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An analysis of Cotswold topography: insights into the landscape response to

denudational isostasy

N. F. LANE 1, A. B. WATTS 1 & A. R. FARRANT 2

1Department of Earth Sciences, Oxford University, Parks Road, Oxford OX1 3PR, UK
2BGS Keyworth, Kingsley Dunham Centre, Keyworth, Nottingham NG12 5GG, UK (e-mail: tony@earth.ox.ac.uk)

Abstract: We have used the NEXTMap Britain digital terrain model (DTM) to determine the lithospheric

response to erosional unloading and the contribution of tectonics, in the form of elastic plate flexure, to the

Cotswold ‘scarp and vale’ landscape. The calculations take into account lithology variations and along-strike

changes in escarpment retreat. We show that flexural rock uplift as a result of erosional unloading varies

spatially and may contribute up to 50% of the relief in the Cotswold region. This is supported by

morphometric analysis, of concavity and steepness, for 66 longitudinal river profiles that drain the scarp and

dip slope of the escarpment. Viscoelastic plate models suggest that the uplift is initially rapid (up to 8 m ka�1)

and essentially complete within 50 ka. These initial rates are compatible with an early post-Anglian incision

rate inferred from the Thames terraces. The ‘staircase’ terrace pattern suggests, however, that there have been

a number of denudational isostatic events, each associated with a climate cycle. Finally, the analysis reveals an

inherited ‘proto-landscape’ that has a subdued relief when compared with the modern DTM. Such a relief is

consistent with an early extension of the River Thames, through the Vale of Moreton, to the north of the

present-day Cotswold Hills.

The landscape of central–southern England is dominated by a

‘scarp and vale’ topography. The sublinear ranges of the

Cotswold and Chiltern Hills are the ‘scarps’, and the low-lying

valleys of the Severn and Upper Thames are the ‘vales’ that

separate them. The sharp changes in elevation are coincident

with stratigraphic boundaries. The escarpments comprise lime-

stones that stand above the clay and mudstone valley floors.

Lithology is identified as the unequivocal primary control on

landscape morphology.

Landscapes are the product of opposing constructive (deposi-

tional) and destructive (erosional) forces, along with complex

feedback mechanisms between them. Demoulin (1998), for

example, identified five primary controls: climate, structural

framework, morphological heritage, bedrock lithology and active

tectonics. To unravel the landscape history of a region the

contribution of each factor must be considered while appreciat-

ing that their importance may vary spatially and temporally.

The approach in most previous geomorphological studies has

been to isolate a single control by assuming a negligible, or

known, contribution from the others. The role of systematic

lithological variations, in climatically uniform regions, has been

investigated through digital terrain model (DTM) analysis by

Snyder et al. (2000), Kirby & Whipple (2001), Duvall et al.

(2004) and Kobor & Roering (2004). Conversely, climatic and

hydrological influences on landscape have been analysed in

regions that are tectonically stable, or in which the tectonics is

known to vary systematically, by Montgomery et al. (2001), Roe

et al. (2002), Bonnet & Crave (2003) and Zaprowski et al.

(2005).

In southern England, the development of the Severn Vale

has been attributed to preferential erosion of the softer Trias

and Lower Lias rocks (Dreghorn 1967). Trueman (1971)

attributed the asymmetry of the flanking ‘scarps’ to the

regional stratigraphic dip and the alternating erodibilities of

Mesozoic beds. However, work by Watts et al. (2000, 2005)

has suggested a significant role for local, recent, tectonics

despite the location of the region in a relatively inactive plate

interior.

There is, in fact, considerable evidence, from geomorphologi-

cal, stratigraphic and geochronological studies, for vertical

tectonic movements of the UK lithosphere since the Late

Cretaceous. Apatite fission-track analysis (AFTA), vitrinite re-

flectance studies and sonic velocity analysis suggest that there

have been several episodes of surface uplift, resulting in a

regional tilt up to the NW and down to the SE. This tilting has

been associated with exhumation and denudation, the peak

magnitude of which may be up to 3 km in the East Irish Sea and

the West Midlands (Green et al. 2001; Jones et al. 2002; Cope

2006). This surface uplift has been variously attributed to

upwarping above a ‘hotspot’ centred beneath NW England (Cope

2004) and thickening of the crust by magmatic underplating (e.g.

Brodie & White 1994; Al-Kindi et al. 2003; Tiley et al. 2004).

Bott & Bott (2004) cited temperature, and hence density

anomalies, in the shallow mantle as the causal mechanism for

two surface uplift events during the mid-Palaeocene to Early

Eocene and the Neogene.

In southern England, far-field compressional stresses related to

the Alpine orogeny (Chadwick 1993; Blundell 2002) appear to

have driven basin inversion and associated uplift during the

Palaeogene. Jones (1999), however, described evidence for a

widespread sub-Palaeogene surface. The preservation of its soil

cover indicates the region was one of generally low relief and

elevation throughout the Palaeogene. However, evidence for

Pleistocene, local rock uplift is preserved in the flights of fluvial

terraces along the major rivers in the region, such as the Severn,

Avon and Thames (Maddy 1997; Maddy & Bridgland 2000).

Perhaps the greatest influence on the recent development of

the UK landscape has been Pleistocene glaciation and deglacia-

tion. During this period the crust has been affected by glacio-,

hydro- and denudational isostasy. Tide-gauge data record a tilt

with maximum relative surface uplift occurring in central and

western Scotland, and maximum subsidence in SW England (e.g.



Shennan & Horton 2002). These movements have generally been

attributed to melting following the Last Glacial Maximum, in the

Devensian, which led to the rebound of ice-loaded regions and

the collapse of their flanking bulges (Lambeck 1995; Peltier et

al. 2002). These ice models include the loading effects of melt-

water flowing into the oceans.

The land areas of Britain, northern France and Norway have

risen in the past 2.5 Ma, during which time much of their relief

developed (e.g. Blundell 2002). It is difficult to assign this

movement to far-field stresses as these were much greater during

the Eocene. Instead, Clayton & Shamoon (1999) predicted that

50–70% of the surface uplift may be the result of denudational

isostasy. Graversen (2002) attributed Cenozoic surface uplift in

southern England, and southern Sweden, to flank uplift accom-

panying post-rift subsidence in the North Sea Basin. Westaway et

al. (2002), however, modelled the uplift in terms of lower crustal

flow driven by cyclical surface processes.

The geologically recent development of significant topography

from a low-relief landscape has been accompanied by major

changes in the regional drainage and large-scale erosion. Quanti-

fication of this erosion has been made by Tappin et al. (1994)

from seismic analysis of offshore Pleistocene sediment deposits.

Watts et al. (2000, 2005) calculated the scale of the flexural

uplift predicted from the erosional unloading of sediment. The

flexural strength of the lithosphere controls the magnitude of the

response and the extent of the uplift beyond the site of erosional

unloading. These localized differential movements are significant

enough, we believe, that they should be considered in glacio-

isostatic studies, especially ones in which attempts are made to

derive the ice history and mantle rheology from apparent sea-

level curves.

The purpose of this paper is to use the recently released

NEXTMap Britain DTM to identify, and quantify, the erosional-

isostatic signal in the present-day landscape of the Cotswold

region. Elastic plate modelling is undertaken to isolate the

flexural relationship between the width of the Severn Valley and

the flanking high of the Cotswold escarpment. Lithological

influences upon escarpment retreat are also considered, along

with the form of the inherited topography. The modelling is

based on simplifying the landscape and extracting a parameter to

represent the ‘unload’ (the eroded volume) and the flexural

response (the elevation). This produces a synthetic output that

can be compared directly with the DTM, allowing the flexural

rigidity of the lithosphere to be constrained. Longitudinal river

profile analysis is undertaken to seek collaborative geomorpholo-

gical evidence for the differential regional uplift. Viscoelastic

plate modelling is then used to constrain the duration of an

individual erosional and flexural uplift event. Finally, the influ-

ence of the uplift upon the distribution of the fluvial terraces and

the evolution of the proto-drainage network is discussed.

Regional geology and topographic features

The NEXTMap Britain DTM is a high-resolution topographic

dataset created from X-band interferometric synthetic aperture

radar (IfSAR) data, using the OSGB36 projection, with a

horizontal grid spacing of 5 m, a horizontal accuracy of �2.5 m

and a vertical accuracy of root mean square (r.m.s.) error of

0.7 m (Intermap 2004). Figure 1 shows a map view of the DTM

in the Cotswold region and a section across it. The figure

illustrates the landforms associated with the ‘scarp and vale’

topography, such as the Cotswold Hills, the Chiltern Hills and

the lower Corallian escarpment.

The Cotswold escarpment has the greatest regional relief,

rising from the floor of the Severn Valley (sea-level to 40 m OD)

to above 300 m. It reaches a maximum at Cleeve Hill, where it

peaks at 330 m OD. At a regional scale the escarpment is a

sublinear feature but at finer scales it is embayed and has a

number of outliers. There is evidence, particularly along the

incised river valleys, of cambering, valley bulging and periglacial

solifluction (Horswill & Horton 1976; Sumbler et al. 2000;

Whitworth et al. 2000; Hutchinson & Coope 2002) that reflect

distinct permeability and competence boundaries between strati-

graphic units and influences of the Pleistocene periglacial

climate.

The dip slope is characterized by an extensive plateau surface

deeply dissected by numerous streams, the incision being evident

in the profile in Figure 1b. The surface is not a stratigraphic dip

slope, as it cross-cuts the more steeply dipping bedrock (topo-

graphic dip , stratigraphic dip). The escarpment is capped

around Stroud, and to the NE, by Inferior Oolite limestones, and

to the south by the Great Oolite. The northwestern face of the

escarpment descends steeply into the Severn Valley, which is

floored by the soft clays and mudstones of the Lias Group. The

vale to the SE of the Cotswold, however, is underlain by Middle

to Upper Jurassic clays, such as the Kellaways and Oxford Clay

formations. These lithological divisions are defined on the British

Geological Survey (BGS) 1:50 000 geological maps of Tewkes-

bury (216), Moreton-in-Marsh (217), Chipping Norton (218),

Gloucester (234) and Cirencester (235), along with the accom-

panying memoirs, by Worssam et al. (1989), Barron et al.

(2002), Horton et al. (1987), Sumbler et al. (2000) and

Richardson et al. (1946), respectively. The stratigraphic sequence

is summarized in Table 1, along with the rock erodibility

rankings of Clayton & Shamoon (1998).

The Cotswold escarpment has been differentially eroded

towards the SE, leaving remnants of an earlier scarp in its wake

as outliers. Several of these, such as Robins Wood Hill, Church-

down Hill, Bredon Hill and Dumbleton Hill, are marked in

Figure 1a. These high-elevation (and relief) peaks are capped

with the same resistant limestones as the crest of the Cotswold

Hills. Their elevations are consistent with a previously more

extensive, dipping, Cotswold plateau and are indicative of its

progressive retreat to the SE (Dreghorn 1967).

A series of north–south-trending faults bound the central and

northern Cotswold region and the corresponding Worcester

(Severn) Basin (to the north). The western boundary is the

Malvern Axis, to the east is the Moreton Axis (Fig. 1a) and the

London Platform, and to the south is the Wessex Basin.

Reactivation and extension of Variscan thrust faults led to two

episodes of east–west crustal extension and subsidence, during

the early Permian and early Triassic (Loup & Wildi 1994;

Chadwick & Evans 1995). This subsidence generated the

accommodation space for the accumulation of thick Triassic and

Early Jurassic Lias Group sediments. The Moreton Axis is the

footwall to the east bounding fault of the Worcester Basin (e.g.

Chadwick & Evans 1995). The thicknesses of sediment deposited

have been controlled by movement along this axis, with greater,

more rapid subsidence in the west, and sedimentation thinning

eastwards (e.g. Radley 2005). Throughout this time the region to

the east, the London Platform, remained a relatively stable,

persistent high and, therefore, an area of non- or limited

deposition. The Mesozoic rocks along the Cherwell valley reflect

their ‘intermediate geographical position through a general

southeastward thinning of most formations, with many non-

sequences, erosion surfaces, overlaps and facies changes’ (Hor-

ton et al. 1987). An erosional unconformity separates these Lias

sequences from the overlying Inferior Oolite Group.
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