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several tens of metres and fresh rock outcrops are confined to bands of quartzite and to valley floors
(Figure 5a). Deep weathering survives on hill summits and a patch ofTertiary flint gravel occurs on Whitestone
Hill. Weathering covers become thinner and fresh outcrops become more frequent towards the Ythan Valley,
where hills show abundant fresh outcrops on their flanks and summits but with weathering extensively
preserved around the base of the hills on both the up-ice and down-ice sides. The hills show a range of
structurally-determined orientations and appear to represent resistant rock cores, developed on cordierite­
bearing xenolithic basic igneous rocks, which have been exhumed from surrounding saprolites without
significant glacial moulding of the hill forms. Closer to the axis of the Ythan valley, ice moulding of hills
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Figure 5. The pattern of weathered and fresh rock in four profiles arranged sequentially from north (top) to south (bottom) within the
study area. (a) widespread weathering at Brown Hill, Dudwick, in the region ofclayey grusses; (b) weathering in basins and ice moulding on
hills, Hill of Barra: (c) weathering in basins up-ice of the ice-moulded Tyrebagger Hill and in pockets down-ice. The raft of weathered rock

in till is described by Sugden (1986); (d) ice moulded hills and basins, Cran Hill, south of the River Dee
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becomes more apparent and weathering is increasingly confined to protected positions in narrow pockets and
lee sites, as at Ythanbank Quarry (Figure 6).

A second area of deep and extensive weathering occurs west of Oldmeldrum (Figure 5b). Here shearing at
the eastern end of the Insch mafic intrusion has allowed alteration to depths of 20 m of more (Munro; 1986b)
and the opening out of a basin with a floor area of over 15 km 2

• This basin is one of a series found along the
,lower Don valley (Hall, 1983). All these basins appear to be located on zones of low rock resistance and all
retain saprolites below till beneath their floors despite being positioned directly facing the up-ice sides of ice­
roughened hill masses, such as the hills of Barra, Tyrebagger, and Brimmond (Figures 5b and c).

In much of the rest of the study area boreholes indicate that weathering, where present, is usually 1-4 m
deep, although significant numbers of isolated sites with more than 10 m of weathering are also known. The
topographic relationships of the weathering may be summarized as follows:

1. Weathering is generally absent from summits, whether ice-roughening is apparent or not.
2. Weathering is often found in the lee of isolated hills and hill masses, as around Dyce (Figure 5c). It is also

occasionally found on the stoss side of hills, as at Ythanbank Quarry (Figure 6) and in the midst ofglacially­
scoured areas, such as at Harestone Moss, Belhelvie, where 10 m of weathered rock lies between and
immediately adjacent to ice-moulded rock bumps.

3. Weathering is absent from the floors of major river valleys and most large meltwater channels. At Hill of
Minnes, however, a meltwater channel can be shown to have exploited a linear zone of deep alteration.

COMPARISON AND IMPLICATIONS

Comparison of the pattern of glacial erosion with that of deep weathering shows a close inverse correlation
(Figure 7). Areas with most evidence of glacial erosion are those with few occurrences of weathered rock. Areas
with no evidence of glacial erosion coincide with areas underlain by widespread weathered rock, tors, and, in
one location, in situ Tertiary gravels. In such areas the widespread occurrence of till confirms the area was
covered by ice. In between the two extremes is an area where glacial erosion is confined to certain hills and
meltwater routes while weathered rock occurs mainly in low-lying basins. The implication of this close
relationship is that the transect does indeed represent the progressive modification of a landscape by ice sheet
erosion. At one extreme in the northern Dudwick area of central Buchan, a pre-existing land surface has
survived ice sheet glaciation without significant modification; at the other extreme in the vicinity of the Dee
Valley, ice sheet erosion has transformed the landscape into one typical of glacial scouring with ice-moulded
rock bosses and rock basins.

One possible explanation of this pattern may be a change from a warm-based thermal regime in the south to
a cold-based thermal regime in the north (Sugden, 1978). Bearing in mind that critical ice thickness, climatic,
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Figure 7. A comparison of the patterns of weathering and glacial erosion, demonstrating a good inverse correlation

and geothermal variables are likely to be similar in two closely adjacent areas, the relationship of former ice
flow to topography would have favoured such a contrast in basal thermal regime between the northern and
southern extremities of the transect. The Dee valley in the south extends as a low routeway from near the centre
of the former Scottish ice sheet and was the conduit ofa major ice stream. Also ice from either side of the valley
converged into the valley (Clapperton and Sugden, 1977). These factors ,would have caused high ice velocities,
which in turn would have caused sufficient frictional heating to raise basal temperatures to the pressure melting
point. In contrast, ice flow over Buchan was divergent and, situated in the lee ofeastern Grampian uplands, cut
ofT from direct access to the central Scottish ice dome: this would have favoured low ice velocities, reduced
frictional heating, and thus lower basal temperatures.

The presence of a transect from a glacially protected landscape to a classical glacial landscape of areal
scouring allows one to substitute time for space and suggest that the sequence also represents the evolution ofa
glacial landscape over time. The original landscape is represented in the north, intermediate stages of
modification in the middle, and major transformation in the south. It can be hypothesized that the profiles in
Figure 5 represent these stages of evolution. The original landscape shows widespread deep weathering but
fresh chemically resistant bedrock underlying the main hills. The intermediate stages show ice moulding on the
up-ice side ofsome hill summits and in some cols and valleys, but with extensive remnants of weathered rock in
basins. The final stage shows exposure of the fresh rock surface and widespread glacial moulding. Weathered
rock is rare and confined to small pockets.

The first stages of erosion may be explained in terms of the passage of sliding ice at the pressure melting
point. The up-ice side of hill summits, major valleys, and cols are all likely sites for ice to be at the pressure
melting point-the hills because of pressure induced melting (Weertman, 1957) and the valleys and cols
because of ice convergence. It is worth noting that these sites are also those likely to have had least cover of
weathered rock in pre-glacial times so the presence ofglacial landforms does not necessarily imply much depth
of erosion.
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The preservation of weathered rock in the basins is less straightforward and there seem to be several possible
explanations-(a) the basins were not covered by ice at the pressure melting point, perhaps because they were
enclosed by hills and unaffected by streaming ice flow; (b) they sustained erosion equal to, or more than, the
hills but the greater thickness of weathered rock takes longer to be removed; (c) the permeability of the
weathered rock reduced sliding at the ice/rock interface because subglacial meltwater drained through the
weathered rock; (d) the greater micro-scale roughness of the glacier/bed interface over deeply-weathered rock
compared to fresh rock inhibited sliding. These possibilities remain to be investigated in more detail.

In the final stage ofglacial modification the weathered rock has been removed to reveal a series of basins and
intervening ice-moulded rock hills. Presumably sliding occurred everywhere and was aided by the reduced
permeability of the fresh rock substrate.

WIDER IMPLICATIONS

This model of the evolution of the glacial landscape of northeast Scotland has interesting wider implications.
The first is that it is possible to create a classic glacial landscape of areal scouring by removing little more than
the pre-existing weathered rock and touching up the underlying hard rock surface. Since the unmodified parts
of northeast Scotland bear weathered rock mantles commonly over 10 m in thickness but as much as 50 m in
favoured locations, one can suggest that the areal scouring in the vicinity of the Dee represents lowering of at
least 10 m. On the other hand, where pockets of weathered rock are preserved the lowering is likely to be less
than 50 m. The more extensive the weathered rock remnants, the less the lowering accomplished and vice versa.
Pockets of weathered rock are widely recorded in glaciated shield areas in North America (Bouchard and
Godard, 1984) and Europe (Godard, 1962; Lidmar-Bergstrom, 1982) and, so long as these are not
hydrothermal or interglacial in origin, then these remnants imply a similar limited amount of glacial lowering
of parts of these shields by 10-50 m. This conclusion reinforces a long-held but controversial view of the·
relatively limited efficiency of glacial erosion in shield areas (Sugden, 1976).

A second implication of the model is that the rock basin, which has long been regarded as a hallmark of
glacial erosion (Hobbs, 1945), may owe its main form to the processes ofdeep weathering in warmer pre-glacial
times. The ice has done little more than remove weathered products, as suggested by Hillefors (1969) and by
Feininger (1971). In northeast Scotland the basins are related to biotite-rich acid and basic igneous rocks which
are susceptible to chemical weathering. It would be interesting to discover whether a similar interpretation
applies to other glaciated shield areas.
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