands and gravel between the valley
side and the former glacier as a kame terrace; a

lateral moraine from frost shattering on the valley
sides; or solifluction deposits (page 47) formed as

the climate grew milder and the glacier retreated
(the feature was not flat enough for a river terrace

to be seriously considered).

Upstream, the valley floor was extremely flat (E).

This could be the remains of a former glacial lake,

formed when meltwater from the retreating glacier
had become trapped behind the moraine at C and

before it had had time to cut through the deposits.
It was impossible to gain a profile to prove or

disprove the existence ofa lake.

After crossing the Garbh Allt (a hanging valley),

the steep-sided, flat-floored U-shape of the glacial

trough through which the Rosa Water flows was

visible.The flatness of the floor was probably due to

granite erratics
nearer coast

Rosa Wate r

glacifluvial sands
ano qravels

Figure4 38

FleIdsketch oÍ |andform

at C in Figure 4.37

the deposition of subglacial debris - although the

till has since been covered by peat, a symptom of
the cold, wet conditions.

Although not every feature of glacial deposition
was present - there was no evidence of eskers or
kettles - this small area did contain several of the
landforms and deposits that might be expected at,

or near to, the snout of a former glacier.

t,*:
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Where ice sheets expand, they may divert the
courses of rivers. For example, the preglacial
River Thames flowed in a north-eastelly direc-
tion. It was progressively diverted southwards by
advancing ice (Figure 4.40).

Where ice sheets expand and dam tivers,
proglacial lakes are created (Figure 4.39), e.g.

Lakes Lapworth and Harrison (Figure 4.40).
Before the ice age, the Rivel Severn flowed
northwards into the River Dee, but this loute
became blocked during the Pleistocene by Irish
Sea ice. A large lake, Lapworth, was impounded
against the edge of the ice until the waters rose

high enough to breach the lowest point in the

southern watershed. As the water overflon'ed

through an overspill channel, there was Lapid

vertical erosion which formecl what is now

the Ironbridge Gorge. When the ice had com-

pletely melted, the level of this ne\,v toute \ras

lower than the original course (which was also

blocked by drift), forcing the present-day Rit'er

Severn to flow sor-rthwards.
Other rivers, e.g. the Warwickshile Avon

(Figure 4.40) and the Yorkshire Derwent
(Places 1 7), have also been divelted as a conse.

quence of glacial activity. Sometimes the glacral

overspill channels have been abandoned, e.g,at

Fenny Compton, where the Warwickshire Avon

temporarily flowed south-east into the Thames

(Or in l.'igure 4.40). Proglacial lakes are also

found behind cskers and recessional moraiues,

\

Figure 4,40

Glacial diversion of
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England and Wales

tlOure 4.39
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Preglacial R.Thames (Tr).

R.Thames diverted by ice advance (T2).

R.Thames diverted again by a further ice advance (T3).
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'l-he expansion and contraction of ice sheets
affected sea-level ln two dift'erent ways. Eustatic
(also now called glacio-eustatic) refers to a world-
wide fall (ol rise) in sea-level due to changes in the
hydrological cycle caused by water being held in
storage on land in ice sheets (or released following
the melting of ice sheets). Isostatic (or glacio-
isostatic) adjustment is a more local change in sea-

level lesulting from the depression (or uplift) of the
Earth's crust by the increased (or decreased) weight
imposed upon it by a growing (or a declining) ice
sheet. Evans (1991) claims that'Because of their
great weight, ice sheets depress the Earth's crust
below them by approximately 0.3 times theit
thickness. So, at the centre of an ice sheet 700 m
thick, there will be a maximum of 210 m of depres-
sion.'The history of sea-level depends on the
location. For example, an equatorial site will expe-
rience the rise and fall of the sea solely associated
with eustatic changes. In contlast, a site close to,
or under, a glacier will have a history dominated
by the isostatic rebound of the crust after glaciaL

retreat. The sequence of events lesulting from eus-

tatic and isostatic changes during and after the last
glacial can be summarised as follows:
1 At the beginning of the glacial, water in the

hydrological cycle was stoled as ice on the
land instead of returning to the sea. There was
a universal (eustatic) fall in sea-level, giving a

negative change in base level (page 81).
2 As the giacial continued towards its peak,

the weight of ice increased and depressed the

Lake Eskdale, a proglacial lake, formed when the North

Sea ice sheet blocked the mouth of the River Esk.

The level of the lake rose until its water found a new

route over a low point in its southern watershed on

the North Yorkshire Moors.The overflow river flowed

through Lake Glaisdale before cutting the deep,

narrow steep-sided, flat-floored Newtondale valley. At

the end of this valley, the river formed a delta where it

flowed into another proglacial lake - Lake Pickering.

Lake Pickering, also dammed by North Sea ice, found

an outlet to the south-west where it formed an

overflow channel - the present-day Kirkham Gorge.

After the ice melted, the Esk reverted to its original

course, entering the sea nearWhitby; Newtondale

became virtually a dry valley; and the River Derwent,

its eastward exit from Lake Pickering blocked by
glacial deposits, continued to follow its new south-

westerly course.Today, the site of Lake Pickering forms

the fertile, flat-floored Vale of Pickering.

Earth's crust beneath it. This led to a local
(isostatic) rise in sea-level relative to the land
and a positive change in base level.

3 As the ice sheets began to me1t, large quanti-
ties of watel previously held in storage, \,1'/ere

returned to the sea causing a worldwide (eus-

tatic) rise in sea-ievel (a positive change in base

level). This formed Íiords, rias and drowned
estuaries (page 163 and Places 22, page 764).

4 Finally, and still continuing in several places
today, there was a local (isostatic) uplift of the
land as the weight of the ice sheets decreased
(a negative change in base level). This change
created raised beaches (Places 23, page Í66)
and caused rejuvenation of rivers (page 82).

Looking into the Íuture:
r tf the ice sheets continue to melt at their

present rate, caused by global warming
(Case Study 9B) or a milder climate, sea-

levels could rise by 60 cm by the end of the
century, with 1 m probably a reasonable
high-end tand pessimisticlt estimate.

I If isostatic uplift continues in Britain, it will
increase the tilt that has already resulted in
north-west Scotland rising by an estimated
10 m in the last 9000 years, and south-
east England sinking. Tides in London are

no\,/ more than 4 m highel than they were
in Roman times - hence the need for the
Thames Barrier (and its proposed replace-
ment) * due to a combination of south-east
England sinking and modern sea-level rise.

.(
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An avalanche is a sudden downhill move-
ment of snow, ice and/or rock (Case Study
24). 1t occurs, ike a landslide, when the
weight (mass) of material is sufficient to
overcome friction (Figure 4.42).This allows
the debris to descend at a considerable
speed under theforce of gravity (mass

movernent). The average speed of descent
is 40 60 km,/hr, but vldeo-recordlngs

::,

nave snown extreme speeds in excess of
200 km/hr.

Figure 4.43

A late 1 9th-rentury classification ofavalanches

.+;-l

There are severa different types ofava- a Staublawinen pure
ranche' which makes a simpre crassificatron (airbornepowder (compreteryairborne)
difficult. Figure 4.43 grves a mainly descript- snow) _ 

- '-'"'
ive classification put forward rn the I 9th Lommon (some (onta(

century, while Figure 4.44gtvesa moclern withtheground)

classification based more on qenetic and b Gtundlawinen Rollinq

morphological characteristicsl (ground-hugging) 
,,,o,no

a Avalanche break-away point

d Nature of snow (water content)

single point - loose snow avalanche

large area, or'slab'

unconÍined - no channe|

gulley - confined to nanow track

dry snow - mainly rolling

wet snow - mainly sliding

.l.ll|tl*ť!io.:..'... ........l....l.:....'.'...1.:1.t'ti!;:i.!i.. 
. 

moves.. ....'1,.l..:.' l: . ..'. .. ' . .

top layers ofsnow move over lower layers alpine inhabitants regard this as the most dangerous

easier (not easy) to predict and manage; originates from a single point, usually soon after
the snow falls

often IocaIised, harde5t to predi(t, greatest thÍeat to off-piste skiers; originates from a widet

area a nd after the snow has had time to develoo cohesron

wide area, hard to manage

dangerous, as it ca n reach h igher speeds, but easier to manage

above ground-level so friction is reduced; can reach speeds of 200 km/h r - very destructive

foIlows ground topography, occurs under fóhn conditions (page 241 ), Iim ited protection,

mu(h damage

tigure 4.44

c (hannel(track)width

A more Íe(ent124 Glaciation
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Avalanches
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on lnrindward slopes.

r Steep slopes of over 25' where

stab lity is reduced and frict on is more

easr y overcome.

r Asudden rncrease ln ternperature,

especra ly on south-facing slopes and,

n the A pS, under fÓhn wind
condltions (page 241).

. f-leavy rarn fa ng upon snow (more

ke y n Scotland than the Alps).

r Del'orestation, partly for new ski runs,

r,vhich reduces s ope stabrirty.

r Vibrations trlggered by off piste

skrers, any nearby traffic and, more

danqerous y, earth movements (Case

Study 2A)

r Very ong, cold, dry winters followed by

heavy snowfalls n spring. Under these

condrtions,earlierfa ls of snow will turn

nto ceoverwhich laterfalls wlll slide

On Ó o'd people pe . piVP h \ lo po e

the greatest avalanche risk).

Consequences

A,'alanches can block roads and railways,
í. 1 'e' ^. ip :nd ^|pcorr^tu

Nications and, under extreme condrtions,

Cestroy bu idings and cause oss of life.

Setween l9B0 and l99l there were, in

A pine Europe alone, I 2 I 0 recorded ava-

lanche deaths, of whom nearly half were

skles vrrtua y a I in off-piste areas.This

) .o-t ,oto . . pos i-g "s 
tL e pooulaf ty' oi

sk ing grows and a pine weather llecomes
.,ri Lr'^,a - n .l nl. Oi 45 de"ih,

r I 998-99).

tigure4.46

AVaIan(he proteďion

an0 res(ue 5(neme5

down and divert the avalanche
when j&reaches flatter ground
anSffi oaches settlementsWle and safe release of avalanches ,i'r;' 
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- wooden snow bridgeswind direction

Management
TÁ^.^ i. . .|^.^ |i^l' L^+ ',^^.|' |ťltr |) o L|UJť ||l N L]ťL/Vťtll ava ancnesano'
. time of year - almost B0 per cent of

ava anches in the French A ps occur
between January and March, the
'avalancne season'

o altitude over 90 per cent occur
between I 500 and 3000 m.

A hn, re h ir i. rn,cih . f. nrediCt ,,then ard
rn which regions ava anches are most ikely

to oL, Jl. r les . edcy ro predict e dctly

Figure 4.45

Avalanche management schemes

where an event is likely to happen. t is this

unpredictability that makes ava anches a

Ťd,or e1li.olnen o Iotald 'I oIp'te a.e".
However, despite this uncertainty, many
avalanches do tend to fo ow certain'tracksl
Consequent y, as well as setting up ear y

warning systems and training rescue teams
(Figure 4.46), it is possible to take some
'redsL F.5 to t.v o p.o-pr t 'iie ard p'ooe .;

(Figure 4.45).
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Weddell Sea

Changed rates of rneltlng ice and sub)

sequent potential rises in sea level are

the rnain reasons wny most screnttst5 are

working on glaciers at the present time, and

why it shouid interest so many other people.

lce helps to stabilise the wor d's climate

oy insu at rq large a'eas of oc-"T it .un.r pr

and preventing heat loss in winter lce and

snow also have a higher reflectivity, or

albedo (page 207), than any other surface,

ref ecting B0 per cent of incoming solar

radiation back into the atmosphere. As ice

rel ,.le rthea bedow' lbe'edu.ed, es

soiar radiation wi I be ref ected back and the
LaíIl s Ie.]^Pe|dLure w Il'..e.

(i) lceshelves:
Antarctica
Alta'ct ca s. o\ered by Lwo huq" ire shepl ':

L|-e |a'qe" l-a>t AnIa'L 1 . 69 !|.qo1 íl A S),

which is biggerthan the USA and holds

most of the wor d's fresh water in storage;

and the smallerWest Antarctrc lce Sheet
(WAIS). Scientists predict that even if only the

EAIS melted, the world's sea-level would rise

by ó1 m' on the edges of the two ice sheets,

and extending from them, are several ice

thelves,.ho two drge,. beilg the Ro>> ard
Rorne tr 

'g:e a.4 r ,. As global 'emo'rd. Lres

rise, espec al y around the Antarctic penin-

sula which extends beyond the Antarctic

C r.le. Ll^ e:e ,c e shel , e ' a re bet on irq lg51

stable and parts are collapslng.

The collapse of the Larsen B ice shelf in

2002 was the latest and most spectacular
(it was the size of East Anglia) of ten col-

lapses that have occurred offthe coast of
the Antarctic Peninsula since the mid l9BOs

(Figure 4.48). ln 2008, part of the nearby

Wilkins ice she f was said to be'hanging on

by a threadlThe ice, fo lowing its collapse,

dt [ls away ''or -l'oo dt 'eqio't, oftp" a.

huge iceberqs, into warmer water where tt

melts. Being fresh water in a frozen state, its

melting adds to the volume of the ocean,

causing a global rise in sea- evel. As rce

shelves collapse, glaciers moving behind

ther or thc i, e stee aredLcelerdliTo by

Larsen B ice shelf

Wilkins ice shelf

Iigure4:47

AntaÍCti(a

I pet renL d year -1e'a-te>L low lrave irg
at 3.5 km/yr.

The collapses are credited to g obal

"\io.^1iTq' the aver"ge onl Ld'erQeÍá|Ul.p
in the Antarctic having risen by 2.5'C in the

last 50 years compared with 0.5"C globally.

According to Bentley rn a series of articles in

Ceoqraphy Ret reu. ll-e f ey Lo -he 6e113356 i'
the formation of pooIs oí me|twater on the

surface of the ice shelf during the Antarctic

nisulel,ea

The collapse ofthe

Larsen B ice shelf

summeT. ln some places, the meltwater

gcgit . o . cÍevdc)e5 ir tl.Ó i.Ó.' Ó/

Norma ly, crevasses are only tens ot

deep, b.-tt d5 Lr e rreIlWaLe. p.o9.ec' Ó

fill tl^er l.wenl'r ^'wa'erbr.e.th"
lowermost tip of the crevasse to crack

nore deep y nlo rl p Cp' -Ven| o ) Ó

lé\.\.é\ nl.\/llJl]- r. l r'rn inh rhpI

thickness of the ice shelf ano a crurrr

w]] break ofí'

.\\t::'!

'1or..ie^.Ý
.'c

i

Ross
ice she|Í

*\*\l\ř\.

***tp 
t'

ffi'.
ffi':
:otq:.Ť!s!!3ll

xt1 .;

'l,

West pole
Antarctic Antarctic

ice sheet lce snee{
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(ii) lcesheets:

Greenland
lta. qa.tr | , t .,\.[lhparepnrondice

sheet has been calculated to be 1B0O m.

I o'^..er,\'\l,rerkis-hi, Ites:was bel eved
- L J . .. | .. "- rant m,,,,u dv_u"! *r'!uy d rdvqrogqu | /yl
lhrn nho Ihe l..t epnr r\, .áTé|] ]p im:nel r

'0oÓ ' l.n Á. t r p of de rease l ad

acce]erated Ío 5 rn/yr in 2000 and 1a m/yr
by 200/.The increase rn surface melting is

creating more meltwater which sinks down
crevasses to the bedrock where it acts as

a lubrcant accelerating basalflow (pages

10/ l0B).This in turn causes glacters
e.dinn |tnn Il..c ' e.r ée| Lo ||oW [.l).el'

One of these, the lokobshavn, reacbes

Observed ice extent
September 2002

2040-2060

The effects of melting ice

a speed of 1 m/hr as lt nears the coast,

making lt the fastest f owing g acier in the
worlci.

As in Antarctica, Greenland's ice is fresh

water in frozen storage. t ls believed that

shou ld the whole ice sheet tota ly me t then

the globa sea level would rise by 6.7 m.

(iii) Sea ice:the Arctic
Sea ice is frozen salt water and forms when
temperatures remain for some time below

-1.5'C. Recent satel ite images have shown
id hé lrÓa. n eren h' (Po Le i5 now

decreasing by B per cent annual y. More
s gri.ita. t]v t-' ear , -ora''t F\ ooérdt:19
under the ice for over ha fa century, have

indicated that the thickness ofthe ice has

decreased in that time from 4 m to 1.3 rn.

As the ice thins, the remaining tce will melt
more qu ckly, speeding up the process. n

the 1 9th century, explorers tried unsuc-
cesslu ly to find a sea route around the
north of Canada - the so-called North West

Passage and ln the early 20th century the
first explorers claiming to have reached the
North Pole only did so after several weeks

trave ing over sea ice. Some screntists

are now predicting that, due to global
warming, all the polar sea ice will have dis-

appeared wlthln 30 years (Figure 4.49)

As it is frozen seawater that is melting,
then the effect on globa sea level wi be

minimal. Figure 4 50 shows some of the
advantages and drsadvantages that wlll

result from an ice-free Arcttc.

tiguÍ€ 4:50

Advantages and disadvantages

ofan ice-free Arctic

Projected ice extent
2070 2090

- r.-\

-{l-.,

flgurea,ae

Pruent and predicted coverage

ďsea ice in the Arctic

Easier to exp|oit resources such as oiI and natuÍaI gas found under the seabed.

Improved navigation wiIl reduce diíances and traveI time, e.g.

i TokyotoNewYork-diÍancereducedfrom 18000kmto 14000km

via the North West Pasage ((anada) which in 2007 was open apart

írom 100km ofscatteÍed icef|oes

ii Tokyo to London - distance reduced from 21 000 km to 1 3 000 km

via the North Eaí Passage (Rusia) which in 2007 was open for six Weeks.

Less ice will mean a reduced albedo and an increase in global warming

An increase in the n u mber of icebergs from su rrounding ice shelves could make

navigation more dangerous.

An increased th reat to wildl ife - polar bears and other species threatened

with extinction.
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1 a Definetheterms'interglacial'and'interstadiali (4marks)

b Describe the extent of ice across the British lsles at the
heig ht of the last ice adva nce .l 

B 000 yea rs ago. (4 marks)

c Suggestand explain onetheoryforthecauseof

d Choose one of the following landforms created by

glacial deposition: drumlin; end moraine; kame terrace.

i Describe its shape, size and composition. (6martrt

ii Explain how it was created by the glacier. (7 nr,rtrt

The area in front of a glacier is a glacifluvial landform often

ca||ed a sanduÍ or an outwash p|ain.

a i Describe the characteristic deposits (shape and

composition) of this area. (4 nai:!

ii Explain how glacifluvial processes helped to create

the characteristics you have identified. (4marki

b Choose one of thefollowing features of a sandur:lakebet

deposits; esker; kame; braided stream. Describe the

e Explain the difference in movement processes
between temperate and polar glaciers, (7 marks)

Chooseoneof thefeatures named in Figure4.25 (page 115)

and give its name.

a i With the aid of a labelled diaqram, describe the

ice ages.

d How is glacier ice formed?

featu re.

ii Explain how a glacier created the feature you
nave cnosen.

shaoe and characteristics ofthe feature.

c i What is a kettle lake?

glacial period.

a What is a valley glacier?

b Describe and explain the origins of two surface
features of a moving glacier.

(4 marks)
(6 marks)

(5 marks)

(5 marks)

(2 marks)

(4 marks)

iii Describe and exolain one chanqe in the feature,
probably since the last ice age. (4 marks)

b Many hollows in a glaciated upland are filled with
water. Where does the water come from? (2 marks)

c Suggest two pieces of evidence you would look for to
suggestthedirection of movementof a glacierif you
were to carry out a study of a glaciated valley. (4 marks)

d Describe and explain one difference between a glaciated
upland area and an unglaciated one. (5 marks)

A glacier erodes, transports and deposits material using a

range of methods.

a i Name two types of glacial erosion.

ii For one of the types of erosion in a i, explain
how the glacier erodes.

b Some loose material is carried on top of the glacier.
Making good use of diagrams, show where, on the
surface, this material is carried (4 marks)

c Where else is material carried by a glacier? (2 marks)

ii How is a kettle lake formed? (5 nal:

iii Suggest how a kettle lake may disappear afterthe

(4nark:

(2mark:

(6nat,!

(2 matki

(6 na*t

c Exp|ain how you couId measure the movement oÍ

a valley glacier (4 natks

d Why does the snout of a glacier sometimes retreat
even though the ice always moves forward? (6marks

e Whatfeature may markwhere the snoutof a retreating

glacier was in the past? Describe the shape and
composition of the feature. (7 natk:

lce movement during the last ice age had indirect as wel ar

direct effects on the landscape. Indirect effects occurwhert

the ice itself was not involved in the effect.

a i Explainwhatismeantbytheterm'drainagediversionl,
Í2na|li
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ii Choose one example of drainage diversion. Draw a
sketch map to show the diversion and explain the role
of glacier ice in the cause of the diversion. (6 marks)

b Why did the land experience an isostatic change of
sea-level during the ice age? (4marks)

c WhV are'raised beaches'found in coastal areas where
glacial ice caused an isostatic change in sea-level? (6 marks)

d Choose one landform (other than a raised beach) which has
been affected by sea-level change associated with glaciation.
Describe the feature and explain how it was fo rmed. (7 marks)

7 ln a field survey (tillfabric analysis) the orientation of clasts
(stones) showed the data given in the table on the right.
0rientation shows two possible directions (e.9. NWSE).

a i Drawagraphtoillustratethedata. (6marks)

ii Using the data, suggest an interpretation ofthe
ice movement in this area. (7 marks)

i frost shattering

ii plucking

iii abrasion. (9 marks)

b Explain how these processes combine to produce cirques
(also known as corries or cwms). (6 marks)

í0 a ldentifutwo piecesofevidencetosuggestthatc|imatic
change in an area has included at least one glacial period.
For one ofthese pieces of evidence, show how it suggests
a past glacial period. (5 marks)

b i Describehowaglacieroperatesasanbpensysteml
(B marks)

ii How and why does a glacier budget vary between
winter and summer seasons? (12 marks)

1 1 a Geographers often classiý 9|aciers into different types'
Describe one svstem of classification. (5 marks)

Why does movement of glacier ice vary across and
within the glacier? (12 marks)

'1*"ŤT P-L*ti-*"Ť-Ť::?Y:- e * s & é * * 6 * 6 Ť 6 e s & & g 4 * 6 ó 6 * *

13 Describeand evaluatetheevidence (including
geomorphological evidence) that there has been a
series of ice ages in the northern hemisphere during the
last million years. (25 marks)

14 Foranyonedrainagediversion system you have studied,
discuss the role of glacial ice and other factors in its formation.

25 marks)

l5 Describe the featu res of g lacia I a nd glacifluvia I deposition that
might be found on a lowland plain from which an ice sheet had

b Why do glacial deposits have a particular orientation?_
(/ marks)

c Suggesttwoothersourcesof data to indicatethedirection
of ice movement in an area. For one of these sources. exolain
how it shows the direction of ice movement. (5 marks)
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8 a Describehowicecanerodetherocksofuplandareasby: c With reference to one or more areas that you have studied,
explain why upland glaciated areas are often difficult for
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human settlement. (l0marks)

9 Study Figurc 4.25 on page 1 1 5. Select and name any two
features of glacial erosion shown on the diagram.

a Describe each of your chosen features. (5 + 5 marks)

b Explain how each of these features was formed. (1 5 marks)

c Explain the difference in movement between glaciers in
polar and temperate Iatitudes. B marks)

12 a i Howhasglacialiceaffectedsea-levelinthepast,and
how might it affect sea-level in the next century or so?

(9 marks)

ii How is glacial ice involved in sea-level change?
(9 marks)

b i Describe the shape and scale of a fiord.

ii Explain the roles of glacial processes and sea level
change in the formation of a fiord. (1 2 marks)

6$ Ť É * € & &* s * s 6 6 * Ě 6 & q ** 6 * s & & $ & s & r.6 $ &ó * é

recently melted, and explain how you would recognise the
difference between selected features of qlacial oriqin ano
selected features of glacifluvial origin. (25 marks)

16 Scientists have suggested that there is evidence from the Arctic
and Antarctic ice sheets that globalwarming is happening.
Describe and evaluate this evidence, and suggest how melting
of the ice might affect the Earth's future geography. (25 marks)

,"I

'q)
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