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The number, form and origin of a stepped sequence of sub-horizontal surfaces in north Ceredigion, U.K., has been the subject of continuing controversy over nearly two centuries of investigation. Renewed impetus to re-examine the evolutionary geomorphology of the area is provided by a number of parallel advances within associated earth science disciplines. Using traditional geomorphic research techniques, data are presented from the
interrogation of a Digital Elevation Model (DEM) to constrain the number and form of the sub-horizontal surfaces in the region. Altitude-frequency
histograms identify tilted sub-horizontal surfaces elevated at between 81-270, 221-440 and 431-540 m asl, whereas topographic profiling techniques
demonstrate that a tripartite division is no more applicable than that of a single concave surface for the characterization of the landscape. It is suggested this observed tripartite arrangement has developed from an initial single uplifted concave surface. The origin of the surfaces is considered within
the context of regional geomorphic inheritance and continental deformation. A model of landform morphogenesis is proposed that considers all
relevant geomorphic lines of enquiry; the importance of adopting an integrationist ethos in studies of evolutionary geomorphology is stressed.
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Introduction
The landscape of north Ceredigion (Fig. 1) has long been
regarded as being characterized by a stepped sequence of
sub-horizontal surfaces situated over an extensive altitudinal range (ca. 100-750 m asl). Researchers have never
agreed as to the number, form, and origin of these surfaces, or whether it is possible to correlate them on a
regional or inter-regional basis. Reasons for such difficulties are not difficult to discern; there are no known
indicative surficial sediments or weathering residuals in
north Ceredigion with which to constrain the age or origin of such surfaces, and the post-Silurian geological and
tectonic history of the region has been either largely conjectural or based on negative evidence (cf. Hancock 1992;
Cope 2006). A clear, objective understanding of the subhorizontal surfaces is thus desirable, and it is now possible
to re-examine these controversies in light of a number of
parallel advances in geomorphology and associated earthscience disciplines. First, recent computational advances
have provided an opportunity to visualize, analyze and
interpret medium and high resolution DEMs at regional
scales, with an increasing number of geomorphic studies
using such datasets as a primary tool for physiographic
analysis (e.g. Lidmar-Bergström 1988, 1996; Fjellanger
& Etzelmüller 2003; Bonow et al. 2006). Second, since
the early 1980s there has been growing appreciation of
the importance of palaeoweathering mantles and inherited surficial sediments to geomorphic reconstructions in
Britain (e.g. Jones 1980, 1999; Hall 1991) and northern
Europe (e.g. Lidmar-Bergström 1982; Battiau-Queney

1996; Migo & Lidmar-Bergström 2001). With regard
to Wales, these developments have primarily focused on
studies of in situ deep palaeoweathering profiles (e.g. Battiau-Queney 1984), karstic solution subsidence phenomena (e.g. Morawiecka et al. 1996), and inherited landforms (e.g. Battiau-Queney 1987). Third, a number of
recent studies concerning continental deformation and
thermochronology from the Welsh region have been published (e.g. Muir Wood 1989; Holford et al. 2005a, 2005b;
Williams et al. 2005) that provide important information
regarding the timing of post-Silurian uplift and erosional
events. Taking these parallel advances into consideration,
it is evident that an integrationist ethos must be adopted
in studies of long-term landform evolution (e.g. Japsen et
al. 2006) to ensure that all available evidence is incorporated into models of regional evolutionary geomorphology. Such an approach will help proposed models to better
withstand critical scrutiny and increase the explanatory
power required to elucidate landform morphogenesis.

Aim and objectives
The aim of this paper is to undertake morphometric interrogation of a DEM in order to determine the number and
form of sub-horizontal surfaces in north Ceredigion.
To achieve this aim, the specific objectives of this paper are to:
• Highlight the diverse range of opinions regarding the
number, form and origin of the sub-horizontal sur-
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faces in north Ceredigion.
· Establish whether or not widespread surfaces can be
determined within the study area through the application of traditional geomorphic techniques to a DEM
dataset.
· Fit these findings into a model of landform morphogenesis for north Ceredigion that is consistent with the
presented geomorphic data.

Definitions
A sub-horizontal surface is a non-genetic term to
describe a physiographic feature formed by denudation, with an inclination of less than 6.5° (Bonow et

Fig. 1 (A) Location map of Wales with the north Ceredigion study
area highlighted (B) The north Ceredigion study area, with the main
landscape features named, including the approximate geographical
distribution of the three widespread sub-horizontal surfaces identified in the study
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al. 2003). Within the context of the north Ceredigion
landscape, it is pertinent to outline the possible modes
of formation attributed to sequences of stepped subhorizontal surfaces. Such features are usually explained
in terms of either backwearing processes (e.g. Penck
1953; King 1967; Ahnert 1998) or downwearing processes (e.g. Büdel 1982; Thomas 1995). Those models that highlight backwearing and pedimentation
emphasize the fundamental role of local and continental base-levels. Models that emphasize downwearing call for tectonic, structural and lithological controls on denudation to be critical in the production of
topographic features (Thomas 1994). However, many
studies have successfully integrated both backwearing
and downwearing (e.g. Lidmar-Bergström 1982, 1999;
Bonow 2004) to explain observed landscapes. Inherited
landscapes or inherited landscape features are those that
formed under a different external environment and/or
tectonic regime to that operating at the present, and
which have hitherto not been removed by subsequent
denudational processes (Migo & Goudie 2001). In
British geomorphology, inherited is often synonymous
with pre-glacial or pre-Quaternary.
Two differing approaches to studies of evolutionary
geomorphology are considered in this paper. The first
approach is termed British denudation chronology, and
this formed the framework around which studies of
long-term landscape evolution came to be considered in
Britain until the 1960s. Rather than using the landscape
record as an independent tool with which to explain
regional evolutionary geomorphology, British denudation chronology attempted to explain landscape morphology within a pre-defined set of assumptions that
were strongly influenced by Davisian geomorphological thinking (e.g. Davis 1912); for example, (i) a subhorizontal denudation surface may be either subaerial
(peneplain) or marine (abrasion platform) in origin;
(ii) a steep slope between two sub-horizontal surfaces
is a cyclic erosion feature indicative of relative baselevel fall; and (iii) the highest sub-horizontal surface is
the oldest and the lowest the most recent. Within this
framework, the Welsh region was not considered to have
undergone major deformation, folding, or faulting during the Cenozoic, but widespread uplift and/or doming
occurred that was considered to be causally associated
with the Alpine orogeny. The extensive criticism that
followed (e.g. Chorley 1963) has ensured that very little
work regarding regional long-term landscape evolution has been attempted subsequently by British geomorphologists. The second approach is termed mobilist
theory, an often overlooked French interpretation of the
landscape morphogenesis of western Britain (e.g. Reffay 1972; Battiau-Queney 1980, 1984; Coque-Delhuille
1987). Within a mobilist methodological framework,
landform development in the British region is considered to depend primarily on lithospheric properties as a
consequence of the significant crustal heterogeneity in
the region. Therefore inherited landforms, such as sub-
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Number, form and origin of the stepped
surfaces in north Ceredigion

Fig. 2 Postulated sub-horizontal surfaces in north Ceredigion: a summary
of results from field and map-based studies (modified from Brown, 1950)

horizontal surfaces, are able to survive alongside areas
that have undergone rapid changes in the geologically
recent past (Battiau-Queney 1999) and sub-horizontal
surfaces cannot be correlated on an inter-regional basis.  

The range of opinion that has existed with regard to the
number, form and origin of the sub-horizontal surfaces
in north Ceredigion is shown in Fig. 2. Ramsey (1846)
proposed a single, sub-horizontal surface formed as an
abrasion platform during the Eocene. Keeping (1882)
suggested that two surfaces could be recognized, separated by a degraded cliff-line. The “Lower Surface” was
considered to occupy an altitudinal range of between
122-213 m asl, with the “Higher Surface” occupying
an altitudinal range of between 335-457 m asl. Keeping (1882) upheld the age and origin given by Ramsey
(1846). Fearnsides (1910) identified a further sub-horizontal surface with a south-easterly tilt occupying an
altitudinal range of between 610-762 m asl, formed by
subaerial denudation during the early Cenozoic. Jones
(1911) was the first to propose divergent origins for the
individual sub-horizontal components of the stepped
sequence. Jones’ (1911) “High Plateau” was suggested to
tilt southward with an altitudinal range of between 610549 m asl; this surface was proposed to have formed the
floor of a chalk sea and was raised to its present elevation by Miocene uplift and tilting. Jones’ (1911) “Coastal
Plateau” was elevated to between 152-274 m asl. In 1912,
Davis and Sawicki both corroborated the subaerial origin
of Jones’ “High Plateau”. Sawicki (1912) also acknowledged the presence of the “Higher Surface” of Keeping
(1882), and split the coastal plateau into two separate features between 122-152 m asl and 244-274 m asl. Sawicki
(1912) regarded all four sub-horizontal surfaces as sub-

Fig. 3 Geological map of the
north
Ceredigion study
area. Named
structural features referred
to in the individual topographic profiles
(Fig. 7)
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aerial in origin. Challinor (1930) rejected the notion of a
series of sub-horizontal surfaces and forwarded the possibility that a single concave surface of subaerial origin
characterized the landscape of north Ceredigion. Challinor (1930) reasoned that altitudinal accordance could be
produced by the uniform distribution of erosional forces
and equal stream spacing. Miller (1938) recognized a
number of sub-horizontal surfaces in Ceredigion that
were considered to have been formed by marine abrasion, and where the principle sub-horizontal surface was
proposed to occupy an altitudinal range of between 457518 m asl; this corresponds approximately with the “High
Surface” of Keeping (1882) and Sawicki (1912). Brown
(1950) identified up to nine discrete surfaces within the
region, although only three were considered to be widespread; the width of each of these marine-abraded surfaces was considered to be proportional to the duration
of the still-stand under which they had formed. Later,
Rodda (1970) used trend-surface analysis to attempt a
more objective study of the area interrogated by Challinor (1930) and Brown (1950). The conclusion reached
was that the tripartite division of Brown (1950) was justified, but the single concave surface of Challinor (1930)
was nearly as appropriate.

Geological setting and development
The solid geology of north Ceredigion (Fig. 3) is entirely
of Ordovician and early Silurian age, with the sedimentary units having been deposited in a marine basin
flanked on the east by a slope rising to a sea shelf (Jones
& Pugh 1935). Much of the sediment was derived from
turbidity flows that moved rapidly downslope before dissemination across the basin floor (BGS 1984, 1994). The
gross lithologies are dominated by grey mudstones with
subordinate paler grey arenites (poorly sorted siltstones
and sandstones) and such deposits occupy an extensive area of central Wales. These lithologies do not form
extensive weathering profiles and the weathered products are removed easily by active hillslope processes (Battiau-Queney, pers. comm. 2006). The strata were initially
folded, cleaved and faulted in the late early Palaeozoic.
Major folds within the Pumlumon Dome inlier plunge
to the NNE in the north and to the SSW in the south
(BGS 1984). Within the study area, three disparate structural styles are observed. In the eastern sector, the style
of folding is generally upright or of small ESE vergence
and the cleavage dips are correspondingly steep, generally to the WNW. In the western sector, folds verge westwards and near the coast the west-facing limbs are progressively steeper until ultimately becoming overturned.
Fold axes are commonly faulted and the cleavage dips are
generally easterly, and, near the coast, shallow. Separating
these two sectors is a narrow zone, the Glandyfi Lineament. Here dips are locally low, while cleavage dips are
variable and both eastward and westward in direction
(BGS 1984). Each sector has a structural identity that is

Fig. 4 Topographic elevation and slope maps of the study area derived from the Ordnance Survey (OS) 50 m x 50 m Landform PANORAMA DTM dataset, sourced from EDINA Digimap. The grid has
a horizontal resolution of 50 m and a vertical resolution of typically
less than 3 m. (a) Elevation map of north Ceredigion including the
main geological features (b) Slope map of north Ceredigion. Marked
profile lines refer to those shown in Fig. 7

largely independent of lithology and stratigraphy with
fold and cleavage divergence along the Glandyfi Lineament. Relief compression appears to have been focused
upon this zone, producing an arch in the sediment cover
at a relatively shallow depth that subsequently collapsed
westwards (BGS 1984). Fault patterns are also distinctive in the three areas. In the eastern sector there is a pattern of transverse faults, with a major set aligned WSW.
These are predominately normal, but with local tear
components. A subordinate set is aligned NNW, together
with several major low-angle reverse faults (overthrusts)
dipping west. In the western sector, faults are smaller
but include low angle reverse faults dipping east. The
Glandyfi Lineament is characterized by three major SSW
strike faults trending along its length (BGS 1984). Euler
deconvolution maps of Wales suggest that the Glandyfi
Lineament and Ystwyth Fault both form major structures at depth and may form part of the major basement
fault and fracture set in the region (McDonald 1992).
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Methods
Digital Elevation Models
This study uses the Ordnance Survey (OS) 50 m x 50 m
Landform PANORAMATM DTM dataset, sourced from
EDINA Digimap (Fig. 4a). This medium resolution DEM
is regarded as an exhaustive database of onshore surface elevations (Ringrose & Migo 1997). The grid has
a horizontal resolution of 50 m and a vertical resolution
of typically less than 3 m. Interrogation of the DEM was
undertaken in ESRI ArcMap (vers. 9.0 & 9.1).
Altitude-frequency histograms
In this study, the elevation value assigned to each 50 m
x 50 m grid square was used to construct a series of 12
altitude-frequency histograms for west-east orientated
tracts of land with a width of 2 km. The tract orientation
was chosen to reflect the overall slope of the landscape
and is thus considered to be the most suitable for the
elucidation of widespread sub-horizontal surfaces. The
attributes of each tract, i.e. the value (m asl) and count
(frequency), were exported to MS Excel and reclassified
into class intervals of 10 m. Thereafter, the altitude-frequency histograms for each tract were collated in SigmaPlot (vers. 2001) as a series of two-dimensional horizontal bar charts. Where clusters of altitude-frequency
occurred at approximately accordant elevations across
two of more of the histograms, the possibility of a widespread sub-horizontal surface was cross-referenced with
computationally-derived geomorphic maps (e.g. Fig 4b)
and the Ordnance Survey ExplorerTM 213 topographic
map (Aberystwyth and Cwm Rheidol, 1:25,000).      
Individual profiles and the derivative serial profiles
All individual topographic profiles were constructed
through the direct extraction of elevation data from the
gridded topographic surface using the EZ Profiler 9.0.3
program (Huang 2005) at regular intervals of 50 m along
the profile line; hence every grid cell along the profile line is
included in the topographic profile. Data were exported to
MS Excel, and plotted in SigmaPlot (vers. 2001). From the
initial individual topographic profiles, two types of serial
profiling techniques were derived in Sigma Plot; superimposed profiles and the composite profile. The individual
topographic profile was used within British denudation
chronology to assist in the visualization, description, and
explanation of relief (Monkhouse & Wilkinson 1952);
rarely has it been used to emphasize the relationship
between physiography and geological structure. Instead,
proponents of British denudation chronology developed
serial profiling techniques derived from individual topographic profiles with the aim of demonstrating widespread
altitudinal accordance; this study uses superimposed and
composite profiles. Superimposed profiles were developed
to allow the comparison and correlation of individual profile lines extracted at regular intervals through the assimi-

lation of each profile line into a single two-dimensional
multiple line graph (Monkhouse & Wilkinson 1952).
Where there is a marked convergence of individual profile lines, a sub-horizontal surface may be indicated. If a
widespread sub-horizontal surface is tilted, the uppermost
and lowermost individual profiles in the superimposed
sequence run parallel with no conspicuous convergence of
profile lines between the uppermost and lowermost individual profiles. Furthermore, if sub-horizontal surfaces are
arranged in a stepped sequence, significant zones of steepening should be observed between sub-horizontal features.
The composite profile is constructed from the highest elements of the superimposed profiles to represent the overall surface of a given area of relief; it is considered to be a
view in the horizontal plane of the summit-levels from an
infinite distance (Monkhouse & Wilkinson 1952) enabling
sub-horizontal surfaces and zones of significant steepening to be identified across the entire landscape unit.

Results
Altitude-Frequency Histograms
A stepped sequence comprised of three main sub-horizontal surfaces is demonstrated from the altitude-frequency histograms (Fig. 5), here termed the coastal (81270 m asl), intermediate (221-440 m asl), and upland surfaces (431-540 m asl). The coastal surface ranges in elevation from a minimum of 81 m asl in Tracts 7 and 8 to a
maximum of 270 m asl in Tract 2, and is readily observable in all tracts. The intermediate surface identified
between Tracts 5 to 12 inclusive and ranges in elevation
from a minimum of 221 m asl in Tract 6 to a maximum
of 440 m asl in Tract 12. The upland surface ranges in elevation from a minimum of 431 m asl in Tract 1 to a maximum of 540 m asl in Tract 8; although a maximum of 570
m asl may be justified in Tract 6. This surface appears to
be generally sub-horizontal in character across the study
region, although there is a slight decrease in overall elevation towards the south. Above the upland surface, all elevations (> ca. 600 m asl) in Tracts 10 to 12 are part of the
Pumlumon hill mass, and are not part of the upland surface senso stricto. There is limited evidence from the data
for a number of minor, intermediate surfaces that may
correlate to one another, such as those in the north of the
study area between Tracts 8 to 12. However, any potential
inter-relationships between these subsidiary surfaces are
too poorly constrained to be considered significant.
The most striking aspect of this tripartite division is that
the surfaces are tilted at different angles and in different
orientations. The southward tilt of the upland surface
broadly reflects that of the overall Anglo-Welsh landmass, but the southward tilt of the intermediate surface is
conspicuously more pronounced than that of the upland
surface. By contrast, the coastal surface has a pronounced
northward tilt. However, in both the intermediate and
coastal surfaces, the tilt is towards the direction in which
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Fig. 5 Location map of the altitude-frequency histogram tracts (top). Altitude frequency histograms for west to east tracts of land with a width
of 2 km (bottom).

they become narrower. Moreover, the stepped sequence
is not possible to classify on an altitudinal basis due to the
considerable overlap in the elevation ranges ascribed to the
component surfaces; this has not been shown in any previous study. Two previous studies have emphasized a tripartite
division of the north Ceredigion landscape. Miller (1938)
proposed sub-horizontal surfaces at 151-227, 272-330 and
454-515 m asl and Brown (1950) proposed sub-horizontal
surfaces at 151-211, 303-394 and 515-575 m asl. However,
no direct correlation between the results presented here and
those of earlier studies can be made due to the considerable
altitudinal range demonstrated here. In the tripartite division presented, every altitudinal value between 81 and 570
m asl may be related to at least one sub-horizontal surface;

consequently, the contention suggested by Challinor (1930)
of a single concave feature cannot be fully accepted at this
point. This possibility is addressed further through the use
of topographic profiling techniques.

Superimposed and composite profiles
From the analysis of superimposed profiles (Fig. 6), four
potential sub-horizontal surfaces are recognized in the landscape of north Ceredigion. These are discussed from the
lowest to highest with respect to elevation. The most conspicuous sub-horizontal feature identified in the superim-
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Fig. 6 West to east superimposed profiles (thin contiguous lines) and composite profile (thick contiguous line) across the north Ceredigion study
area. Four possible sub-horizontal surfaces are indicated by the stippled shading. Two solution surfaces (dashed and dotted lines) are included
for reference in the results section.

posed profiles is that of the coastal surface. At its maximum
width, the surface extends from the coast to the 270000 easting. The surface is marked on the graph between 140 and
200 m asl, although these elevation figures are somewhat
arbitrarily chosen, especially with regard to the lower limit,
as it is difficult to demarcate the boundaries with certainty
from the graph. A second sub-horizontal feature is shown
between 260 and 280 m asl. This may be interpreted in one
of four ways. First, it may represent a sub-horizontal surface that is entirely independent of those surfaces below
and above it. Second, the surface, which appears to be sloping from east to west, may relate to the coastal surface in the
area east of Mynydd Bach. Third, the surface may relate to
the widespread intermediate surface that is observed in the
altitude-frequency histogram in Tracts 5-12. Fourth, the
surface may relate to both those above and below; it may
then have formed part of a more widespread sloping feature
that connected the two adjacent surfaces. After cross-referencing with the Ordnance Survey ExplorerTM 213 topographic map (Aberystwyth and Cwm Rheidol, 1:25,000)
this surface appears to relate to the region around Ysbyty
Ystwyth which, in the altitude-frequency histogram, was
considered to be a potential intermediate surface in Tracts
3 and 4; no widespread significance was attached to it. Here
it is considered to represent a highly dissected southern outlier of the widespread intermediate surface seen in Tracts
5 to 12. The composite profiles also show that the peak of
Mynydd Bach cannot be related to the intermediate surface
on altitudinal accordance alone. A third surface is suggested
by an increase in altitudinal accordance between the 269500
and 277000 eastings. Although this surface is marked on the
graph between the 300 and 420 m asl, these boundaries are
again somewhat arbitrary for the reasons outlined above.
The superimposed profiles also appear to show that the
relative relief is greatest in the western sector of the intermediate surface, between the 275000 and 276000 eastings.
A fourth sub-horizontal surface is suggested between the

287000 and 283000 eastings by an increase in the altitudinal
accordance of the superimposed profiles in that region. The
surface is delimited on the graph between 500 and 560 m
asl, although the lower limit is not considered fixed. Above
600 m asl the profiles are associated with the region around
the Pumlumon hill mass.
The composite profile highlights many of the major facets
of the north Ceredigion landscape. Those features observed
are the widespread coastal and intermediate surfaces, the
subsidiary intermediate surface, the apparently anomalous
hills of Mynydd Bach and Pumlumon, and two zones of
marked steepening. The composite profile does not show
the upland sub-horizontal surface as the Pumlumon hill
mass masks the feature. In order to characterize the shape
of the topographic surface prior to widespread erosion,
two theoretical solutions have additionally been placed on
the graph that excludes the residual hills of Mynydd Bach
and Pumlumon. One solution assumes that the landscape
is derived from a stepped sequence, whilst the other solution assumes that the landscape is derived from a single
concave surface; neither is assumed to be an accurate representation of the initial land surface but they do illustrate
a key point: in between the coastal and upland surfaces,
the topography simultaneously allows for both solutions
to be recognized. This apparent conflict is considered further in the analyses of four individual topographic profiles
in relation to the major regional structures.  

Interpretation of topography in relation
to structure
Four individual topographic profiles, spaced 5 km apart,
are analysed in relation to known faults and major geological structures (Fig. 7; for tract locations see Fig. 4b).

214 M. Rowberry, P. Brewer & M. Macklin 

NORWEGIAN JOURNAL OF GEOLOGY

Fig. 7 Four individual topographic profiles across the study region.

Due to the intensity of folding and its disassociation with
the observed topography, the position of fold structures
has not been included in profile analysis unless they
appear to provide a fundamental control on topographic
evolution, such as the Teifi anticline. In addition, lithology has not been incorporated onto the profiles as it is
generally uniform throughout the study area.
West-east profile A along the 288000 northing
Profile A confirms that the width and overall elevation of
the coastal surface is significantly narrower and lower in
the north of the study area, and only one small section is
observed along this profile line. The Allt y Crib and Glandyfi
Faults delineate the boundaries of the Glandyfi Lineament
in this profile, and this structural feature is coincident with
a considerable change in the overall topography. Four peaks
occur in the profile between the Glandyfi Lineament and
the Teifi anticline, and it is not possible to be certain as to
their interrelationships. No upland surface exists along this
profile; instead the summit of Pumlumon rises above the
overall elevation of the upland surface.       
West-east profile B along the 283000 northing
Profile B shows two distinct regions of marked topographic accordance and one less well constrained surface,

separated by two zones of steepening. The coastal surface
is represented in three separate sections and is noticeably
wider than that seen in Profile A. The Glandyfi Lineament marks a distinct change in the topography, with the
Camdwr Fault intersecting the lineament in this profile;
this fault is not associated with any other marked topographic contrast along its length and is therefore not considered to have a primary role in topographic evolution.
There is a steady rise in topographic gradient that may be
continued to the peak of Banc Trawsnant; this may have
initially formed part of a single slope. Accordant elevations are recognized that correlate with an intermediate
surface. It has been postulated that a north-south flowing proto-Teifi river would have exploited the Teifi anticline (e.g. Brown 1960) before capture by the headward
retreating Afon Rheidol, which presently follows the
anticlinal structure. The upland surface is recognized in
the profile as a series of three accordant features prominent above deeply incised valleys.    

West-east profile C along the 278000 northing          
Profile C shows three distinct regions of marked topographic accordance, separated by two zones of steepening. The coastal surface is represented in three separate
sections due to local dissection. No association can be
made between surface faults and the topographic profile.
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The Glandyfi Lineament marks the eastern edge of the
coastal surface. A distinct step in the topography separates the coastal surface from an adjacent region of altitudinal accordance, the intermediate surface. This surface is
deeply incised by the Afon Rheidol along this profile. To
the east, the Teifi anticline is being exploited by the Afon
Rheidol, with no intermediate surfaces found to the east
of the Teifi anticline. The upland surface forms a widespread feature along this profile.
West-east profile D along the 273000 northing
Three distinct surfaces can be observed in Profile D, separated by two notable zones of steepening. The coastal
surface forms a wide feature in the landscape. It is cut
by a number of minor faults including the Carreg Valley Fault, but none are seen to have a pronounced surface expression. The eastern margin of the coastal surface
is proximal to, but not coincidental with, the Glandyfi
Lineament. There is then a marked change in elevation
that is coincident with an unnamed fault. Thereafter the
intermediate surface forms a further distinctive step in
the landscape. The eastern margin of this surface is terminated by the Teifi anticline. A further topographic minimum is correlated to the Ystwyth Fault, where the Afon
Ystwyth has exploited the course of this structure. The
second marked change in elevation leads to the southern section of the upland surface, and this is a prominent
sub-horizontal feature in the profile.   
In summary, two conclusions can be drawn from the individual topographic profiles. First, the eastern margin of the
sub-horizontal coastal surface is generally concurrent with
the Glandyfi Lineament. Second, the Teifi anticline marks a
distinctive boundary between the intermediate and upland
surfaces. These two structures are considered fundamental
to the landform morphogenesis of the region.

Discussion
Methods of landform analysis
Although altitude-frequency histograms have been used
to elucidate geomorphic characteristics since Baulig
(1935), the advent of the digital gridded topographic
dataset has given far greater accuracy to the recorded
data than had been previously possible. However, difficulties still exist with regard to data interpretation due to
the complexity of the physical landscape. For example, it
has not thus far proved possible to correlate statistically
altitudinal peaks in the histograms between the different
tracts; of course, any statistical correlation may only add
artificial objectivity to the interpretation that cannot be
substantiated in the landscape. Therefore, cross-referencing altitudinal peaks in the histogram with topographic
maps and correlating peaks between the different tracts
remains the most suitable method of data interpretation,

and this method was used by Ringrose & Migo (1997).  
Most studies of long-term landscape morphogenesis in
the Welsh region that have used topographic profiling as
a fundamental research tool have failed to relate physiography and geological structure, despite it being clearly the
most appropriate method with which to emphasize such
relationships. Instead, individual profiles have usually
been assimilated into various derivatives with the purpose
of demonstrating marked altitudinal accordance. The
superimposed profiles are not able to define the number
or form of sub-horizontal surfaces in the study area with
any degree of certainty, largely because there is little way
of discriminating between different physiographic features (e.g. sub-horizontal surface or upland valley bottom) within such a welter of profile lines. The composite
profile is not able to define sub-horizontal surfaces in the
study area with certainty because of the disproportional
influence that isolated hill masses have over the shape of
the overall profile line; for example the Pumlumon mass
entirely masks the upland sub-horizontal surface. Consequently, it is suggested that an alternative approach would
be that adopted in a number of studies of Scandinavian
landscape morphogenesis that stress the importance of
topographic profiling using a ‘tract’ approach (e.g. Lidmar-Bergstrom 1988; Fjellanger & Etzelmüller 2003;
Bonow 2005). These studies have preferred to investigate
the topographic properties (i.e. minimum, mean and
maximum elevation) of a given area in preference to relying on the interpretation of a single line, whether alone or
in series. This approach has the considerable advantage of
not obscuring the salient landscape features within a mass
of local detail, especially important in areas where dissection has been considerable.

North Ceredigion in a regional geomorphological and geological context
Since the 1980s, growing appreciation of the importance of inherited landscape features to studies of landform morphogenesis has considerably aided geomorphic
reconstructions in Britain (e.g. Jones 1980, 1999; Small
1980; Hall 1991). In Wales, inherited surficial sediments
and in situ deep palaeoweathering profiles have been
described by Greenly (1919), Ball (1964) and BattiauQueney (1980, 1984); karstic solution subsidence phenomena have been described by Morawiecka et al. (1996)
and Walsh et al. (1996); and relict landforms such as tors,
inselbergs and pediments have been described by Battiau-Queney (1980, 1987). The available data regarding
inherited features in the Welsh landscape have been collated and mapped (Fig. 8). Unfortunately, none of these
sites occur in north Ceredigion and the nearby example
of ferruginization at Llanidloes, noted by Jones (1961),
has never been investigated in detail. The absence of
inherited features in this area may be explained by the
dominant lithologies; it is rare to find weathering profiles
present in mudstones or shales. Exceptionally, a 30-50
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Fig. 8 Summary
map of the inherited
landscape
features in Wales.
Data collated from
Greenly
(1919),
Ball (1964), Battiau-Queney (1980,
1984, 1987), Walsh
(1999, 2001) and
references therein.

cm weathering profile may form, comprised of a 70-90
% clay/silt fraction that is easily removed by active slope
processes (Battiau-Queney, 1980, pers. comm., 2006).
The implications of this growth in understanding allow
particular inferences regarding Welsh landscape morphogenesis to be made with greater certainty than previously possible. For example, palynological evidence from
the Trwyn-y-Parc karstic solution subsidence complex
in Anglesey (Morawiecka et al. 1996; Walsh et al. 1996)
and from the Flimston Basin in Pembrokeshire (Dixon
1921; Jenkins et al. 1995), suggest that both these subhorizontal coastal surfaces, the “Menaian Platform” of
Anglesey and the “Castlemartin-Bosherton Platform” of
Pembrokeshire, were in existence by end-Miocene and
were formed under terrestrial conditions (for a thorough review, see Walsh et al. 1999). This demonstrates
that it is no longer possible to sustain the traditionallyheld view in British geomorphology (e.g. Brown 1960;
George 1974) that suggests the sub-horizontal surfaces
close to present-day sea level around Wales were either
(i) formed by marine abrasion, or (ii) are of Pleistocene
or Pliocene age. It has recently been suggested that the
“Menaian Platform” of Anglesey and the “Castlemartin-

Bosherton Platform” of Pembrokeshire were part of a
single macro-landform of terrestrial origin (Walsh et al.
1996) and that this widespread feature would have also
included the proved Miocene surfaces of Brittany (Larsonneur 1972), Cornwall (Walsh et al. 1987), and Ireland
(see Coxon & Coxon 1997). The development of this surface would have been terminated by renewed post midMiocene crustal movement (Walsh et al. 1996). Here, it is
supposed that the sub-horizontal coastal surface in north
Ceredigion was formed contemporaneously and by identical processes; thus it is considered to be of terrestrial
origin and fully formed by end-Miocene.
By contrast, almost nothing is known regarding the
morphogenesis of any upland sub-horizontal surfaces
in Wales due to the lack of correlative deposits in such
areas; thus evidence comes from morphology only. Two
possible hypotheses pertinent to the development of such
surfaces are forwarded here. The first is underpinned
by traditional British denudation chronology theory,
which suggests that if the Welsh massif has undergone
discontinuous tectonic uplift since Variscan (Hercynian) tectonic movements, any sub-horizontal surface

NORWEGIAN JOURNAL OF GEOLOGY

The number, form and origin of sub-horizontal surfaces in north Ceredigion 217

at elevations greater than approximately 100-150 m asl
must be appreciably older than the Miocene. However,
attempting to date the upper surfaces will remain futile
until it is possible to accurately constrain their age. The
second possibility is underpinned by a mobilist approach
to the evolutionary geomorphology of western Britain
(e.g. Reffay 1972; Battiau-Queney 1980; Coque-Delhuille 1987). Within this framework, uplift of the Welsh
massif is thought to be far more recent than assumed
by British geomorphologists, with morphogenesis controlled by block tectonic movements. Consequently it
would be possible to suggest that the upland surface of
north Ceredigion is coeval with the coastal surface and,
implicitly, the upland surface may be contemporaneous
to the “Menaian” and “Castlemartin-Bosherton Platform”
sub-horizontal surfaces of Anglesey and Pembrokeshire.
If this were the case, it would be intrinsically futile to
attempt a reconstruction of a widespread ‘staircase’ system for Wales as required by conventional British denudation chronology theory.
Efforts to reconstruct the tectonic, geological and palaeogeomorphic history of the Welsh region during the
Mesozoic and Cenozoic were largely speculative until the
1970s due to the general absence of onshore post-Silurian lithologies; thus the timing and magnitude of uplift
and erosion events has been poorly constrained. Since
then, data derived from deep seismic reflection profiling (e.g. Brewer et al. 1983; Matthews & BIRPS Group;
1990; Blundell 1990) in the adjacent offshore basins
have demonstrated continuing and long-term instability
within, and between, sedimentary depocentres. As highlighted by Walsh (2001), this is fundamentally irreconcilable with the long-held belief in British geomorphology that assumed widespread tectonic stability within,
and between, the sediment-supplying massifs and the
sediment-accumulating basins. Greater appreciation of
regional continental deformation during the Mesozoic
and Cenozoic has developed over the past thirty years
(e.g. Muir Wood 1989). Presently, highly significant
data are now being obtained from the Irish Sea basins
through the application of apatite fission track analysis
(ATFA) and vitrinite reflectance (VR) data (Fig. 9; for a
thorough review, see Holford et al. 2005b). Furthermore,
this geophysical research is looking increasingly toward
basin margins for new data and AFTA ages are being
assimilated from onshore Wales for the first time (Green
et al. 2006). These fundamental advances must be incorporated into any coherent synthesis regarding the evolutionary geomorphology of the region. The following
review focuses primarily on published studies of Cenozoic deformation in the region as this timescale is more
applicable to studies of landscape morphogenesis.    
Valuable data are recorded from the Cardigan Bay Basin
and onshore north Wales (Holford et al. 2005a, 2005b;
Green et al. 2006) in the region bounded by the Menai
Strait Fault System to the northwest and the Bala Fault
to the southeast. Data from onshore north Wales sug-

gests that the main phase of uplift and erosion occurred
during Triassic-early Jurassic times (230-185 Ma) in this
region (Green et al. 2006). Thermal history data from the
offshore Irish Sea basins show no evidence for a similarly
timed period of cooling (Green et al. 1997; Holford et al.
2005b). This phase is explained as a response to footwall
uplift around the margins of a subsiding Cardigan Bay
Basin (Holford et al. 2005b) and is indicative of active
block tectonics in the region. In the Cardigan Bay Basin,
an early Cretaceous episode (120-115 Ma) of uplift and
erosion removed up to 3 km of mid-Jurassic to early Cretaceous sediments (Holford et al. 2005b). This coincides
temporally with a number of important rifting events
along the incipient NE Atlantic margin (Doré et al. 1999)
suggesting a causal link between events (Holford et al.
2005b). During the Palaeogene there is strong evidence
to suggest the approximately southeasterly Anglo-Welsh
regional tilt developed (Cope 1994) and this period
is often regarded as the most important phase of postPalaeozoic uplift to have affected the region (e.g. Gibbard & Lewin 2003). However AFTA data do not reveal
direct evidence for significant uplift and erosion during late Cretaceous-Palaeogene in either the onshore or
offshore areas, although these data do suggest onshore
north Wales experienced km-scale uplift and erosion
at an unresolved time during the Cenozoic (Holford
et al. 2005b). Muir Wood (1989) identifies two periods
of continental deformation which affected the Welsh
region during the Cenozoic. The first period occurred
between 30-25 Ma due to a proposed late Oligocene subplate boundary that connected the back-arc basins of
the western Mediterranean with the northern Atlantic
spreading ridge that passed through the Irish Sea region.
This period saw the initiation and rapid deepening of a
number of onshore lacustrine or fluvio-lacustrine sedimentary basins throughout western Britain that developed along a zone of lithospheric weakness developed
in the Palaeocene immediately prior to the formation
of the North Atlantic rift (Muir Wood 1989). Age dates
from Tremadoc Bay (Dobson & Whittington 1987) and
Flimston, Pembrokeshire, (Jenkins et al. 1995) tie with
the regional pattern of rapid late-Oligocene sediment
accumulation. At Mochras, 525 m of Cenozoic sediments have been proved (Wood & Woodland 1968) to lie
uncomfortably on Liassic deposits. Deposition occurred
under shallow water conditions (Edwards 1976) with
contemporaneous fault movement ensuring that sedimentation was equal to subsidence (Murray 1992). It was
during the Oligocene that rapid mountain building was
postulated to have started in northwest Wales (Greenly
1938), a view more recently echoed by Battiau-Queney
(1984). The second period of continental deformation
occurred during the late-Miocene, approximately 6 Ma.
Muir Wood (1989) attributes this period of deformation to a sub-plate boundary that passed from the Western Alps to the northern Atlantic spreading ridge. This
compressional zone included the majority of southern
and western Britain. Due to the widespread uplift that
characterized the Miocene, it is the most poorly repre-
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Fig. 9 Summary of map
of the main periods of
uplift and erosion that
have affected the Welsh
region as derived from
AFTA and VR studies
(redrawn with permission from Holford et al.
2005b). Compartmentalization of the crust
is controlled by crustalscale lineaments, and
the reactivation of these
structures has influenced
the pattern of uplift and
erosion in the region.

sented Cenozoic epoch. However, new data from the Irish
Sea suggests that in the Cardigan Bay Basin this episode
led to the uplift and erosion of approximately 1.5 km of
section that Holford et al. (2005a) postulate to be of postearly Miocene age. Compressional deformation played an
important role in this Miocene episode with localized tectonic shortening superimposed on the regional pattern of
Neogene uplift observed in many Atlantic margin settings
(e.g. Thompson et al. 1999; Japsen et al. 2002, 2006).
In summary, these studies clearly indicate that the Irish
Sea region, including onshore Wales, has experienced a
complex multi-phase history of uplift and erosion during Mesozoic and Cenozoic times (Fig. 9). Consequently,
the traditionally-held geomorphological view of ubiquitous, uniformly-paced, epeirogenic crustal evolution in
Wales during the Neogene is unsustainable. The spatially
restricted nature of results obtained from the Irish Sea
basins and onshore north Wales is suggestive of major
heterogeneities in the pattern of regional uplift and erosion. This is highly significant for studies of long-term
landscape evolution in the region. By demonstrating the
non-uniformity of uplift and erosion episodes across the
Irish Sea region, these studies lend credence to the critical parallel geomorphic concepts of structural compartmentalization (Jones 1999) and morphotectonic equilib-

rium (Battiau-Queney 1999) as it may be expected that
similar, spatially restricted crustal movements occur in
the onshore area.

A model of landform evolution in north
Ceredigion
A three stage model is presented that aims to provide an
explanation of the main geomorphic features of north
Ceredigion (Fig. 10). Although forming only a working hypothesis, it is the first model to consider the evolutionary geomorphology of the study area since that of
Brown (1950). The model is underpinned by a mobilist
approach to landform development. This framework is
used in preference to one that emphasizes British denudation chronology for two reasons. First, it is more suited
to succinctly account for the main features of the north
Ceredigion landscape. Second, as many models already
exist that emphasize the traditionally-held perspective,
this is presented as an alternative explanation of the
observed landscape.  
The principle geomorphic features of the north Ceredigion landscape are:
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Fig. 10 A model of the
evolutionary geomorphology of north Ceredigion (see text for further explanation).

• The widespread sub-horizontal coastal surface
• A zone of steepening that is spatially coincident to the
Glandyfi Lineament
• A widespread sub-horizontal intermediate surface
• A zone of steeping that is spatially coincident to the
Teifi anticline and the proto-Teifi river
• The widespread sub-horizontal upland surface
• The apparently anomalous summits of Mynydd Bach
and Pumlumon
Battiau-Queney (1984) cites a number of examples, based
on field evidence, of major escarpments in the Welsh
landscape formed through lithospheric flexure and/or
differential fault movements during the Cenozoic. From
the data presented in this paper, the Glandyfi Lineament
is considered to be the primary structural control in the

geomorphological development of the region despite its
negligible surface expression. Here we propose that the
altitudinal contrast between the lowland and upland surfaces is due to the differential response of the Glandyfi
Lineament to such Cenozoic tectonic events.  

Stage One
· The Welsh region undergoes a period of rapid uplift
focused on the area between the Menai Strait Fault
System and the Bala Fault, which forms the overall
north-west to south-east tilt observed in the AngloWelsh region at the present-day. This episode is tentatively linked to the 30-25 Ma episode of continental
deformation described by Muir Wood (1989) and the
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temporally accordant episode of mountain building in
Snowdonia (Greenly 1938; Battiau-Queney 1984).
· At this time, a proto-Teifi river followed an approximately north to south course. The river may pre-date
or be coeval with the uplift. If it pre-dates uplift, the
river may already be adapted to geological structure.
Alternatively, if the river was initiated upon uplift it
would only now be beginning to exploit the course of
the Teifi anticline.     
· Uplift in the study area is controlled by lithospheric
flexure. In north Ceredigion the hinge-line structure
is the Glandyfi Lineament. Minimal uplift occurred to
the west of that structure.
Stage Two
· A slope is formed between the upland and lowland
regions to the east of the Glandyfi Lineament formed
through lithospheric flexure and/or differential fault
movements, and this gives the observed concave slope
profile. The course of the proto-Teifi runs parallel to
the western edge of the uplifted zone; the river does
not change course because it is adjusted to the geological structure.
· The proto-Teifi river continues to incise towards a new
base-level to the south of the study area as uplift slows.
As the river incises, the western interfluve is always
lower in elevation than its eastern counterpart because
of the initial position of the river above the main slope,   
· As the uplifted slope is controlled by a deep crustal
structure, it is undergoing constant rejuvenation and
therefore relatively unaffected by slope retreat.
Stage Three
· The overall downwearing of topography ensures that
the upland and coastal surfaces retain their sub-horizontal characteristics. Downwearing of the western
interfluve of the proto-Teifi river leads to the progressive flattening of the feature, until it becomes more
readily identifiable as a sub-horizontal surface, i.e. the
intermediate surface. Thus the landscape takes on a
stepped appearance.
· In the region of the Pumlumon anticline and Mynydd
Bach syncline, downwearing has exposed the more
resistant Ordovician lithologies. Pumlumon and
Mynydd Bach are therefore believed to have formed as
a residual hill above the upland surface.
· Headward fluvial erosion of the escarpment leads to
the formation of a number of sub-parallel streams that
flow from east to west. These streams have successively
captured sections of the proto-Teifi river and caused
significant drainage reconfiguration. In addition, selective glacial erosion has widened a number of valley
floors, leading to extensive destruction of the coastal
surface in the northern part of the study area.
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Conclusions
This study presents independent geomorphological evidence for three sub-horizontal surfaces at between 51280, 221-440 and 400-540 m asl in north Ceredigion
from morphometric analyses of a DEM dataset. These
surfaces, it is proposed, have developed from an initial
single concave slope developed as a consequence of at
least one pan-Wales uplift event, but because of the limited spatial extent of the study area it is not possible to use
the landscape record as a proxy with which to determine
the number and magnitude of any such uplift events; a
regional study would be better suited to achieve that
objective. The most striking aspect of this tripartite division is that the sub-horizontal surfaces are tilted at different angles and in different orientations. The southward
tilt of the upland surface broadly reflects that of the overall Anglo-Welsh landmass and could be anticipated. The
conspicuously more pronounced southward tilt of the
intermediate surface is assumed to reflect the decreasing
width of the surface from the north towards the south;
thus the surface lowers more rapidly in the direction it
becomes narrower. Using the same rationale, the coastal
surface has assumed a northward tilt that reflects the
decreasing width of the surface from the south towards
the north. As such, this is a tentative reversion to Challinor (1930), where it was suggested that altitudinal accordance could be produced by the uniform distribution of
erosional forces and equal stream spacing.
That a single concave surface could develop into a tripartite feature is explored through the presentation of
a model of landform morphogenesis for the study area
based on the integration of the evidence presented here
with disparate lines of evidence provided from other
associated earth science disciplines. AFTA and VR are
able to constrain better the timing of uplift events in
studies of long-term landscape evolution, but the landscape record provides reliable and detailed information regarding the magnitude and spatial extent of such
events. A well constrained landscape record allows studies of long-term landscape evolution to be valuable across
a range of associated earth science disciplines. It is critical that proponents of long-term landscape evolution are
both aware of developments in associated subject areas,
and are prepared to use their own independent conclusions as a tool with which to assess the conclusions of
these associated studies.

Acknowledgements: The author wishes to thank Dr Paul Coombes, Dr
Stephen Tooth and Prof. Neil Glasser for productive comments on the
manuscript. The constructive and encouraging reviews of Dr A. Hall,
Dr J. Bonow and Prof K. Lidmar-Bergström have considerably improved the overall quality of the paper. The research was supervised by
Prof. Mark Macklin and Dr Paul Brewer and supported by a grant from
the Institute of Geography and Earth Sciences, University of Wales,
Aberystwyth. Mr Ian Gulley and Mr Antony Smith of the IGES Drawing and Cartographic Unit prepared the figures.

NORWEGIAN JOURNAL OF GEOLOGY

The number, form and origin of sub-horizontal surfaces in north Ceredigion 221

Bibliography
Ahnert, F. 1998: Introduction to Geomorphology. Hodder Arnold, London, 360 pp.
Ball, D.F. 1964: Gibbsite in altered granitic rock in North Wales. Nature
204, 673-674.
Battiau-Queney, Y. 1980: Contribution à l’étude géomorphologique du
Massif Gallois (G.B.). Unpublished thesis, Université de Bretagne
Occidentale, 797 pp.
Battiau-Queney, Y. 1984: The pre-glacial evolution of Wales. Earth Surface Processes and Landforms 9, 229-252.
Battiau-Queney, Y. 1987: Tertiary inheritance in the present landscape
of the British Isles (examples from Wales, the Mendip Hills and
south-west Ireland). In Gardiner, V. (ed.): International Geomorphology, 979-989. John Wiley & Sons, Chichester.
Battiau-Queney, Y. 1996: A tentative classification of paleoweathering
formations based on geomorphological criteria. Geomorphology 16,
87-102.
Battiau-Queney, Y. 1999: Crustal anisotropy and differential uplift:
their role in long-term landform evolution. In Smith, B.J., Whalley,
W.B. & Warke, P.A. (eds.): Uplift, Erosion and Stability: Perspectives
on Long-term Landscape Development, 65-74. Geological Society,
London, Special Publications, 162.
Baulig, H. 1935: The changing sea-level. Special Publication of the Institute of British Geographers 3, 46 pp.
Blundell, D.J. 1990: Seismic images of the continental lithosphere.
Journal of the Geological Society, London 147, 895-913.
Bonow, J.M. 2004: Palaeosurfaces and palaeovalleys on North Atlantic
previously glaciated passive margins – reference forms for conclusions on uplift and erosion. Unpublished thesis, Stockholm University.
Bonow, J.M. 2005: Re-exposed basement landforms in the Disko
region, West Greenland - disregarded data for estimation of glacial
erosion and uplift modelling. Geomorphology 72, 106-127.
Bonow, J.M., Lidmar-Bergström, K. & Näslund, J.O. 2003: Palaeosurfaces and major valleys in the area of the Kjølen Mountains, southern
Norway - consequences of uplift and climatic change. Norsk Geografisk Tidsskrift - Norwegian Journal of Geography 57, 83-101.
Bonow, J.M., Japsen, P., Lidmar-Bergström, K., Chalmers, J.A. &
Pedersen, A.K. 2006: Cenozoic uplift of Nuussuaq and Disko, West
Greenland - elevated erosion surfaces as uplift markers of a passive
margin. Geomorphology 80, 325-337.
Brewer, J.A., Matthews, D.H., Warner, M.R., Hall, J., Smythe, D.K. &
Whittington, R.J. 1983: BIRPS deep seismic reflection studies of the
British Caledonides. Nature 305, 206-210.
BGS 1984: Aberystwyth. England and Wales Sheet 163. Solid Geology
1:50,000. Keyworth, Nottingham: British Geological Survey.
BGS 1994: Llanilar. England and Wales Sheet 178. Solid with Drift
Geology 1:50,000. Keyworth, Nottingham: British Geological Survey.
Brown, E.H. 1950: Erosion surfaces in north Cardiganshire. Transactions and Papers (Institute of British Geographers) 16, 51-66.
Brown, E.H. 1960: The Relief and Drainage of Wales. University of
Wales Press, Cardiff, 196 pp.
Büdel, J. 1982: Climatic Geomorphology. Princeton University Press,
Princeton, 444 pp.
Challinor, J. 1930: The hill-top surface of north Cardiganshire. Geography 15, 651-656.
Chorley, R.J. 1963: Diastrophic background to twentieth-century geomorphological thought. Geological Society of America Bulletin 74,
953-970.
Cope, J.C.W. 1994: A latest Cretaceous hotspot and the southeasterly
tilt of Britain. Journal of the Geological Society, London 151, 905908.
Cope, J.C.W. 2006: Upper Cretaceous palaeogeography of the British
Isles and adjacent areas. Proceedings of the Geologists’ Association
117, 129-143.
Coque-Delhuille, B. 1987: Le massif du sud-ouest anglais et sa bordure

sédimentaire: Étude géomorphologique. Unpublished thesis, Université de Caen, 1040 pp.
Coxon, P. & Coxon, C. 1997. A pre-Pliocene or Pliocene land surface
in County Galway, Ireland. In Widdowson, M. (ed.): Palaeosurfaces:
Recognition, Reconstruction and Palaeoenvironmental Interpretation,
25-35. Geological Society, London, Special Publications, 120.
Davis, W.M. 1912: A geographical pilgrimage from Ireland to Italy.
Annals of the Association of American Geographers 2, 73-100.
Dixon, E.E.L. 1921: The geology of the country around Pembroke and
Tenby. Memoir of the Geological Survey of England and Wales.
Dobson, M.R. & Whittington, R.J. 1987: The geology of Cardigan Bay.
Proceedings of the Geologists’ Association 98(4), 331-353.
Doré, A.G., Lundin, E.R., Jensen, L.N., Birkeland, Ø., Eliassen, P.E. &
Fichler, C. 1999: Principle tectonic events in the evolution of the
northwest European Atlantic margin. In Fleet, A.J. & Boldy, S.A.R.
(eds.): Petroleum Geology of Northwest Europe: Proceedings of the
5th Conference, 41-61. Geological Society, London.
Edwards, R.A. 1976: Tertiary sediments and structure of the Bovey Basin,
south Devon. Proceedings of the Geologists’ Association 87, 1-26.
Fearnsides, W.G. 1910: North and Central Wales. In Monckton, H.W.,
& Herries, R.S. (eds.): Geology in the field: the jubilee volume of the
Geologist’s Association (1858-1908), Edward Stanford, London.
Fjellanger, J. & Etzelmüller, B. 2003: Stepped palaeosurfaces in southern
Norway: Interpretation from DEM-derived topographic profiles.
Norwegian Journal of Geography 57(2), 102-110.
George, T.N. 1974: The Cenozoic evolution of Wales. In Owen, T.R.
(ed.): The Upper Palaeozoic and post-Palaeozoic Rocks of Wales, 341371. University of Wales Press, Cardiff.   
Gibbard, P.L. & Lewin, J. 2003: The history of the major rivers of
southern Britain during the Tertiary. Journal of the Geological Society, London 160, 829-846.
Green, P.F., Duddy, I.R. & Bray, R.J. 1997: Variation in thermal history
styles around the Irish Sea and adjacent areas: implications for
hydrocarbon occurrence and tectonic evolution. In Meadows, N.S.,
Trueblood, S.P., Hardman, M. & Cowan, G. (eds.): Petroleum Geology of the Irish Sea and Adjacent Areas, 73-93. Geological Society,
London, Special Publications, 124.
Green, P.F., Duddy, I.R., Bray, R.J., Duncan, W.I. & Corcoran, D.V. 2001:
The influence of thermal history on hydrocarbon prospectivity in
the Central Irish Sea Basin. In Shannon, P.M., Haughton, P.D.W. &
Corcoran, D.V. (eds.): The Petroleum Exploration of Ireland’s Offshore Basins, 177-188. Geological Society, London, Special Publications, 188.
Green, P.F., Crowhurst, P.V., Duddy, I.R., Japsen, P. & Holford, S.P.
2006: Conflicting (U–Th)/He and fission track ages in apatite:
Enhanced He retention, not anomalous annealing behaviour. Earth
and Planetary Science Letters 250, 407–427.
Greenly, E. 1919: The Geology of Anglesey. Memoir of the Geological
Survey of England and Wales.
Greenly, E. 1938: The age of the mountains of Snowdonia. Quarterly
Journal of the Geological Society 94, 117-124.
Hall, A.M. 1991: Pre-Quaternary landscape evolution in the Scottish
Highlands. Transactions of the Royal Society of Edinburgh: Earth Sciences 82, 1-26.
Hancock, J.M. 1992: Late Cretaceous. In Cope, J.C.W., Ingham, J.K. &
Rawson, P.F. (eds.): Atlas of Palaeogeography and Lithofacies, 134136. Geological Society, London, Memoir 13.
Holford, S.P., Green, P.F. & Turner, J.P. 2005a: Palaeothermal and compaction studies in the Mochras borehole (NW Wales) reveal early
Cretaceous and Neogene exhumation and argue against regional
Palaeogene uplift in the southern Irish Sea. Journal of the Geological
Society, London 162, 829-840.
Holford, S.P., Turner, J.P. & Green, P.F. 2005b: Reconstructing the
Mesozoic-Cenozoic exhumation history of the Irish Sea basin system using apatite fission track analysis and vitrinite reflectance
data. In Doré, A.G. & Vining, B.A. (eds.): Petroleum Geology: NorthWest Europe and Global Perspectives - Proceedings of the 6th Petroleum Geology Conference, 1095-1107. Geological Society, London.

222 M. Rowberry, P. Brewer & M. Macklin 
Huang, M.L. 2005: EZ Profiler for Arc 9.x (Multi-layers and profile
lines version). Available from: http://arcscripts.esri.com/details.
asp?dbid=13688
Japsen, P., Bidstrup, T. & Lidmar-Bergström, K. 2002: Neogene uplift
and erosion of southern Scandinavia induced by the rise of the
South Swedish Dome. In Doré, A.G., Cartwright, J.A., Stoker, M.S.,
Turner, J.P. & White, N. (eds.): Exhumation of the North Atlantic
Margin: Timing, Mechanisms, and Implications for Petroleum Exploration, 183-207. Geological Society, London, Special Publications,
196.
Japsen, P., Bonow, J.M., Green, P.F., Chalmers, J.A. & LidmarBergström, K. 2006: Elevated, passive continental margins: Longterm highs or Neogene uplifts? New evidence from West Greenland. Earth and Planetary Science Letters 248, 315-324.
Jenkins, D.G., Boulter, M.C. & Ramsay, A.T.S. 1995: The Flimston Clay,
Pembrokeshire, Wales: a probable late Oligocene lacustrine deposit.
Journal of Micropalaeontology 16, 66.
Jones, D.K.C. 1980: The Tertiary evolution of south-east England with
particular reference to the Weald. In Jones, D.K.C. (ed.): The Shaping of Southern England, 13-47. Academic Press, London.
Jones, D.K.C. 1999: Evolving models of the Tertiary evolutionary
morphology of southern England, with special reference to the
Chalklands. In Smith, B.J., Whalley, W.B. & Warke, P.A. (eds.):
Uplift, Erosion and Stability: Perspectives on Long-term Landscape
Development, 1-23. Geological Society, London, Special Publications, 162.
Jones, O.T. 1911: The physical features and geology of central Wales.
In Ballinger, J. (ed.): Souvenir of Aberystwyth Conference. National
Union of Teachers, London.
Jones, O.T. 1961: The relief and drainage of Wales: an essay review.
Geological Magazine 98, 436-438.
Jones, O.T. & Pugh, W.J. 1935: The geology of the country around
Machynlleth and Aberystwyth. Proceedings of the Geologists’ Association 46, 247-300.
Keeping, W. 1882: The glacial geology of Central Wales. Geological
Magazine 19, 251-257.
King, L.C. 1967: The Morphology of the Earth. Oliver & Boyd, Edinburgh, 699 pp.
Larsonneur, C. 1972: Données sur l’évolution palaéogéographique
post-Hercynien du Manche. Mémoires du Bureau de Recherches
Géologiques et Minières 79, 203-214.  
Lidmar-Bergström, K. 1982: Pre-Quaternary geomorphological evolution in southern Fennoscandia. Unpublished thesis, Lund University, 202 pp.
Lidmar-Bergström, K. 1996: Long term morphotectonic evolution in
Sweden. Geomorphology 16, 33-59.
Lidmar-Bergström, K. 1999: Uplift histories revealed by landforms
of the Scandinavian domes. In Smith B.J., Whalley, W.B. & Warke,
P.A. (eds.): Uplift, Erosion and Stability: Perspectives on Long-term
Landscape Development, 85-91. Geological Society, London, Special
Publications, 162.
Matthews, D.H. & the BIRPS Group (Flack, C.A., Hobbs, R.W., Klemperer, S.L., Snyder, D.B., Warner, M.R., White, N.J.) 1990: Progress
in BIRPS deep seismic reflection profiling around the British Isles.
Tectonophysics 173, 387-396.
McDonald, A.J.W., Fletcher, C.J.N., Carruthers, R.M., Wilson, D. &
Evans, R.B. 1992: Interpretation of the regional gravity and magnetic surveys of Wales, using shaded relief and Euler deconvolution
techniques. Geological Magazine 129, 523-531.
Migo , P. & Goudie, A.S. 2001: Inherited landscapes of Britain – Possible reasons for survival. Zeitschrift für Geomorphologie 45(4), 417441.
Migo , P. & Lidmar-Bergström, K. 2001: Weathering mantles and their
significance for geomorphological evolution of central and northern Europe since the Mesozoic. Earth Science Reviews 56, 285324.
Miller, A.A. 1938: Pre-glacial surfaces around the Irish Sea basin.
Proceedings of the Yorkshire Geological Society 24, 31-59.

NORWEGIAN JOURNAL OF GEOLOGY

Monkhouse, F.J. & Wilkinson, H.R. 1952: Maps and diagrams: their
compilation and construction. Methuen, London, 330 pp.
Morawiecka, I., Slipper, I. & Walsh, P. 1996: A palaeokarst of probable
Kainozoic age preserved in Cambrian marble at Cemaes Bay, Anglesey, North Wales. Zeitschrift für Geomorphologie 40(1), 47-70.
˛
Muir Wood, R. 1989: Fifty million years of passive margin’ deformation in north west Europe. In Gregersen, S. & Basham, P.W. (eds.):
Earthquakes at North-Atlantic Passive Margins: Neotectonics and
Postglacial Rebound, 7-36. Kluwer Academic Publishers, London.
Murray, J.W. 1992: Palaeogene and Neogene. In Cope, J.C.W., Ingham,
J.K. & Rawson, P.F. (eds.): Atlas of Palaeogeography and Lithofacies,
141-147. Geological Society, London, Memoir 13.
Penck, W. 1953: Morphological Analysis of Landforms. Macmillan, London.
Ramsey, A.C. 1846. The denudation of South Wales and the adjacent
English counties. Memoir of the Geological Survey of England and
Wales.
Reffay, A. 1972: Les montagnes de I’ Irlande septentrionale. Contribution à la géographie physique de la montagne atlantique. Unpublished thesis, Université de Grenoble, 614 pp.
Ringrose, P.S. & Migo , P. 1997: Analysis of digital elevation data for
the Scottish Highlands and recognition of pre-Quaternary elevated surfaces. In Widdowson, M. (ed.): Palaeosurfaces: Recognition,
Reconstruction and Palaeoenvironmental Interpretation, 25-35. Geological Society, London, Special Publications, 120.
Rodda, J.C. 1970: A trend-surface analysis trial for the planation surfaces of north Cardiganshire. Transactions of the Institute of British
Geographers 50, 107-114.
Sawicki, L. 1912: Die Einebnungsflächen in Wales und Devon. Comptes
Rendus des Séances de la Société Scientifique de Varsovie 5, 123-134.
Small, R.J. 1980: The Tertiary geomorphological evolution of southeast England: an alternative interpretation. In Jones, D.K.C. (ed.):
The Shaping of Southern England, 49-70. Academic Press, London.
Thomas, M.F. 1994: Geomorphology in the Tropics: A Study of Weathering and Denudation in Low Latitudes. John Wiley & Sons, Chichester, 460 pp.
Thomas, M.F. 1995: Models for landform development on passive
margins. Some implications for relief development in glaciated
areas. Geomorphology 12, 3-15.
Thompson, K., Green, P.F., Whitham, A.G., Price, S.P. & Underhill, R.J.
1999: New constraints on the thermal history of North-East Greenland from apatite fission-track analysis. Geological Society of America Bulletin 111, 1054-1068.
Walsh, P. 2001: The Palaeogeography of the southern half of the British
Isles and adjacent Continental Shelf at the Palaeogene/Neogene (g/
n) boundary and its subsequent modification: a reconsideration.
Wydawnictwo Uniwersytetu l skiego, Katowice, 160 pp.
Walsh, P.T., Atkinson, K. Boulter, M.C. & Shakesby, R.A. 1987: The Oligocene and Miocene outliers of West Cornwall and their bearing
on the geomorphological evolution of oldland Britain. Philosophical Transactions of the Royal Society of London, Series A, Mathematical and Physical Sciences 323, 211-245.  
Walsh, P.T., Morawiecka, I.M. & Skawi ska-Wieser, K. 1996: A Miocene
palynoflora preserved by karstic subsidence in Anglesey and the
origin of the Menaian Surface. Geological Magazine 133, 713-719.
Walsh, P.T., Boulter, M.C. & Morawiecka, I. 1999: Chattian and
Miocene elements in the modern landscape of western Britain and
Ireland. In Smith B.J., Whalley, W.B. & Warke, P.A. (eds.): Uplift,
Erosion and Stability: Perspectives on Long-term Landscape Development, 45-63. Geological Society, London, Special Publications, 162.
Williams, G.A., Turner, J.P. & Holford, S.P. 2005: Inversion and exhumation of the St. George’s Channel basin, offshore Wales, UK. Journal of the Geological Society, London 162, 97-110.
Wood, A. & Woodland, A.W. 1968: Borehole at Mochras, West of Llanbedr, Merionethshire. Nature 219, 1352-1354.

