
Journal of GlacioloD, Vol. 22, No. 87, 1979 

RECONSTRUCTED PLEISTOCENE ICE-SHEET 
TEMPERATURES AND GLACIAL EROSION IN NORTHERN 

SCOTLAND 

By JOHN E. GORDON* 

(Department of Geography, University of St. Andrews, St. Andrews, Fife KYI6 9AL, 
Scotland) 

ABSTRACT. Pleistocene ice-sheet temperatures are reconstructed for a west-to-east transect across northern 
Scotland at the ice maximum using the temperature-profile model of Budd and others (1971 [a]). Basal 
freezing is predicted for the central area of the ice sheet , and zones of basal melting on each side to the west 
a nd east. Variations in estimates of annua l accumulation rate and ice thickness do not greatly alter this 
general pattern. However, small errors in est imating mean annual temperature at the ice edge and ice­
surface temperature lapse-ra te may signi ficant ly cha nge the pattern of predicted basal temperature regimes, 
and basal freezing may have ex tended over the whole of the area considered. Zones of areal scouring occur 
in both the west and east of the transect but are absent from the central mountain area. Under some of the 
temperature conditions modelled there is a partial spatial coincidence of the areal scouring in the west with 
predicted areas of basal melting, but almost none in the east. Possibly this is explained because glacial 
erosion relates to time periods other than the ice maximum. 

R ESUME. Reconstitution de la temperature et de I'erosion glaciaire dans la calolle pleistoefne du Nord de I' Ecpsse. 
Les temperatures cle la calotte glaciaire pleistocene sont reconstituees le long d'une ligne Ouest-Est a travers 
l'Ecosse clu Nord a u moment du maximum glaciaire en utilisant le modele de profil de temperat ure de 
Budd et a l. (197I[a]) . On admet le gel au fond clans la partie centrale de la calotte et des zones cle fusion 
de chaque cote a l'Ouest et a l'Est. Les variations dans I'estimation du taux d'accumulation annuel et de 
I'epaisseur de la glace ne modifient pas gravement le comportement general. Cependa nt, des petites en'eurs 
d'estimation de la temperature moyenne annuelle sur les bords d e la calotte et la marge d'erreur sur les 
temperatures de la glace en surface peuvent significativement modifier les regimes admis pour les temperatures 
au fond, si bien que le gel a la roche peut s'etre e tendu sur toute la zone eonsideree. Les zones d'erosion se 
trouvent a l'Ouest comme a l'Est de la transversale mais sont absentes de la zone montagneuse cent rale. 
Sous quclques unes des conditions de temperature mocletisees il y a une coincidence spaciale partielle des 
zones d'erosion a l'Ouest avec les zones ou I'on suppose une fusion au fond, mais cet te coincidence est presque 
nulle a I'Est. Il est possible que I'explication so it que I;erosion glaciaire date d'une epoque a utre que celle 
du maximum de deveioppement de la ealotte glaciaire. 

ZUSAMMENFASSUNG. Rekonstruktion der T emperaturen in der pleisloziil/elz Eisdecke lll/d glaziale Erosion in .1\'ord­
SchottlGlzd. Uings eines Profiles von West naeh Ost durch Nord-Sehottland werden die Temperaturen im 
pleistonza ncn Eisschild bei dessen H oehsts tand mit Hilfe des T emperaturprofilmodells von Budd u.a. 
{197 1[a ] l rekonstruiert. Im Zentralgebiet des Eissehildes lasst sieh Anfrieren am Unt~rgrund annehmen, 
in den seitlichen Zonen nach West und Ost dagegen Schmeizen am Untergrund. Anderungen in den 
Schat7.werten fur clie ja hrliche Akkumulation unci clie Eisdicke a ndern dieses allgemeine Muster nicht 
wesentlich. Kleine Fehler bei der Abschatzung cler mittleren J ahrestemperat ur am Eisrancl unci des 
Temperaturverlaufs an der OberAache konnen jedoch das Muster der a ngenommenen T emperaturverteilung 
am Untergrund betrachtlich andern, so dass Anfrieren am Untergrund im gesamten betrachteten Gebiet 
eingctrcten sein kann . Zonen mit fl achenhafter Abtragung kommen sowohl im Westen wie im Osten des 
Querprofils vor, fehlen aber im zentralen Bergland. Bei einigen der hier entwickelten Temperaturmodelle 
herrscht eine tei lweise raumliche Ubereinstimmung zwischen der fl achenhaften Abtragung im Westen und 
den Gebicten mit angenommenem Schmelzen am Untergrund, fast gar nicht j edoch im Osten. Dies lass! 
sich miiglicherweisc damit erklaren, dass die glaziale Erosion nicht beim Hiichststand des Eises sondern 
wahrend anderer Perioden eintra t. 

INTRODUCTION 

During the last two decades there have been important advances in both the theory of 
glaciers (Budd and Radok, 1971; Lliboutry, 1971 ) and the understanding of the charac­
teristics and behaviour of polar glaciers and ice sheets (Sugden and John, 1976). However, 
with some notable exceptions (for instance Boulton, 1972[a] ; Hughes, 1973; ·Boulton and 
others, 1977; Sugden, 1977), there have been few attempts to apply this knowledge to explain­
ing form-process relationships in areas of mid-latitude Pleistocene glaciation, despite the fact 
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that glacier conditions will tend to be a crucial set of variables. In the context of glacial 
erosion, variables which have been emphasized in the past have included bedrock structure 
(Ljungner, 1930; Larsson, 1954; Lewis, 1954; Zumberge, 1955), pre-glacial relief 
(Klimaszewski, 1964), time and landform evolution (Davis, 1900; Linton, 1964, 1968), ice­
flow patterns (McCall, 1960; Nye and Martin, 1968), ice discharge (Penck, 1905; Blache, 
1952), pre-glacial weathering (Bakker, 1965; Feininger, 1971), and periglacial weathering 
(Boye, 1968). While such factors are undoubtedly important at a local scale, one of the 
fundamental constraints on effective glacial erosion appears to be glacier thermal regime and 
the requirement for basal ice to be at the pressure-melting point, so that basal slip occurs 
(Boulton, 1972[b]). Andrews (1972), for example, has suggested that rates of erosion might 
differ by an order of magnitude between cold-based high-Arctic glaciers and warm-based 
temperate glaciers. In Greenland, Sugden (1974) demonstrated a general relationship 
between zones of glacial erosion and basal ice conditions. Areal scouring occurred mainly in 
the south-west and was thought to reflect the former presence of basal ice at the pressure­
melting point; landscapes with no signs of glacial erosion related to areas where the basal ice 
was below the pressure-melting point. 

Areal scouring, or "knock-and-Iochan" topography (Linton, 1963), is one of the classic 
forms of glacial erosion, comprising ice-scoured and quarried rock bosses and closed basins 
often showing a close relationship to bedrock structure. If effective glacial erosion is related 
to basal ice at the pressure-melting point, then areal scouring may be expected to correlate 
with the latter. I t is the aim of this paper to test the hypothesis that there is a spatial correla­
tion in an area of Pleistocene glaciation between zones of reconstructed basal-ice melting and 
landscapes of areal scouring. Basal-ice temperatures are predicted from glacier theory for a 
west to east transect across a northern dome of an equilibrium Scottish ice sheet at its 
maximum extent (Fig. I) and compared with the distribution of areal scouring. It should be 
noted that this is only one of many possible transects across a former Scottish ice sheet, and 
the results are not necessarily applicable elsewhere particularly since the Scottish ice sheet was 
not a simple feature but probably consisted of several coalescent units or domes. 
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Fig. I. Ice flow-lille model and limitsfor the ice maximum (based 011 Flint ([CI971]), Hoppe (1974), Clapperton and SllgdCl! 
(1975), mId Sissolls ([C 1967] , l C 1976])). The cross-profile in Figure 2 is dCl/oted by the lille AB . 
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GLACIE R TEMPERAT U R E - P R OFIL E MODELS 

Glacier tempera tures a re rela ted to heat from four sources : the geothermal flux , interna l 
d eforma tion, basa l sliding, a nd surface warming (Pa terson , 1969). T empera ture distribution 
in a vertica l dimension in an ice shee t was considered by R obin (1955) a nd he derived a 
solu tion for the heat-tra nsfer a nd tempera ture-profil e equa tion . This solution is for a steady­
sta te, co ld-based ice sheet. As it does not include th e effec ts of warming due to frictional 
hea ting, it is only a pplicable to the centra l a rea of an ice shee t where velocities tend to be low. 
I ncorpora ting fri ctiona l hea ting, J enssen and R adok (1963) obta ined numeI'ica l solutions for 
pa rti cula r profil es, while W eertma n (196 I) and Zotikov (1963) discussed solutions for basal 
ice at the pressure-melting point a nd the threshold ice thickness a t which basa l melting 
occurred . M ore recentl y, from a review and a na lys is of hea t-tr~ n s fer theory, Budd (1969) 
derived a genera l solution for the tempera ture profil e of a stead y-sta te ice cap including the 
effects of hori zonta l a nd vertical motion, conduction, a nd accumulation. Subsequent work by 
Budd a nd othe.·s ( I97 I[a] ) saw the development of more sophistica ted models for ice-sheet 
tempera ture distribution. In their fixed-column model, the hea t-conduction equation is solved 
for a vertical column of ice. When a pplied to known tempera tu re profil es from the Greenla nd 
a nd Anta rctic ice shee ts, it gave satisfactory results (Budd and others, 197 I [b] ) a nd it is used 
in the present study. The basal temperature eb is given by 

[ 
erfy . ] 

Ih = (J, - ,( YtJ -y-- Y,,'2E CJI) , 

in which (Js is the mean ice-surface temperature, ,( is the ice thi ckness , r b is the basa l tem­
pera t ure gradient , f, is the ice-surface tempera ture gradient and y is a dimensionless thermal 
pa rameter. T he assumptions of the model a re as foll ows : 

(a ) Conduction occurs in a verti cal sense onl y. 
(b ) T he ad vec ti on ra te throughout the column is constant a nd equa l to the surface 

warming ra te. 
(c) All the fri ctiona l heat is a pplied a t the base of the glacier and is no t distributed 

throughout the ice. Budd ( 1969) considered thi s to be a reasonable approximation, 
a nd his ca lcula tions for a power flow law of ice demonstrated a concentra tion near the 
base of hea t production due to fri ction. 

(d ) The ice shee t is in a stea dy-sta te. 
(e) The stra in-ra te is constan t. 
(f ) The thermal diffusity of the ice is consta nt. 
(g) T empera tures a re steady-sta te. 
(h ) Basal melting does not occur . 

R adok and others (1970) discussed the effects of varia tions in the in pu t pa ra meters on the 
tempera ture profile. As temperat ure in a cold ice sheet genera lly increases with depth due to 
geothermal hea ting a t the base , high va lues of ice thi ckness will tend to give la rge differences 
between surface and basa l tempera tures . Therefore, basal melting is more likely to occur 
under thick than thin ice , pa rti cul a rl y if the surface warming-ra te is high. A high basal 
tempera ture gradient has the effec t of increasing the basa l temperature in a positive direction 
relative to the surface tempera ture, while a high accumula tion ra te will lower the tempera ture 
difference between surface and base. In addition , if y is high in va lue, either through high 
va lues of accumula tion ra te or ice thickness of which it is a fun ction, then y - ' erf.Y is rela tively 
small , a nd E (y ) is rela tively high. In such a case, the product of the la t te r. a nd the nega ti ve 
surface gradient will be rela tively high in comparison with the product of the former a nd the 
pos itive basa l gradient, and basal tempera ture will be rela tively colder than surface tempera­
ture. 
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DERIV ATIO N O F T E MPE R ATU R E MODE L I N P UT S FO R A FO RM E R S COTTISH ICE SHEE T 

lee thickness 

T o estima te ice thickness, the former ice-surface profile was reconstructed from the 
para bolic solution of Nye (1952) . The height h of a point on the ice-sheet surface is given by 

in which s is the horizontal dista nce from the ice-sheet edge to the point of measurement of h. 
The term ho is given by ' 

T 

ho = - , 
pg 

in which T is the basal shear stress , p is the density of ice and g is gravi ta tiona l acceleration. 
A cons tant shear stress of I bar was assumed , and in this case ho is equal to I I m. 

T o derive the pa rameter s, it is necessary to know the limits of the Scottish ice sheet. A t 
its m aximum extent, the western edge of the ice proba bly lay between the Flannan Isles and 
St. Kilda (Sissons, [CI967] ) . The exact limit was assumed to coincide with the 50 fathom 
(9 I m ) bathymetric contour west of South U ist. This corresponds to the estima ted m aximum 
sea-level lowering of 90 m during the Pleistocene (F lint , [CI97 I] ) . From evidence of glacia l 
breaching a nd distribution of erra tics, the centra l axis of the ice shee t in north-west Scotland 
is thought to have been loca ted to the east of the present wa tershed (Dury, 1953 ; Sissons, 
[CI967] ). H owever , it probably occurred not too far to the eas t since there is evidence of 
eas tward movement of ice in northern Scotland (Sissons, [C I 967] ) . In the model, the iceshed 
was loca ted I 2.5 km east of the highest mounta ins in the transect a nd approximately 20 km 
east of the present watersheds in G len Affric and G len Shiel (Fig. 4) ' As the eas tern limits of 
the Scottish ice in the orth Sea remain conjectura l, tha t pa rt of the eastern profile relevant 
to the a rea studied was obtained by symmetrical extrapola tion of the western one . 

In estima ting ice thickness, isosta tic depression of the land surface was assumed. Since 
basal tempera tures were to be calcula ted for a rela tively centra l a rea in terms of the whole ice 
sheet, a nd since isostatic adjustment d oes not refl ect local topographic effects on loading 
(Flin t, [C I 97 I] ), a n average value was estimated for isos ta ti c depression . T he difference 
between the ice-surface and presen t ground-surface a lti tude was averaged for 41 points over a 
distance of 50 km on each side of the ice centre a long the line of profile. T he figure obtained is 
equivalent to 0. 733 times the average ice thi ckness assuming isosta tic depression of 0.267 times 
the ice load (Brotchie and Silvester , 1969). This gave a value of I 276 m for the average ice 
thickness and 465 m for the average isos tatic depression under the centra l a rea of the ice shee t. 

Ice-surface temperature 

An estima te of - 2
Q C was m ad e for the mean a nnua l sea-l evel tempera ture a t the western 

margin of the ice sheet. T his represents a lowering of 10.5 deg below the mean annual 
tempera ture for Stornoway in the O uter H ebrides during the period 193 1- 51 (Great Britain . 
M eteorologica l O ffice, 1963) and is of the magni tude suggested by Flint ( [C 1 97 I] ) for the ice 
m aximum in Brita in. More ex treme conditions have been suggested by Coope a nd others 
( 1971 ) and Williams (1975) for the E nglish Midl ands at the ice maximum, a nd during the 
la te-glacial Loch Lomond stadia l, the presence of permafrost features in Mull suggests a m ean 
annual temperature for western Sco tl and of no higher tha n - I QC and probably lower (Sissons, 
[C I 976] ). Therefore, the above es tima te is proba bly a conserva tive one. Surface temperatures 
across the ice sheet were es tima ted using a lapse-ra te of 7 X 10-3 deg m - I. This is the mean 
va lue used by Diamond (1960) to compu te mean a nnua l a ir tempera tures for areas of the 
Greenla nd ice sheet where a ir and ice temperatures were no t availa ble. 
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Basal temperature .gradient 

The basal temperature gradient rb is given by the sum of the geothermal heat gradient 
and the internal frictional heat gradient produced by glacier movement: 

TV 
rb = Ya+JK , 

in which rG is the geothermal heat gradient, V is the ice velocity, J is the mechanical equi­
valent of heat, and K is the thermal conductivity of the ice. A minimum value of 1.4 
!-lcal cm- 2 S-I (5.9!-lJ cm-2 S- I) was estimated for the geothermal heat flux for northern 
Scotland from Lee and Uyeda (1965, fig. 44). The thermal conductivity of the ice is 
temperature-dependent, and a value of 5.4 X 10-3 cal cm-I S-I deg- I (2Q.6 X IO- J 

J cm-I S-I deg- I) was selected as an average for temperatures in the range 0° to - 10
0 e. The 

mean velocity V of the ice column was estimated as that required to maintain the ice sheet in a 
balanced state: 

.Axx 
V-­- Z ' (5) 

in which x is the distance from the ice-sheet centre, .Ax is the mean accumulation over this 
distance and Z is the ice thickness . ' 

Surface warming rate 

Because of the decrease in ice-surface temperature with increasing altitude, there is a 
corresponding variation in the temperature of the accumulating firn. Due to the movement 
of ice both downwards and outwards from the ice-sheet centre, each annual layer of firn 
accumulates at a slightly warmer temperature than the previous one. This surface warming 
rate is expressed as V"'A, and the negative surface-tempera.ture gradient r s, by the formula 
of Robin (1955), as 

(6) 

in which", is the ice-surface gradient, " is the lapse-rate, and A is the accumulation rate. 

Accumulation rate 

Mean annual precipitation for the central area of the ice sheet at the ice maximum was 
estimated at 100 cm from the maps of values predicted by Williams and Barry (1974) from 
their simulation of Ice Age climate using the NeAR global circulation model. This value was 
also assumed to be the mean annual accumulation. 

Additional parameters 

The dimensionless thermal parameter y is given by 

y = (~~Y, 
in which K is the thermal diffusivity of the ice. K is temperature-dependent, and a value of 
1.2 X 10- 2 cm2 S-I was selected for temperatures in the range 0° to - lO

oe. 
The function erfy is defined as 

y 

erfy = f exp ( _X2) dx. (8) 

o 
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The function E Cy) is the integral 
y 

E(y) = J F(x) dx, (9) 
o 

in which F(x) is the Dawson Integral 

F (x) = ex? (_ X2) f exp (t2) dt. ( 10) 

o 

Values of these functions have been tabulated by Abramowitz and Stegun ([1965]) and 
graphed by Budd (1969). 

DERIVED BASAL TEMPERATURE CONDITIONS 

Derived basal temperature conditions are shown in Figure 2a, and input values for a 
selection of points in Table 1. The pattern of basal thermal regime is that of a cold-based 
central area approximately 55 km in width succeeded by zones of basal melting towards both 
the east and west. This refl ects an increase in ice thickness as the underlying relief decreases 
towards the present coast and also an increase in basal temperature gradient as velocity 
increases away from the centre. The negative surface-temperature gradient also increases 
away from the centre but at a slower rate than the basal one. 

TABLE I. TEMPERATU R E -MODEL INPUT VALUES FOR SELECTED SITES AT THE ICE MAXIM U M ( PARABOLIC ICE-SURFACE 

PROFILE) 

Ice-surface 
Site altitude Z A V rs rb y IJs IJb 

m 0.0. m m year- I m year- I deg m- I deg m- I QC QC 

I. Kyle of Lochalsh 1692 2007 1.0 23·7 0.000995 0.059 5. 15 -13.8 +4.8 
2. Glenelg area 1754 161 9 1.0 23·3 0.000980 0.058 4.62 -14·3 +i.7 
3· Sgurr an Airgid I 797 I 422 1.0 21.6 0.000907 0.056 4·33 -14.6 -0·5 
4· Beinn Fhada 1843 I 275 1.0 18.2 0.000764 0.052 4. 10 -14·9 - 2.8 
5· Meal! a' Chrathaich I 91 3 1699 1.0 6.6 0.0002 77 0.035 4·74 -15·4 -4. 1 
6. Drumnadrochit area 1802 1810 1.0 16.6 0.000697 0.049 4.89 -14.6 + 0·9 

EFFECTS OF VARYING THE MODEL INP UTS 

In view of the assumptions involved in estimating the input parameters, it is instructive 
to consider the effects of varying the latter. 

Form of the ice-surface profile 

The parabolic profile used tends to be steeper than ice-sheet profiles observed in reality. 
Basal temperatures were therefore calculated for a flatter elliptical profile of the form 

(I I) 

in which h is the ice thickness at a distance x from the ice centre, L is the half-width of the ice 
sheet, and Z is the ice thickness at the ice-sheet centre. Average isostatic depression was 
estimated in this case to be 496 m for the central area. One effect of this model is progressively 
to increase the ice thickness away from the centre which reduces the ice velocity and therefore 
also the basal-temperature gradient. The surface-temperature gradient is also reduced but 
to a lesser extent. A further effect is to lower the ice-surface temperature away from the 
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centre, since the surface profile is at a relatively higher altitude. The combined e ffects of these 
changes on basal temperatures are small and of the order of - 1 deg which ex tends sli ghtl y 
the central area of basal freezing particularly in the east (Fig. 2b). If the ice veloc it y is held 
constant, there is a slight increase in the extent of basal melting (Fig. 2C) . 

Annual accumulation rate 

An increase of 25 % in the annual accumulation rate increases the ice velocity and hence 
the basal temperature gradient. This in turn decreases the extent of the central freez ing zone 
(Fig. 2d) . A decrease of 25 % in the annual accumulation rate produces tll<' 0ppo. ite cffrct 
(Fig.2e) . Initially, accumulation was assumed constant across the centra l a rea of tllf' ice shcrl. 
A more realistic pattern may be one of precipitation decreasing both with a ltitude in towards 
the ice centre and with increasing distance from maritime sources in the west. This redllces the 
extent of the central zone of basal freezing west of the ice centre a nd increases it to thc ('a °t 
(Fig. 2f). 

Ice thickness 

An increase of 25°';' in ice thickness reduces the ice velocity and therell)!T the bil sal 
temperature gradient. The result is to reduce slightly the basa l tempera tures and increase 
the ex tent of the central a rea of basal freezing (fig . 2g) . Decreasing the ice thi ckn ess by 25(1 ~ 

produces the opposite effect (Fig. 2h ) . If the ice velocity is held constant , a n increast in ice 
thickness reduces the ex ten t of the basa l freez ing and vice versa (Fig. 2i a nd j ) . 

Surface temperature 

An increase of 3 deg in the mean annual temperature at the western edge of the ice sheet 
is sufficient to raise the whole of the central a rea of the ice shee t to the pressure-mel ting point 
at its base (Fig. 2k) ; a decrease of 5 deg is sufficient to extend the central zone of basa l fr tez ing 
beyond the area considered (Fig. 21). Decreasing the ice-slll'face tempera ture la pse-ra te fml1l 
7 X 10- 3 deg m - I to 4 X IO- J deg m - I would raise the whole of the centra l a rea to the pn:ssllre­
melting point (Fig. 2m); increasing it 109 X IO- J deg m - I would produce basa l freezing ovcr 
the whole of the area considered (fig. 2n) . 

Geothermal heat flux 

The value of the geothermal heat flux used in the model is a minimum value for northern 
Scotland (from Lee and Uyeda, 1965). Increasing it by 10% reduces the extent of the central 
zone of basal freezing (Fig. 20). 

Summary 

These additiona l calculations suggest that errors in estimating ice thickness, accumulation 
rate, and the geothermal heat flux do not affect greatly the predicted pattern of ice-sheet 
thermal regime of a central area of basal freezing succeeded by zones of basa l melting to the 
west and east. Only small changes occur in the positions of the zone bounda ri es. However, 
errors in the estimates of mea n annual temperature at the ice margin and ice-surface tempera ­
ture la pse-rate will have much more significant effects and , depending on their magnitude a nd 
direc tion, basal thermal conditions might range from completely freezing to com ple tel y 
melting over the area considered. 
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THE DISTRII3UTION OF AREAL SCOURING 

The distribution of a rea l scouring was mapped from air photographs and fi eld work. A 
typical ice-scoured landscape is shown in Figure 3. Areal scouring occurs in two broad zones, 
one to the west a nd one to the east of the cen tra l moun tain belt (Fig. 4) . In the west, typical 
ice-scoured topography extends from sea-level a t the western limits of the K yle of Lochalsh 
and G lenelg peninsulas eastward to about 900 m O.D. on The Saddle and A' Ghlas-beinn. 
The summit of the latter (9 16 m 0.0. ) is scoured and ice-roughened, but the adj acent plateau 
of Beinn Fhada rising to 1 032 m 0 . 0 . is comparatively smooth in ou tline. Farther east, the 
high ridges flanking Glen Shiel, Glen Affric , and Glen Cannich are rocky and frost-riven in 
places but they do not display the typical scoured forms of the west. Locall y, however, 
scouring is present on cols (for example just to the east of The Saddle), in a reas of convergent 
ice streams (for example to the south-west of upper G len Elchaig) and a long the Ranks of the 
glens which acted as major ice-discharge routes. 

T o the eas t of the mounta ins, on the plateau north of Glen Cannich , the summits of Carn 
nan Gobhar (99 I m ) and Creag Dhubh (946 m ) are unscoured a lthough their lower spurs 
display the typical forms. It is onl y farther east at An Sou tar (676 m ) that the plateau itsel f 
becomes extensively scoured. South of Glen Cannich , the summit of Toll Creagach (1052 m) 

Fig. 3 . L alldsca/;e q/ areal scourillg Il ear C;Ienrlg. (Crowll co/~)'rig!tt reserved. ) 
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is smooth and regular in outline. However, immediately to the cast the plateau is scoured 
from Doire Tana (892 m ) eas tward. South of Glen Affric, scou red forms a re presen t on the 
summit of Cam Glas Lochda l-ach (771 m ) but absent f!"Om th e slightl y highel- Aonac h 
Shasuinn (884 m ) . To the north-east, the trough form of G len Anric opens out a long its south 
side as a rela tively low, linear depression over which scouri ng ex tends from Loch Beinn a' 
Mheadhoin to th e interfluve at a round 450 m . On the extensive plateau surfaces ofGuisachan, 
Balmacaa n and Dundreggan Forests to the east of G len Affric, area l scou ring is again the 
pred ominant landscape form. Between G len Affrie and th e River Enrick, reli ef amplitude is 
low and peat moors blanket much of the bedrock. East of the rivel-, howevel-, a relat ively 
higher scoured surface oCCUl-S with rocky hills up to 150 m in amplitude in the case of l'vIea ll a' 
Chrathaich (678 m O.D. ) . Prominen t lineations in this area reflect underl ying bedrock 
structures. 

The distribution of a real scouring thus tends to be associa ted with topographic surfaces 
below a bout goo m in a ltitude. D istance from the main mountain mass mav also be a rela ted 
fac tor but it is itse lf correlated with topograpbic a ltitude. 

RELATIONSHIPS OF AREAL SCOUR ING TO R ECONSTR UCTED ICE-SH EET BASAL T EMPE RAT URES 

Areal scouring to the west of the mountains spatia ll y coincides in part wi th predicted areas 
of basa l melting for the parabolic a nd ellipti cal ice-surface profile models and also under 
conditions of increased accumula ti on ra te, geotherma l heat grad ient , and ice thickness 
(velocity held constant) (Fig. 2) . If the ice were thinner, accum ula tion ra te lower, lapse-ra te 
higher , or mean annual tempera ture at the ice margin lower , then no correlat ion would ex ist'. 
To the eas t of the mountains there is little spatia l correlat ion be tween zones of basa l melting 
and a real scouring (Fig. 2). It is only under conditions of increased ice thickness a nd accumu­
lation ra te that the eastern part of the scouring becomes associa ted with basal melting. T he 
greater part of the scouring here does not correspond with the basal melting under a ny of the 
conditions modelled. This relates to the location of the eastern scoured zone close to the centre 
of the ice sheet where predicted ice veloc ities, surface tempera tures, a nd ice thicknesses a re 
relatively low. 

I t may be that the most effective conditions for glacia l erosion were not associa ted with the 
ice maximum but with intermedia te stages in the growth or decay of the ice sheet. To 
investigate this possibility, basal temperatures were calculated for an ice sheet of ha lf the 
origina l width and with the same temperature and accumulation rate in puts as for the orig inal 
calculation (Fig. 5; Table Il ) . T he resulting pattern of basal thermal regime is broad ly similar 
to that of the ice. maximum ; a centra l zone of basal freezing and ou ter zo nes of basa l me l ting 
both to the east a nd west. The cent ra l freezing zone is less ex tens ive than before but still 
extends across the eas tern a rea of a rea l scouring. H owever, if the iceshed is assumed to be 
located over the mountains rat her than to the east of them , which might tend to be thc 
situation during th e ea rl y build-up of the ice sheet, then basal melting is predicted to coincide 
wilh the eastern sco lllTd zone as well as witH the western one. 

o 30 km 
Areal Scouring 

~ Mcl lln ~1 ------+"E-- F reez ln ~l ---+~ Mc ltl n$1 ~ Parabola 

Fig. 5. Reconstructed thermal conditions for an ice sheet if half the estimated ice-maximum width. 
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TABLE 11. TEMPERATURE-:v10DEI , INPUT VALUES FOR SELECTED SITES ( ICE SH EET HALF ESTI~IATED MAX IM UM SIZE ) 

lee-surface 
Site altitude .( A V 'fs r" J' Os 0" 

m D.D. m m year- I m year - I deg m - I deg m I °C QC 

I. K yle of Lorhalsh 956 1 06 1 1.0 39. 1 0.001 64 0.081 :l· 74 8 .69 + 7.8 
2. Glenelg area 1062 860 1.0 4:1·9 0.001 84 0.088 :l-:l7 9·43 + 6·5 
3· Sgllrr an Airgid I 132 547 1. 0 56 .2 0.002 :l(; 0. 105 2.69 9 .92 + 6 ,3 
4· Bcinn Fhada I 199 422 1.0 56 .1 o.oo~ :lG 0. 10 5 ~ · 36 10·39 + 4-4 
5· Meall a' Chritthaich I 308 88+ 1.0 12·7 0.00053 ().o4+ 3-42 11.20 - 2.2 
6. Drumnadrochit area I 139 937 1. 0 32.0 0.00 1 3+ (l.07 1 3.52 - 10.00 + 3.8 

CONCLUSION 

I . R econstructed ice-sheet temperatures for a transec t aCI'oss northel'n Scotland suggest 
the former presence ofa central area of basal freezing reflecting low values there of ice velocity, 
surface tempera ture, and ice thickness. As predicted va lues of these variables increase in 
magnitude away from the centre both to the west and east , basal temperatures tend to rise. 
Whether or not the pressure-melting point was reached appears to depend criti call y on the 
input values of mean an nua l temperature at the ice margin and ice-surface temperature lapsc­
rate. No loca l data a re available for either a t the ice maximum. When compared with data 
from the English Midlands for the same period (Coope and others, 197 I ; Williams, 1975), the 
es tima te of mean annual temperature is seen to be relatively high , even a llowing for some 
possible ameliorating maritime influence. (Williams and Barry ( 1974) suggested that the 
latter may have been great ly reduced at the ice m aximum. ) The most prohable temperature 
reconst ruction for the ice max imum in the light of present knowledge is th erefore basal 
freezing over the en tire area of the mainland cons id ered. This is a lso the pattern pred icted by 
Boulton and others ( 1977 ) . Basa l melting seems most likely to havc developed , if a t a ll , either 
during ameliora ting climatic conditions following the ice max imum or d uring periods of less 
extensive ice advance associa ted with elima tic conditions less severe than those predic ted for 
the ice maximum. 

2. Even under the most favoura ble conditions for basa l melting modelled , there is onl y a 
partial spatia l correlat ion between a rea l scouring and warm-based ice in the west and litt le 
or none in the cast for the ice maximum . This may be exp la ined in s(,vl' ra l ways: 

(a) The tempera ture-profil e model is wrong or incomplete (sce Hooke, (977 ) . 
(b ) The model inputs are wrong. 
(c) Areal scouring in northern Scotland is not rel ated to the former p resence of warm­

based ice. 
(d ) The formation of a rea l scouring in northern Sco tl a nd is not re lated to predicted 

glaciological condit ions at the ice maxim um . 
(e) The formation of a rea l scouring is spat ia lly and tempora ll y transgressive during the 

build-up and decay of ice sheets in northern Scotland . 

Of these, the fourth and fifth seem to be the st ronges t possibilities. As the ice built up a nd 
decayed through time, zones of different basal tempera ture conditions a re likely to have been 
spa tia ll y transgressive. Also during ice build-up and following the ice maximum, surface 
temperatures are likely to have been higher, tending to favour basal melt ing. 

3. Tl~e focus in the present study on trying to link glac ier theory and geomorphology has 
raised new questions and problems, and may offer a productive line of approach to under­
standing the complex form- process rela tionships in formerly g laciated a reas . Computer 
simulation of the continuous build-up and decay of former ice sheets offers exci ting possibilities 
and may overcome the problems of attempting to correla te "static" landform pa tterns in the 
present landscape with dynamic glaciological conditions and processes. 
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