
Abstract
The Pennines form a range of hills in northern England. The elevated parts are known locally as 
‘the moors’, and these run from the Scottish border in the north, southwards to the Midlands. The 
area is dominated by elevated moorland plateaux, which have been incised by glacial and alluvial 
valleys. The plateaux are capped by strong, massive, cross-bedded Kinderscout Grit of Late 
Carboniferous (Namurian) age (known also as the Millstone Grit). Interbedded weak shales, 
mudstones and siltstones crop out on the valley floor, lower slopes and middle slopes, which have 
been eroded by landslides. The moorland is covered by a veneer of head and peat deposits that may 
be up to 4 m thick. Two types of subsidence, with associated ground movements, have been 
observed: (1) the large-scale regional tilting, landsliding and apparent lateral spreading of 
periglacial moorland plateaux with associated fault scarps and fissures; (2) ‘sinkholes’ in peat, 
which occur as distinct subsidence depressions up to 2 m in diameter. As these ‘sinkholes’ are not 
generated by mining subsidence or by the dissolution of (for example, karst or gypsiferous) 
bedrock, the term pseudo-sinkhole has been introduced, for the purpose of this paper. Pseudo-
sinkholes may be occasionally associated with peat slides, bog bursts, subsidence depressions and 
concentric ring fissures on peat scars. The extent and magnitude of the subsidence and ground 
movements vary considerably. These may affect small, localized peat-covered slopes, no more than 
a few metres wide, or influence the morphology of entire moorland slopes. Because of the relative 
remoteness of ‘the moors’ these types of ground movements do not influence structures, or affect 
people, and therefore tend to have not been previously investigated, documented or reported. 
Similar features have been reported in the South Wales Coalfield, where there is a long, complex 
mining legacy. Since the Kinderscout (Millstone) Grit and associated interbedded sedimentary rocks
do not contain any minerals of economic significance, the observed ground movements cannot be 
attributed to mining subsidence. The Pennine moors therefore provide a unique opportunity to 
investigate subsidence (tilt), scarps and fissures in the absence of mining (or other human) 
influences. Subsidence in peat is likely to have been generated by the subsurface fluvial erosion of 
layered fibrous and amorphous peat deposits. This leads to the generation ofsubsurface voids 
(pipes), which subsequently undergo collapse, followed by the migration of the collapsed zone 
towards the ground surface. This results in the generation of crescent-shaped, concentric fissures, 
subsidence depressions, graben and pseudo-sinkholes. The mechanism for the large-scale regional 
tilting and subsidence of moorland plateaux is more difficult to determine and still not fully 
understood. These ground movements are complex and are associated with deep-seated landslides, 
complex fissure networks and, in the study area, a reactivated fault-scarp that is up to 4 m high and 
over 700 m long. This paper suggests that these movements were possibly generated under 
conditions of periglacial erosion and weathering, during glacier retreat, deglaciation and 
gravitational stress relief of valley sides. This is most likely to have occurred during the closing 
stages of the Pleistocene ice age. This may have initiated the lateral spreading of moorland 
plateaux, subsequently resulting in fissuring, fault reactivation, tilting and subsidence. The aim of 
this paper is to document and draw attention to the different types of subsidence and associated 
ground movements on Pennine moorland, and to suggest causal mechanisms.

The Pennines form a range of hills located in northern England, about midway between the two 
major urban conurbations of Greater Manchester to the west and Sheffield to the east (Fig. 1). The 
moorland is sparsely populated and is often locally described as a wild and bleak region, with few 
areas that have been cultivated. Moorland vegetation (mainly heather, mosses and cotton grass) and 
peat dominate the landscape, which is used for grazing sheep. Wildlife is common and includes 
moorland grouse, foxes, amphibians and birds of prey. Some of the lower valley sides and valley 
floors contain abandoned farm dwellings. Numerous dams and reservoirs are common in the region 
and provide water resources for local Pennine villages. The blanket Quaternary bog peat began to 
accumulate on moorland c. 2600 years before present (bp). The peat is markedly acidic, with a pH 
as low as 3.0. The valley floors and sides contain glacial head deposits and boulder strewn fields 
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generated by postglacial and more recent landslides, rock falls, solifluction and gelifluction.
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Fig. 1

Map to show the location of the Pennines in northern England.

Geological setting of the Pennine moors
‘The moors’ form part of the Pennines, a dominant topographic feature of northern England. The 
chain runs from the Stainmore Gap in the north to the Midlands in the south. This range of ‘hills’ 
occurs as a distinct, north–south-trending region and is sometimes called the ‘backbone of 
England’, being situated about midway between the Irish Sea and the North Sea and separating two 
low-lying regions in the west (the Lancashire Coalfield and Cheshire Plain) and east (Yorkshire 
Coalfield) of England. ‘The moors’ consist of moorland plateaux dissected by incised valleys and 
have comparatively high altitude, reaching a height of c. 893 m above sea level (m a.s.l.) (about 
2930 feet) at Cross Fell, in the northern part of the range, and 636 m a.s.l. (about 2087 feet) at 
Kinder Scout at the southern end.

Namurian strata, consisting of Kinderscout Grit (known also as the Millstone Grit), underlie most of
the moorland plateaux. Namurian sequences were deposited in huge delta systems that advanced 
southwards, depositing feldspathic sands and associated deeper water muds in the Pennine Basin. 
The strata consist predominantly of massive, strong, well-jointed, cross-bedded gritstone, which 
dominates the moorland peaks, escarpments and plateaux edges, and overlies interbedded sequences
of sandstones, siltstones, mudstones and shales, which crop out on the lower valley sides and valley 
floors. A typical sedimentary sequence may include, for example, massive micaceous and 
feldspathic sandstone, cross-laminated sandstone, laminated siltstone and shale with mudstone. This
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is consistent with turbidite sequences that formed in the distal part of a submarine delta. The 
sediments were deposited at the beginning of the Namurian age, c. 318–332 Ma. This marked the 
onset of a dramatic change in palaeogeography and sedimentation in the Pennines, with the 
incoming of the Millstone Grit Series. The main source of the clastic sediments was remote from 
the moors, being caused by tectonic uplift in the Caledonian Highlands in Scotland. Huge complex 
river and delta systems spread southwards, through northern England, now forming the Pennines. 
Initially, only distal mud (forming shales) was deposited in anoxic conditions. This subsequently 
was replaced by cyclic distal fan fringe, deltaic turbidites. Flute casts, drag marks, load casts, 
scratch and groove marks, trails, flame structures and shale-pellet conglomerates preserved on the 
underside of micaceous sandstones suggest currents travelled from NNE to SSW. The mica flakes 
sparkle on the sandstone bedding planes and were probably derived from the Dalradian schists of 
the Scottish Highlands. Fragments of Carboniferous vegetation are common, including occasional 
tree trunks, branches and stigmarian roots. The sequences were overlain by more proximal 
sandstones of the massive Kinderscout Grit Series.

The strata have been subject to mild tectonic deformation and as a result the geological structure of 
the Pennines comprises a north–south-trending asymmetrical anticline with the Namurian rocks 
dipping gently towards the east, but more steeply towards the west. This regional structure is also 
affected by a series of open east–west-trending localized folds, minor faults and at least two joint 
sets in the rocks of Namurian age (Aitkenhead     et al  . 2002).

Subsidence and associated ground movements at Alderman's 
Hill

Subsidence and fault scarp

Alderman's Hill is located on the western flank of the central Pennines, to the east of the villages of 
Greenfield and Tunstead and north of Dovestone Reservoir (Fig. 2). The summit of Alderman's Hill 
comprises strong, well-jointed, cross-bedded, massive Kinderscout Grit tors, which mark the valley 
crest as a distinct sandstone ridge. The differential weathering of the sandstone units allows cross-
bedding to be more readily observed; this feature suggests that the sandstones were derived from 
the north (Fig. 3). Periglacial head deposits, about 0.5 m thick, occur on the upper and middle valley
slopes and these are dominantly clay–sand with pebbles and cobbles of sandstone derived from the 
Millstone Grit bedrock. On the valley sides occur boulder strewn fields with single boulders 
reaching 4–10 m2 in size. These have moved down slopes of 5° or less, to accumulate in valley 
depressions.
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Fig. 2

Google Earth satellite image showing the location of the Greenfield valley, Alderman's Hill, the 
Pennine escarpment and the Alderman's Hill fault scarp (reproduced with kind permission, Infoterra
Ltd & Bluesky).
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Fig. 3

Sandstone tors exposed on the summit and moorland plateaux ‘edges’ of Alderman's Hill, consisting
of strong, massive, cross-bedded, well-jointed Kinderscout Grit (Millstone Grit).

Alderman's Hill forms a narrow, linear, north–south-trending ridge c. 2 km long and 700 m wide. 
This separates Greenfield valley (to the east) from the Uppermill valley (to the west). A south-
facing, single fault scarp, up to 4 m high and c. 700 m long, crosses the ridge about 500 m to the 
north of the summit tor. The direct of strike of the fault scarp is roughly east–west, perpendicular to 
the axis of the adjacent valley sides and the ridge. This is a distinct, linear, high-angled fault scarp 
wall, which reaches its maximum height on the moorland plateaux and reduces gradually along the 
valley sides, eventually petering out on the lower slopes, although the fault is likely to continue 
along the floors of Greenfield and Uppermill valleys.

There is a thin cover of soil and moorland vegetation on the face of the scarp, although there are 
occasional exposures of sandstone that have been mechanically and chemically altered to produce 
weak clay–sand, with cobbles of coarse sandstone. This possibly represents fault gouge, but it is not
possible from the exposures to identify the thickness or extent of gouge. Striations, or 
‘slickensides’, are rare, but found exposed on a single sandstone cobble (Fig. 4). These represent 
non-penetrative smoothed and polished surfaces that develop on rock mass discontinuities, where 
relative shear surfaces, in physical contact, slide pass each other. Fine-grained siliceous crystal 
growths (possibly silica) and fibrous veins developed from subsequent mineral depositions from 
fluid flow within the fault zone. Slickensides give an indication of the direction of movement of the 
fault. The slickensides were oriented approximately parallel to the strike direction of the fault scarp.
This is somewhat confusing and not fully understood, as the fault scarp suggests that vertical slip 
took place. The slickensides may therefore represent phases of tectonic fault reactivation, and not 
the last phase of movement along the fault. This suggests that the fault may have a complex 
reactivation (tectonic and post-glacial) history.
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Fig. 4

(a) Alderman's Hill fault scarp, c. 700 m long and up to 4 m high. (b) Reduction in the height of the 
fault scarp along the upper valley sides. (c) East–west, horizontal slickensides and fault gouge 
exposed in weathered Kinderscout Grit, on the face of the fault scarp wall.

Subsidence and fissures

Subsidence above fissures has developed mainly parallel and, to a much lesser degree, oblique or 
subparallel to the valley sides. The fissures occur as conjugate sets, or in boxwork and sawtooth-
shaped networks (Fig. 5). In places, they form interconnecting, subsurface void systems that 
continue underground for considerable distances. The principal fissure on Alderman's Hill has a 
north–south trend, and is located along the central axis of the ridge. It runs perpendicular to, and 
commences about 50 m south of the fault scarp. It can be traced for a distance of at least 50 m. The 
fissure where exposed is c. 1 m wide and it extends underground for an unknown distance. It is 
frequently bridged by a cover of moorland vegetation and thin soil that masks its presence on the 
ground, making access across this part of moorland particularly hazardous. In places, the roof and 
sidewalls of the fissures have fallen into the void to generate elongate subsidence depressions, 
circular sinkholes up to 2 m in diameter and elongate subsidence troughs up to 50 m long. Where 
strong, bedded, sandstone roof rocks have not collapsed, the subsurface position of the fissures may 
be traced by the gentle subsidence (down-warping) of the ground. Along the valley crest other 
fissures have been observed but these have been influenced by cambering and the downslope 
transportation of sandstone blocks, probably facilitated by cambering. Historical, non-technical 
archive information (from the early nineteenth to early twentieth century) documents the presence 
of the Alderman's Hill fissures (referred to locally as ‘fairy holes’ (pers. comm. The Saddleworth 
Archaeological Trust), and other fissure networks on moorland plateaux. One of the historical 
accounts provides a cross-section sketch showing the geometry of the fissures, but the fissures 
cannot now be entered without appropriate confined-space training and roped access. In the late 
nineteenth century and early twentieth century the fissures were incorrectly interpreted as 
originating by water erosion and were compared with ‘caves’ in limestone found in other parts of 
the (Derbyshire and Yorkshire) Pennines (Butterworth1828; Bradbury 1871; Brodrick 1902).
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Fig. 5

Alderman's Hill fissure network (known locally as ‘fairy holes’) exposed on moorland plateaux. (a) 
View to the south, towards the summit of Alderman's Hill, showing the linear subsidence 
depression, caused by the collapse of the strong sandstone beds (seen upturned) into the fissure. (b) 
View to the north, showing the subsidence depression above the principal fissure; the east-west 
trending fault scarp may be seen in the background. (c) Dilated joints in the strong, well-jointed, 
Kinderscout Grit, exposed on Alderman's Hill summit tor. (d) The entrance to ‘fairy holes’, a dilated
joint caused by the lateral spreading of the moorland plateaux, during deglaciation of the valley 
sides and gravitational stress relief. (e) Schematic illustration to show the dilation of joints during 
tension caused by lateral spreading of the upper valley sides and summit tors.

Subsidence and ground movements on moorland plateaux

When Alderman's Hill is viewed in a southeasterly direction, from the A635 Greenfield to 
Holmfirth trans-Pennine road, the fault scarp is clearly visible as a distinct topographic feature on 
the moorland plateaux and upper and middle valley sides. It may also be observed that the southern 
part of the moorland ridge has undergone about 4 m of subsidence where it intersects the fault. This 
has resulted in the tilting of the moorland, from horizontal to about 20° to the north (Fig. 6). The 
cause of this subsidence is not fully understood (Fig. 7).
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Fig. 6

View of Alderman's Hill from the A635 (Greenfield to Holmfirth) trans Pennine road, looking 
towards the SW, showing the fault scarp and tilted moorland plateaux.

• Download figure
• Open in new tab
• Download powerpoint

Fig. 7
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Google Earth satellite image showing the geomorphological setting of the Alderman's Hill ridge, the
fault scarp and associated fissure (reproduced with kind permission, Infoterra Ltd & Bluesky).

Comparison with fault scarps and fissures in the South Wales Coalfield and the 
Derbyshire Pennines

The fault scarp exposed on Alderman's Hill is similar in appearance to fault scarps that have been 
observed in similar geological and geomorphological settings in the South Wales Coalfield 
(Donnelly     et al  . 2000  a, b; Donnelly 2005, 2006  a) and the Derbyshire Pennines (Donnelly     et al  . 
2002). On the elevated, dissected moorland plateaux of the South Wales Coalfield and in central 
Derbyshire, multiple sets of graben, scarps and fissures form striking features, capped by strong, 
well-jointed coarse sandstones of Westphalian and Namurian age, respectively.

South Wales

The magnitude and extent of the South Wales Coalfield graben and scarps make them distinct and 
different from similar features observed in other UK coalfields (Donnelly & Rees 2001). The scarps
appear remarkably fresh and unweathered, and, where best developed, occur as steeply dipping, 
slickensided scarp walls, 3–4 m high and at least 4 km long. Graben, scarps and fissures form 
distinct, dramatic topographic features of the moorland landscape but are restricted in distribution 
mainly to the upland plateaux, capped by thick, jointed Pennant Measures sandstones. The scarps, 
similar to the scarp observed on Alderman’s Hill, extend to the slope crests but tend to die out 
towards the middle valley slopes, which are underlain by weaker mudstones and shales. These 
scarps vary from single isolated features, with or without subscarps, to parallel major sets with 
intervening graben. The fault scarps exist on the interfluves of steeply incised glacial valleys that 
dissect the plateaux surface. The underlying beds and valley floors contain fissile mudstones, which
has facilitated the instability and landsliding of the valley sides.

Fissures associated with faults in South Wales also are developed oblique or subparallel to the 
valley sides, in en echelon arrays, as conjugate sets, or in boxwork- and sawtooth-shaped networks. 
These, consistent with the fissures observed on the Pennine moorland studied here,form 
interconnecting, subsurface void systems that can be followed underground for considerable 
distances, with single fissures generally ranging from 1 to 6 m wide, but occasionally exceeding 10 
m wide; their depths are not always known (but have been observed to at least several tens of 
metres below ground level, where accessible). They are also frequently bridged with rock and 
superficial peat fallen from their sidewalls and roof (Donnelly 2005).

Derbyshire Pennines

Fault scarps, multiple sets of graben and fissures, associated with landslides, have been observed 
and documented in the Derbyshire Pennines, adjacent to the A57 Snake Pass (Glossop to Sheffield) 
road. These occur in geomorphological settings similar to those of the examples observed at 
Alderman's Hill to the north and in South Wales. The strata in the vicinity of the fault scarps are 
similarly Late Carboniferous (Namurian) Millstone Grit Series, consisting of the ‘Shale Grit’, a 
strong, well-jointed, coarse sandstone. Interbedded sandstones, siltstones and shales, forming the 
Mam Tor Beds, underlie the middle and upper valley sides, whereas weak fissile Edale Shales crop 
out on the valley floor and lower slopes. The most extensive scarp is c. 2 m high and can be traced 
as a distinct, high-angled, linear, uphill-facing fault scarp wall for 400 m (Donnelly     et al  . 2002).

FORMATION OF THE FAULT SCARPS, FISSURES AND SUBSIDENCE

The Pennine moorland and Derbyshire fault scarps and fissures are less prominent and not as 
widespread as similar features in South Wales. They do, however, share similarities. In both 
locations they occur on the interfluves of upland, moorland plateaux between deeply incised valleys
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that have been subjected to glacial, periglacial and alluvial erosion and weathering. The lithological 
sequences are also similar, as strong sandstones rocks cap the upper valley sides and plateaux, with 
weaker, fissile mudstones, shales and siltstones forming the valley floor and lower slopes.

The origin of the fault scarps and fissures on Pennine moorland still remains somewhat speculative. 
There seems to be little doubt that the fault scarps in the elevated parts of the South Wales Coalfield
have been influenced by mining subsidence (Donnelly 1994, 2005; Bell & Donnelly 2006) 
following the underground extraction of coal over a period of at least 200 years. As the Namurian 
rocks on Pennine moorland do not contain coal seams or any other mineral resources which are 
economically viable to extract, mining could not have played a role in the generation of the fault 
scarps, fissures and associated subsidence. These must have therefore been generated by other types
of geological processes.

Intense mechanical weathering of the gritstone tors and the absence of glacial till and glacial 
erratics on Pennine moorland suggest that during the Anglian and Devensian glaciations (480–420 
ka bp and 122–11 ka bp, respectively) Alderman's Hill may have stood proud above the glaciers that
occupied the surrounding valleys, and been subjected to intense glacial and periglacial weathering 
and erosion. It is likely that the scarp-edge, summit and valley-side tors would have been generated 
at this time. The glaciers are likely to have travelled from the lower-lying ground to the west and 
transgressed eastwards along the Greenfield valley, which dissects the western flank of the Pennines
(Fig. 8). The valley sides would have remained stable for considerable periods of time. On retreat of
the valley glaciers, gravitational stress relief of the valley slopes, facilitated by elevated pore water 
pressures in weaker mudrocks and shales underlying the sandstone cap rock, is likely to have 
occurred (Fig. 9). These conditions may have initiated the reactivation of the Alderman's Hill fault 
and the uneven, rotational subsidence of the moorland, resulting in the tilting of the plateaux. At this
time joint dilation in the Kinderscout Grit generated complex fissure networks in the central part of 
the plateaux and widened joints on exposed summit tors (Fig. 10).
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Fig. 8
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Map to show the possible extent of Devensian glaciation and the flow direction of glaciers, mainly 
from north to south, along the western flank of the Pennines (modified after Aitkenhead     et 
al.     2002).
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Fig. 9

(a) View to the SW from the A635 (Greenfield to Holmfirth) trans Pennine Road showing 
Alderman's Hill, tilt of the moorland plateaux and dominant fault scarp. (b) Schematic cross-section
(not to scale) to show fault reactivation caused by stress relief of the oversteepened valley sides, 
initiation of landslides, joint dilation, cambering, valley bulging and lateral spreading of moorland 
plateaux.
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Fig. 10

Schematic illustration to show the lateral spreading of the elongate Alderman's Hill (the direction of
spreading is shown by the large arrows), moorland ridge, and the geometric relationship of the tilted
plateaux, fault scarp and fissure with respect to the deglaciated, gravitational stress relieved valley 
sides.

The east–west orientation of the fault scarp represents the southward displacement and extension 
(or spreading) of the elongate Alderman's ridge, sandwiched between glaciers that would have 
occupied the Greenfield and Uppermill valleys, located to the east and west of the ridge, 
respectively. Such conditions would have also caused the instability of valley sides, resulting in the 
generation of landslides and their subsequent reactivation by over steepening rapid river erosion and
downcutting (Fig. 11). These landslides would have further reduced the stability of the overlying 
sandstone edges along the valley crests, promoting cambering and valley bulging (Hutchinson 
1991; Parks 1991; Donnelly 1994). Some of the most dramatic, extensive, inland landslides in 
Britain occur in the central Pennines. However, because of the relative remoteness of the Pennines 
such reactivation of existing landslides and the initiation of new failures tend to affect only large 
areas of moorland, with only occasional damage to property, utilities and infrastructure (Johnson 
1965; Johnson & Walthall 1979; Skempton     et al  . 1989; Doornkamp 1990; Johnson & Vaughan 
1993; Cripps & Hird1992; Waltham & Dixon 2000; Arkwright     et al  . 2003; Rutter     et al  . 
2003; Donnelly 2006  b). Reactivated fault scarps in more ‘recent’ deglaciated terrains and areas 
currently subjected to glacial erosion have been reported in parts of Scandinavia, Russia, Scotland 
and Canada (Kujansuu 1964; Lundqvist & Lagerback 1976; Lagerback 1979; Bovis 1982; Ringrose
1987).
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Fig. 11

(a) Eroded and degraded deep-seated landslides on the middle and upper slopes below moorland 
plateaux. (b) ‘Recently’ reactivated landslides and rockfalls on oversteepened valley sides, in the 
Greenfield valley.

Peat pipes and pseudo-sinkholes

THE ORIGIN, FORMATION AND ENGINEERING PROPERTIES OF MOORLAND PEAT

Peat is a biogenic deposit representing an accumulation of partially decomposed and disintegrated 
plant remains, which have become preserved under conditions of incomplete aeration and high 
water content. Peat tends to accumulate where there is an excess of rainfall and the ground is poorly
drained, irrespective of altitude or latitude. Peat deposits have accumulated on the Pennine 
moorland plateaux over several thousand years because of the comparatively wet and cool climatic. 
The peat is markedly acidic, with a pH in the range of 3.0–5.0. The peat blanket covers the 
moorland plateaux and is up to 4 m thick. Peat forms only on flat, poorly drained or gently tilted 
slopes and is absent or thin on valley sides.

The rate of decay of organic matter is controlled by fluctuations in the water table, and physical, 
chemical and biochemical processes that cause organic matter to remain in a state of preservation 
over long periods of time. The type of vegetation that grows is dependent also on the pH value and 
climate. Peat accumulates when the rate of addition of new organic matter exceeds the rate of decay.
Snow loading and the temporary drying out of peat bring about compression in the upper layers of 
the peat deposits and are important processes for the long-term development of the peat deposits, or 
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‘bogs’. This is because the unit weight of peat is similar to that of water and the effective 
overburden pressure is negligible when the water table in the peat is at, or near, ground surface.

On the elevated parts of the moors ‘blanket bogs’ of Quaternary age occur and are typical of wet 
upland areas in Britain. The peat develops on shallow slopes that are not too steep (less that about 
20°) and where drainage is impeded. The process probably began by the growth of plants and 
associated organic matter in marsh-type conditions such as waterlogged depressions on the 
weathered substrate, under periglacial conditions, in the aftermath of the last ice age.

High rainfall in such cool upland areas gives rise to leaching, which results in the accumulation of 
impervious humus colloids and ‘iron pan’ below the ground surface. This impermeable layer causes 
waterlogging, which represents ideal conditions for the development of peat. Water flows very 
slowly on the moorland plateaux, and this promotes zones of richer vegetation.

The humification of peat involves the loss of organic matter as gas or in solution, the change in 
chemical state of the peat and the loss of physical structure. This is brought about by the 
biochemical oxidation and breakdown of plant matter by microflora, bacteria and fungi, which are 
responsible for the aerobic decay. The end products of these processes are carbon dioxide and water.
However, other gases produced during this process include methane, ammonia and hydrogen 
sulphide. The optimum temperatures for decay are 35–40 °C and the pH tends to become more acid.

Macroscopically, peat observed on those areas of the Pennine moors investigated in this paper may 
be described and classified into the following groups:

• Coarse and fine fibrous peat. This occurs at or near the ground surface, is between 0.1 and 1 m 
thick, and contains a large proportion of dead vegetation remains, upon which new moorland 
vegetation grows. This is relatively strong because of the interconnection of fibrous vegetation.

• Amorphous peat. This underlies the fibrous peat and is typically between 0.5 and up to 3 m thick. 
It consists of an isotropic mass of peat with little on no visible stratification. This has a high 
colloidal fraction and holds most of the water in an adsorbed rather than free state, the adsorption 
occurring around grain structures. This layer of peat is relatively weak and is easily eroded by water
and wind when dry.

• Alternating sequences of peat and interbedded lenses of fine to coarse, loose granular sand and 
silt. These tend to be located in stream valleys and do not occur on the moorland plateaux.

• Organic clay. This is present only in some places. It is between 100 and 500 mm thick and rests 
directly on weathered bedrock substrate or glacial deposits. This material is not easily transported 
by running water because of its relatively high cohesive strength.

Subsidence on peat occurs as peat is compressible when a load is applied to the ground surface. Peat
is a highly compressible ‘soil’; this characteristic may be attributed to the manner by which pore 
water is stored and released. Water is held either in macropores (intercellular water) or in 
micropores (interparticle water), and as adsorbed water. The distribution of this water influences the
consolidation and rheological behaviour of peat. Consolidation of peat takes place when water is 
expelled from the pores and particles within the peat. As peat is deformable it may therefore be 
considered as a significant geotechnical constraint, or a geohazard. Subsidence in peat is not simply 
due to the consolidation that takes place as a result of the loss of the buoyant force of groundwater 
but is also attributable to desiccation and shrinkage associated with the drying out in the aerated 
zone and the oxidation of organic material. Further information on the description, classification, 
geotechnical properties and engineering behaviour of peat has been given by Hanrahan & 
Walsh(1965), Bell (1978), Wilson (1978), Landva & Pheeney(1980), Hobbs (1986) and Drumm     et 
al  . (1990).

SOIL PIPES AND PSEUDO-SINKHOLES

Soil pipes have been observed on parts of the Pennine moors. These consist of natural, subsurface, 
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interconnected conduits, which transport water (and sediment) through the peat profile. The soil 
pipes vary considerably in size, from less than 100 mm to 2 m in diameter. Soil pipes are usually 
recognizable on the ground surface only when the middle and upper peat layers collapse into the 
subsurface void. The subsequent propagation of the collapsed zone to the ground surface results in 
the generation of a pseudo-sinkhole.

Geophysical methods, such as ground penetrating radar, have been used with some success to locate
and delineate soil pipes in peat moorland (Holden & Burt 2002, 2003; Holden 
2004, 2006; Holden     et al  . 2004). Soil pipes have also been reported throughout the world in peat 
soils; further information has been given by, for example, Jones (1981). Hydrogeological controls 
and peat instability has been investigated by Mills (2000) and Warburton     et al  . (2003, 2004).

SINKHOLES AND PSEUDO-SINKHOLES

There is some confusion between geologists and geomorphologists over terms such as subsidence 
troughs, subsidence depressions, sinkholes, swallow holes, dolines and crown holes. Sinkhole is a 
descriptive term for a site where ground or water is sinking and has been widely used by 
engineering geologists to describe almost any form of small surface depression. This term is usually
used for ground failures caused by the dissolution of karst or gypsiferous rocks. In South Africa, 
however, the term sinkhole (or sink hole) is used to describe ground failures by migrating roof 
collapsed over mine workings, but in the UK these are known as crown holes. Dolines and 
sinkholes are the same, the former term often being used by geomorphologists to reduce the 
possibility for confusion, as dolines are restricted to limestone (karst). Sinkholes may develop by 
several processes, which include bedrock dissolution, rock collapse, soil down-washing and soil 
collapse. Six main type of sinkholes have been recognized: solution, collapse, caprock, dropout, 
suffosion and buried (Waltham     et al  . 2005).

The ‘sinkholes’ observed on the Pennine moors do not occur as a result of water sinking into the 
gound mining, the dissolution of soluble bedrock, or in alluvium or till, therefore none of the above 
terms appear to be appropriate. Ravelling sinkholes, alluvium sinkholes, soil piping sink holes and 
shakeholes are also not satisfactory terms to describe these features. Other terms used to describe 
sinkholes are swallow hole, cockpit, cave collapse, tiankeng, tunour, cenote, breccia pipe and 
interstratal collapse. None of these, however, seem particularly appropriate to describe the 
formation of voids subsidence and collapse formed in peat moorland, as water does not sink into the
ground surface but flows within the peat layers. Furthermore, soil is not transported into underlying 
fissured or dissolved bedrock and therefore terms such as dropout sinkhole and suffosion sinkholes 
(Ford & Williams 1989) do not appear to be appropriate to classify these particular features that 
occur in peat. The term ‘pseudo-sinkhole’ is therefore suggested to describe these features. ‘Pseudo-
sinkhole’ for the purposes of this paper may be therefore defined as ‘the appearance of a natural 
depression, or collapse of the ground surface, in peat, caused by the progressive upward 
propagation from a subsurface cavity’.

THE FORMATION OF PSEUDO-SINKHOLES

The morphology, size and geometry of pseudo-sinkholes in peat on the Pennine moorland varies 
considerably; they may be up to 2 m in diameter, although linear subsidence troughs often exceed 
50 m length. Their profiles may vary from a subtle down-warping (saucer shaped) of the ground 
surface, to vertical-sided depressions, although some occur as steep-sided inverted cones. They are 
often recognized as distinct areas of collapsed ground, graben, concentric ring fissures and peat 
bridges. Most pseudo-sinkholes are circular in plan but some may be elliptical or elongate.

Pseudo-sinkholes form above horizontal and vertical drainage pipes that flow within the peat. 
Horizontal pipes tend to occur at the base of the peat profile, at or close to the interface with the 
underlying weathered Kinderscout Grit (or head deposits) rockhead. Others develop within the peat 
profile at the interface between amorphous peat and underlying organic peat–clay, or where fibrous 
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peat rests conformably on amorphous peat. During the initial stages of development, pseudo-
sinkholes occur as isolated features on exposed peat scarps, no more than 200 mm in diameter. 
Where exposed, these pipes were observed to have vertical or steep sides, at angles no less than 85°.
As more peat becomes removed by erosion, the pipe increases in size at the rockhead interface. A 
cavity is formed beneath an arched roof, until this becomes unstable and fails by collapsing. The 
collapsed peat is then removed by sub-surface flowing water through the pipe. Roof stoping and 
upward migration of the cavity eventually results in the appearance of the void at the ground 
surface. Small peat cavities are relatively stable. They become increasingly unstable when they 
grow in size by the ravelling and concentric sloughing of their roof or when they coalesce with 
adjacent voids, all of which exacerbate the rate of their upward propagation to the ground surface 
(Fig. 12a–f).
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Fig. 12

(a–f) The early stages of pseudo-sinkhole generation in peat. (a) Unaffected peat sequence above 
weathered Kinderscout Grit bedrock. (b) Two pipes exposed on a peat scarp, the lower one at the 
peat–bedrock interface, the upper as a result of the collapse and migration of the pipe. (c) Two small
vertical pipes breach the ground surface and a third collapse emerges on the ground surface. (d) 
Further collapse and migration and coalescence of the voids causes an increase in the size of the 
collapse. (e) The generation of ring fractures and the bridging of fibrous peat. (f) Further collapse of
the fibrous peat, leading to pseudo-sinkhole generation.

Pseudo-sinkholes may also develop in association with two or more areas of collapse, which may be
connected at depth or completely separate. In the early stages of generation the pipes undergo 
further progressive wall collapse and propagate to the ground surface as the pseudo-sinkholes 
become widened. The shafts are usually vertical or subvertical, but frequently become widened 
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during periods of prolonged heavy rainfall or snow melt. Although this contributes to their 
formation, progressive collapse of peat pipes has also been observed during periods of drought. 
This, along with the merging of adjacent vertical pipes, causes the widening of pseudo-sinkholes. 
Surface failure and collapse of the peat may be preceded by the appearance of concentric ring 
fissures or the polygonal cracking of the peat during drier summer months and droughts.

As the subsidence and failure of the pseudo-sinkholes matures, bridges of peat may remain 
separating areas of collapse. The mature stages of pseudo-sinkhole generation is characterized by 
the occurrence of peat bridges (sometimes known as a regolith arch in USA) that may occur in 
cohesive, fibrous or indurated peat. These survive for between 2 weeks and 5 years, before they lose
their integrity and collapse. The stability of the peat bridge depends on the structure of the peat, size
of the bridge, dimensions and geometry of the subsurface pipes, rainfall and periods of prolonged 
drought. The eventual collapse of peat bridges and the subsequent removal of the collapsed peat, by 
stream erosion, results in the development of a linear trough along the ground surface. These 
typically vary from 2 to 50 m long and from 1 to 2 m wide. In their base is often exposed the 
interface with the underlying bedrock, consisting of bleached white–grey, sandy, Kinderscout grit 
with siliceous pebbles (Fig. 12g–l).
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Fig. 12

(g–l) The mature stages of pseudo-sinkhole generation in peat. (g) Three sinkholes connected by a 
subsurface pipe (pipe positions shown dotted). (h) Increase to five sinkholes and subsequent 
collapse. (i) Increase in diameter of collapsed zone and area of subsidence. (j) Extensive 
development of ring fractures and small graben in centre of subsidence depression. (k) Bridging of 
surface fibrous peat between two adjacent areas of collapse. (l) Collapse of bridge generates a linear
trough, exposing weathered bedrock.
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The classic profile of the pseudo-sinkhole is a steep-sided inverted cone or cylinder. When fresh the
side walls have steep slopes that are vertical, subvertical or overhanging. These tend to degrade 
with time (weeks to months) as a result of weathering by wind erosion and surface runoff following 
heavy rainfall, to form a bowl shape. Slumping of the sidewalls may result in mature pseudo-
sinkholes becoming oval or elliptical in shape. This may also result in the temporary or permanent 
blocking of the pipe conduit and can, in some cases, halt or delay the further evolution of the 
pseudo-sinkhole until the slumped peat has been removed by erosion.

The maximum depths and diameters of pseudo-sinkholes are limited to the peat thickness. The peat 
has been observed to reach 4 m and the maximum observed peat pipes are 1.5 m in diameter. 
However, these are rare and pipes in the peat are but are more commonly 200–750 mm in diameter. 
The maximum observed pseudo-sinkhole is 2 m in diameter, but again these are rare, the majority of
the pseudo-sinkholes being about 0.5–0.75 m in diameter. Pseudo-sinkholes have been observed 
only in peat that is 1–2 m thick. It is possible that pipes and collapses occur in thicker peat deposits 
but these may not reach the ground surface because of: (1) choking of the voids as a result of the 
bulking of the collapsed and displaced peat; (2) arching and stabilization of the roof of the 
collapsed, migrating void; (3) the void becoming arrested at a relatively stronger peat layer (e.g. at a
zone of fibrous or sandy peat layer). In general, the greater the thickness of peat, the lower the 
likelihood that pseudo-sinkholes will appear on the ground surface.

Pseudo-sinkholes form exclusively by the collapse of peat into peat pipes. The density, geometry 
and distribution of peat pipes is difficult to determine, as their presence may be inferred only when 
subsidence and collapse manifest at the ground surface or where a peat pipe emerges at the toe of a 
peat scarp. Pipe emergence voids allow subsurface waters to drain from the peat profile onto upper 
slopes, and this can influence the stability of the slopes (see below). Such voids may contain low to 
moderate volumes of flowing groundwater or they may be dry depending on the weather and 
rainfall. Some pipe entrances contain fine sand deposited as debris cones at their mouth. Pipe 
emergence voids have been observed to vary in size from 500 mm to 1 m diameter.

In one case, a void was observed where surface water sinks into the ground. This generated a void 
2 m high and 1 m wide, with small ‘recent’ faults and fissures on the sidewalls, indicating that 
localized subsidence as well as collapse had taken place. The extent and length of this void cannot 
be determined as it cannot be traced along the ground surface, because there is no evidence of 
collapse, void migration or subsidence. The void occurs in the centre of an elongate subsidence 
depression that is 5 m wide and at least 30 m long. The age of the subsidence feature is also 
unknown, but as there is no evidence for recent failure (such as exposed peat scarps) and there is 
mature vegetation covering the depression, it is reasonable to infer that this feature is several 
thousand years old (possibly post-glacial) (Fig. 12m–r).
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Fig. 12

(m–r) The entrance and emergence of pipes and pseudo-sinkholes in peat. (m) Relatively large (1 m
diameter) sinkhole exposed at the weathered peat–bedrock interface, at the bottom of a 4 m thick 
peat sequence. (n) Pipe exposed at the bottom of a peat sequence, generated along the periglacial 
weathered bedrock. (o) Inside a 1.5 m wide peat pipe; the walls consist of amorphous peat. (p) 
Inside a 1 m wide peat pipe; the walls consist of amorphous peat and cohesive organic clay, formed 
along the weathered peat–bedrock interface. (q) Soft sedimentary, contemporaneous faults, about 
300 mm long, in peat on the walls of a peat pipe. (r) A 1.5–2 m wide void, less than 1 m below the 
ground level, with no subsidence of the ground surface or other indicators of its presence. The 
length and subsurface extent of the void are not known, but this potentially represents a subsidence 
hazard.

Time scales for void generation, migration and collapse in soils are rarely recorded in the literature. 
With the exception of the peat void described above, at the point where water sinks into the ground, 
the majority of the peat pipes and pseudo-sinkholes that have been observed on peat scarps evolve 
over relatively rapid periods that range from 2 months to 5 years. During periods of relative drought
followed by prolonged heavy rain (e.g. during the summer of 2002) pseudo-sinkholes were 
observed to appear on the ground surface and undergo collapse and subsequent removal of the 
collapsed debris by stream erosion within 2 months. Others, however, have evolved through this 
cycle in periods of about 5 years. Local factors such as the type of peat (whether fibrous or 
amorphous), water content, slope angle, profile and geometry, and drainage patterns are likely to 
significantly influence the rate and duration of pseudo-sinkhole generation (Fig. 13).
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Fig. 13

Sequence of progressive development of pseudo-sinkhole on peat, from early stages (juvenile) to 
mature, observed on Pennine moorland. (a) Layered peat sequences above weathered Kinderscout 
Grit bedrock. (b) Generation of a subsurface drainage pipe at the peat–bedrock interface, and its 
subsequent collapse. (c) Propagation of the collapsed zone towards the ground surface, with the 
development of a gentle subsidence depression. (d) Formation of graben, ring fissures and increased
subsidence. (e) Propagating void breaches the ground surface to form a pseudo-sinkhole. (f) 
Subsequent erosion of the walls of the pseudo-sinkhole during periods of prolonged heavy rain to 
generate a vertical-sided subsidence depression, or an elongate gully (where two or more adjacent 
voids may collapse and coalesce).

The distribution of pseudo-sinkholes is interesting, as the majority were found to exist on south-
facing slopes. At one location, for example, at least 20 pseudo-sinkholes were observed along a 200 
m south-facing slope, and these displayed all stages of generation, from early stages (or juvenile) to 
mature. The corresponding north-facing slope of the east–west-trending valley showed no evidence 
at all for the presence of pseudo-sinkholes or pipes, although the geology, peat profile and 
hydrogeology were similar. The seasonal drying and shrinkage of the peat in hot summer months on
the south-facing slopes and expansion of the peat by frost heave during the winter allow surface 
waters to penetrate through the peat to flow in voids and pipes. Such extreme changes in the water 
content and volumetric swelling and shrinkage of the peat takes place to a lesser degree on north-
facing slopes, which for most of the year remain in the sun's shadow. Water table decline, the loss of
buoyant support and fluctuations in pore water pressures are also significant factors that are likely 
to influence the growth and evolution of pseudo-sinkholes. The remoteness of the pipes and pseudo-
sinkholes means that artificial processes, such as vibration from traffic, engineering works or 
blasting, have not influenced their generation. Although it has been possible to identify generally 
areas of moorland that are more susceptible to peat subsidence (i.e. south-facing slopes on east–
west-trending valleys), it is not possible to identify precisely the timing and magnitude of future 
occurrences of pseudo-sinkholes (Fig. 14).
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Fig. 14

(a) Schematic cross-section showing pipes in peat, their collapse and propagation towards the 
ground surface to generate subsidence depressions, graben and pseudo-sinkholes. (b, c) Desiccation
and contemporaneous faulting (slumping) in peat, on south-facing slopes, caused by seasonal 
fluctuations in temperature, snow loading and rainfall; these fissures facilitate subsidence and 
deformation of the peat by allowing groundwater to penetrate into the lower and middle peat layers.
(d) Iron-pan and (e) tree remains at the base of the peat profile, both of which influence 
groundwater flows promote water logging and peat generation.

PEAT FLOWS AND PEAT SLIDES

Where pipes drain onto upper and middle valley slopes, they channel large volumes of groundwater 
onto potentially unstable slopes, and this potentially reduces the stability of the slope. In July 2002, 
a series of landslides in the form of debris flows (peat slides) and shallow superficial translational 
slides occurred throughout the Pennine moorland areas. None of these affected roads, property or 
infrastructure but they locally disrupted parts of the moorland landscape and temporarily blocked 
streams. These events followed a sustained period of heavy, prolonged rainfall and intense localized
storms.

A distinct, dramatic, shallow, peat flow occurred on the western side of a small stream valley in July
2002. This was triggered by a rainstorm and was a rapid failure that travelled downslope towards 
the stream channel. The intensity of the storm and the prolonged period of heavy rainfall resulted in 
the swelling of the stream by up to 2 m and the initiation of rapid peat slides. These developed into 
hillside debris flows with short runout, being controlled by topography (Fig. 15).
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Fig. 15

Typical examples of ‘recent’ shallow, translational peat slides; their generation is influenced by the 
discharge of groundwater onto upper slopes from pipes, pseudo-sinkholes and areas of peat 
subsidence.

The period of prolonged rainfall followed a relatively dry early summer period when the 
groundwater levels would have been low, reducing the load imposed by the blanket peat cover. 
Cracks and fissures developed within the peat and were observed between summer 1994 and spring 
2002. Pipes emerging at the bottom of the peat profile (near the backscarp of the landslides), at the 
weathered peat–bedrock interface, allowed groundwater to become discharged on concentrated 
parts of the upper valley sides. During the rainstorm groundwater filled the fissures in the peat, 
desiccation cracks and soil pipe network that connects the upper parts of the slope and bogs to the 
interface between the lower peat and weathered bedrock. The relative impermeable weathered 
bedrock, iron-pan and periglacial head deposits beneath the peat increased significantly the pore 
water pressures in the peat, reducing the effective shear strength of the peat blanket. Given the low 
normal load of the peat it is likely that the peat blanket could have lifted, via a buoyancy effect 
above the peat–bedrock interface. The presence of a thin organic clay, about 100 mm thick at the 
peat–bedrock interface, observed in the depleted zone of the peat slide immediately post-failure, 
may have facilitated the failure of this slope. Slickensides were preserved on both the organic clay 
and underlying bedrock, these representing the failure surface. However, these features were short-
lived, and were destroyed by subsequent sheet wash erosions within 3 months (Fig. 16). Following 
the initiation of failure the saturated peat was ‘rafted’ downslope on the slickensided shear failure 
surface and came to rest on the floor of valley, choking the stream channel with peat and debris. 
Secondary retrogressive failure of the displaced mass and topples from the backscarp continued for 
the following 6 years, to the present day.
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Fig. 16

(a, b) Slickensides (slip surface) preserved in cohesive, organic clay exposed at the bottom of the 
peat profile, immediately above the weathered peat–bedrock interface, exposed on the backscarp of 
a peat slide. (c) Peat slide immediately after failure in 2002. (d) Potentially unstable valley side 
prior to failure in 1999 (the stream meander may used as a fixed reference point. Peat pipes may be 
seen emerging on the upper valley sides. The early stages of retrogressive slope failure may also be 
observed. People (circled) provide an indication of scale).

Peat slides, following initiation, developed into flows. These were valley confined and occurred on 
open hillsides. The failures were clearly influenced by substantial flows of water, and the erosion 
and stripping of superficial head deposits. This added increased debris to the already highly charged
stream, increasing the sediment loading and erosive power. The hill slope angles where the peat 
flows took place were c. 30–60°; following the failures of the slope this was reduced to less than 
approximately 20°.

Groundwater draining from pipes and pseudo-sinkholes played an important role in the initiation of 
peat flows and the distance they travel. Most of the displaced debris has remained on the hillslope 
and some 30% has been moiled as channelized debris flow entering the stream. Peat slide dams 
were formed in stream beds, but these were short lived and within a couple of weeks become 
breached and subsequently eroded by the increased volume of water in the active channel. This 
released a small surge down the stream valley, which had a high-energy, destructive effect, and 
widened and deepened the principal stream channel. In other parts of the valley colluvial and 
alluvial deposits accumulated along the stream channel banks and beds. These consisted of angular 
and subrounded boulders of sandstone with a sandy clay matrix.
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A wide range of factors probably influenced the first-time failure and reactivation of peat slides and 
debris flows. These include, for example, rainfall, snow melt, slope angle, slope aspect, slope 
height, topography, hydrology, hydrogeology, lithology (permeability of the underlying bedrock), 
and types and geotechnical properties of peat (including cohesion, grain size, shear strength, 
moisture content, void ratio, porosity, permeability, pore water pressures, saturation point, 
groundwater table, shear strength parameters, relative density, erodibility and particle size 
distribution). Localized subsidence of the upper valley sides caused by piping and pseudo-sinkhole 
generation may have played a contributory role in the generation of peat slides.

Conclusions

The purpose of this paper has been to draw attention to, and document, the occurrence of 
subsidence, landslides and associated ground movements in elevated parts of the Pennines (known 
as the moors). Strong, well-jointed rocks of Namurian age (the Kinderscout Grit, known also as the 
Millstone Grit) crop out on moorland plateaux. These are underlain by weaker interbedded shales 
and siltstone sequences that crop out on the valley sides and floor. The plateaux are covered by a 
veneer of peat, which may be up to 4 m thick.

Subsidence on the Pennine moorland is caused by two fundamental processes: (1) the deglaciation 
of valley sides, accompanied by fault reactivation, fissuring and lateral spreading of moorland 
plateaux; (2) the collapse of voids (pipes) in peat.

Alderman's Hill forms a north–south-trending linear ridge of Kinderscout Grit, about 2 km long and
700 m wide, which separates two glacially incised valleys. This is characterized by massive, cross-
bedded ‘gritstone edges’ that have weathered into distinct tors on the summit ridge. Boulder strewn 
fields occupy the upper and middle slopes around the summit, their displacement probably having 
been exacerbated during periglacial conditions in the closing stages of the Devensian glaciation. A 
single fault scarp, up to 4 m high and 700 m long, crosses the ridge, with a perpendicular (east–
west) trend to the ridge; the height of the scarp decreases gradually along the upper valley sides. 
Horizontal slickensides are exposed on the scarp wall; these are rare and probably represent tectonic
phases of reactivation. Fault reactivation has caused tilting of the otherwise horizontal moorland 
plateaux, resulting in at least 4 m of subsidence adjacent to the footwall of the scarp.

Circular subsidence depressions, up to 2 m in diameter and 1 m deep, and linear subsidence troughs 
up to 50 m long, 2 m wide and 1 m deep, have developed along the central axis of Alderman's Hill 
ridge. These are in close proximity to the fault scarp, but are clearly detached. This subsidence 
represents the collapse of strong, well-bedded, Kinderscout Grit beds into linear fissures. Where 
exposed, the fissures may be seen to form an interconnected network of voids, that extends 
underground for a considerable (unknown) distance, of at least 50 m, corresponding to the positions 
of the subsidence troughs. These are frequently bridged by a cover of moorland vegetation that 
masks their presence on the ground, making access across this part of moorland particularly 
hazardous.

Similar subsidence, fault scarps and fissures have been observed and documented in the South 
Wales Coalfield on moorland plateaux; however, it has been difficult to determine their origin, as 
ground movements have been complicated by at least 200 years of intense coal mining and 
subsidence. As mining has not taken place in this part of the Pennines, processes other than mining 
subsidence must have been responsible for the generation of these ground movements. Fault scarps 
and graben have also been documented in the Derbyshire Pennines, to the south (adjacent to the 
A57 Snake Pass road), again where mining has not taken place, and in Namurian sequences, in 
similar lithological and geomorphological settings.

The origin of the moorland subsidence, fault scarps and fissures remains speculative. It is proposed 
that the valley sides would have been supported and confined by glaciers and ground ice during the 
Pleistocene. On retreat, the gravitational stress relief of the valley sides, facilitated by other 



processes (such as weathering, weakening and erosion of the mudstones–shale sequences 
underlying the sandstone cap rocks, rapid river erosion and down-cutting, elevated water-fluid 
pressures within argillaceous beds, moisture take-up by the shales, artesian water pressures, valley 
notch stress concentrations, cambering and valley bulging) may have been responsible for the 
reactivation of faults, dilation of fissures, tilting of moorland plateaux and the initiation of deep-
seated rotational slip landslides, as are preserved on the valley sides. In these conditions, horizontal 
extension or spreading of the plateaux may have occurred. The extension of well-jointed, strong 
Kinderscout Grit sandstone cap rocks is reflected in the reactivation of faults (to generate scarps) 
and dilation of joints (to generate fissures).

Subsidence depressions in peat have been observed on parts of the moorland. These vary 
considerably in size, from less than 100 mm to 2 m in diameter, or they occur as linear, collapsed 
subsidence troughs up to 50 m long, 2 m wide and 1.5 m deep, with peat bridges. The subsidence 
occurs as a result of the collapse and subsequent propagation of soil pipes in the peat. Soil pipes 
consist of natural, subsurface, interconnected conduits, which transport water (and sediment) 
through the peat profile. They usually occur at the peat–bedrock interface or at the contact where 
fibrous peat overlies more amorphous, isotropic peat. As these subsidence features have not formed 
as a result of water sinking into the ground, mining or the dissolution, collapse and migration of 
soluble bedrock, terms such as crown holes, sinkholes, dolines, swallow holes, cockpit, cave 
collapse, tiankeng, tunour, cenote, breccia pipe and interstratal collapse were considered to be 
inappropriate. For the purposes of this paper and to avoid confusion with other types of collapses 
(in rock and soil) the term ‘pseudo-sinkhole’ was introduced, which may be defined as ‘the 
appearance of a natural depression, or collapse of the ground surface, in peat, caused by the 
progressive upward propagation from a subsurface cavity’. The generation and evolution of pseudo-
sinkholes, from early stages (juvenile) to mature, appears to be related to cycles of peat desiccation 
and saturation, caused by seasonal or annual weather fluctuations. South-facing slopes, which 
experience greater temperature and water content variations, were found to be most susceptible to 
peat pipes and pseudo-sinkhole generation. Pseudo-sinkholes were observed only in peat deposits 
less than 2 m thick, although 1.5 m wide pipes were observed at the bottom of 4 m thick peat 
profiles. It is possible that pseudo-sinkholes occur on the ground surface only when they originate 
in the uppermost layers of peat. The collapse of pipes greater than about 2 m deep may not manifest 
on the ground surface (other than in the form of a gentle subsidence depression). This may be due to
a combination of the void becoming arrested by choking as a result of the bulking of the collapsed 
and displaced peat; arching and stabilization of the roof of the collapsed, migrating void; and the 
void becoming arrested at a relatively stronger peat layer (e.g. at a zone of fibrous or sandy peat, 
particularly if partially cemented). In general, the greater the thickness of peat, the lower the 
likelihood that pseudo-sinkholes will appear on the ground surface. Where pipes and pseudo-
sinkholes crop out at the bottom of the peat profile, on upper valley sides, these allow the 
channelling of large volumes of groundwater onto the slopes. In places, this has contributed to 
ground instability, causing small, localized translation debris slides and peat slides to develop.

Ground movements, including subsidence (tilting) of moorland plateaux, fault reactivation and 
fissuring, are considered to represent a low to moderate risk for any engineering developments in 
similar geological and geomorphological settings (unless, of course, a proposed structure spans a 
fault or fissure, when the consequences and risks may be increased). Piping and pseudo-sinkhole 
hazards in peat potentially represent a high risk to engineering works, building, and the siting of 
utilities, pipelines or other infrastructure.

Further detailed investigation and recognition of these phenomena are warranted to help understand 
the evolution of ground movements on ‘the moors’ and in other similar geological and 
geomorphological settings in upland Britain, and their potential influence on ground stability.
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