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The whole surface of the bog, as far as we could see it in the dim light, became
wrinkled, and then began to move in little eddies, such as one sees in a swollen river. It
seemed to rise and rise till it grew almost level with where we were, and instinctively
we rose to our feet and stood there awestruck, Norah clinging to me, with our arms
round each other.

The shuddering surface of the bog began to extend on every side to even the solid
ground which curbed it, and with relief we saw that Dick and Joyce stood high up on a
rock. All things on its surface seemed to melt away and disappear, as though
swallowed up. This silent change or demoralization spread down in the direction of
Murdoch’s house - but when it got to the edge of the hollow in which the house stood, it
seemed to move as swiftly forward as water leaps down a cataract.

Instinctively we both shouted a warning to Murdoch - he, too, villain though he was, had
a life to lose. He had evidently felt some kind of shock or change, for he came rushing
out of the house full of terror. For an instant he seemed paralyzed with fright as he saw
what was happening. And it was little wonder! for in that instant the whole house
began to sink into the earth - to sink as a ship founders in a stormy sea, but without the
violence and turmoil that marks such a catastrophe. There was something more terrible
- more deadly in that silent, causeless destruction than in the devastation of the
earthquake or the hurricane.

The wind had now dropped away; the morning light struck full over the hill, and we
could see clearly. The sound of the waves dashing on the rocks below, and the booming
of the distant breakers filled the air - but through it came another sound, the like of
which I had never heard, and the like of which I hope, in God’s providence, I shall never
hear again - a long, low gurgle, with something of a sucking sound; something terrible -
resistless - and with a sort of hiss in it, as of seething waters striving to be free.

Then the convulsion of the bog grew greater; it almost seemed as if some monstrous
living thing was deep under the surface and writhing to escape.

By this time Murdoch’s house had sunk almost level with the bog. He had climbed on
the thatched roof, and stood there looking towards us, and stretching forth his hands as
though in supplication for help. For a while the superior size and buoyancy of the roof
sustained it, but then it too began slowly to sink. Murdoch knelt, and clasped his hands
in a frenzy of prayer.

And then came a mighty roar and a gathering rush. The side of the hill below
us seemed to burst. Murdoch threw up his arms - we heard his wild cry as the
roof of the house, and he with it, was in an instant sucked below the surface of
the heaving mass.

Then came the end of the terrible convulsion. With a rushing sound, and the
noise of a thousand waters falling, the whole bog swept, in waves of gathering
size, and with a hideous writhing, down the mountain-side to the entrance of
Schleenanaher - struck the portals with a sound like thunder, and piled up to a
vast height. And then the millions of tons of slime and ooze, and bog and
earth, and broken rock swept through the Pass into the sea.

From the novel 'The Snake's Pass' by Bram Stoker, first published 1890, pp. 229-230.



ABSTRACT

There are many accounts of slope failures on blanket bogs, but their nature and controls are poorly understood.
This study investigates the mechanisms of blanket bog failure on Cuilcagh Mountain, north-west Ireland, and
identifies the critical factors affecting the stability of peatland hillslopes. This is achieved by means of extensive
field investigations involving hydrological monitoring, soil sampling and comprehensive laboratory analyses to
determine the physical, hydrological and geotechnical properties of the blanket peat. The results from these
investigations form the basis of hillslope hydrology and slope stability modelling using finite-element modelling

programmes (commercial SEEP/W and SLOPE/W software).

A total of 47 failures scars were identified on Cuilcagh Mountain involving an estimated 300,000 m® of peat.
Detailed field investigations revealed two main types of peatland slope failure: shallow translational peat slides
associated with the failure of clay underlying the blanket peat, and bog flows in which failure occurs as a slurry-
type plastic flow with the failure zone located within the peat. Peat slides were more prevalent on the steeper
slopes (7.0-17.0°) of Cuilcagh, whereas bog flows were found exclusively on low gradient slopes (1.5-7.5%) with
deep accumulations of peat (typically up to 2.5 m). Previously it had been suggested that bog failures were
confined to steep slopes or peripheral areas of blanket bogs. However, on Cuilcagh Mountain they appear to be
an integral part of the natural evolution of the main peatland, with the presence of many failure scars at different

stages of re-vegetation and recovery.

Conventional methods of slope stability analysis (Factor of Safety using limit equilibrium methods) were found
to be adequate for use on peat slide failures, but were not as suitable for analysing the slopes prone to bog flows.
Sensitivity analyses indicate that cohesion of the failure material (i.e. the catotelm peat for bog flows and the
underlying clay for peat slides) is the most critical factor contributing to slope failure. A reduction in cohesion is
thought to be related to decomposition and/or progressive failure of the peat, or weathering and creep of the
underlying clay. Increased overburden pressure from continuing peat accumulation is also an important factor in
reducing the overall stability of a peatland slope. The initiation of bog flows and peat slides can occur from the
progressive failure of the material in question, but there is more evidence to suggest that both types of failure are

more frequently initiated as a result of a specific trigger event usually associated with high intensity rainfall.
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GLOSSARY/ABBREVIATIONS

Acrotelm: The upper aerobic layer of a bog (overlying the catotelm) made up of fibrous »peat> of low
humification and the living vegetation iayer.

Aeclotropy: Horizontal banding or layering within a material.

AET: Actal evapotranspiration. The actual loss of moisture from the Earth’s surface by means of direct
evaporation together with transpiration from vegetation (Whittow, 1984).

Angle of internal friction (¢): The frictional resistance between constituent particles of a material, related to
size, shape and orientation of particles, their resistance to crushing, and the number of contact points per unit
volume.

Anisotropic: A material with physical properties that vary in different directions.

ASSI: Area of Special Scientific Interest.

ATYV: All Terrain Vehicle.

Blanket bog: Ombrotrophic mire which can blanket large areas of upland and coastal regions, formed under
conditions of high rainfall incidence and low evapotranspiration (Whittow, 1984).

Bog: Area of land with a deposit of decaying vegetable matter (peat) in waterlogged conditions.

Cation exchange ability (CEA): The potential for a soil to adsorb a particular cation (positively charged ion) at
a given level of acidity (pH) (Clymo, 1983).

Cation Exchange Capacity (CEC): Total potential for soils to adsorb cations (positively charged ion) under
chemically neutral conditions.

Catotelm: The lower, mostly anaerobic layer of a2 bog (underlying the acrotelm) comprising humified peat.
CMP: Cuilcagh Mountain Park

Cohesion (¢): The inherent strength of a material derived from natural bonding and cementing.
Compressibility: Susceptibility of a material to change its volume and density when subject to pressure due to
loading (Whittow, 1984).

Consolidation: Reduction in volume of a soil mass as a result of compression or applied load and involves a
decrease in void ratio due to reduction in pore water (Whittow, 1984).

Creep: Slow mass movement of soil downslope in response to gravity.

¢SAC: A candidate Special Area of Conservation.

Diplotelm: The two layered mire system comprising acrotelm and catotelm.

Dipwell: A perforated tube inserted vertically into an earth material in which the level of the water table can be
determined and monitored.

Doline: A circular closed depression, formed by dissolution, collapse, or a combination of these.

Effective stress: Difference between total ground stress transmitted through interparticle contacts within a soil
and the stress supported by pore water (Selby, 1993).

Elastic deformation: A temporary deformation of a material or body, after which it returns to its former shape
once the stress has been released (Whittow, 1984).

ESA: Environmentally Sensitive Area.

ET: Evapotranspiration. The losses of moisture from direct evaporation and transpiration by vegetation.

Eutrophic: Mineral-rich.
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Factor of Safety (F): The ratio of shear strength to shear stress.

Fen: A minerotrophic mire.

Flush: Area of land through which water is concentrated into channels, resulting in particular vegetation
assemblages which reflect the nutrient flux and rheotrophic conditions. o
Gelifluction: Type of solifluction associated with seasonally frozen ground.

GLE: General Limit Equilibrium

GWMM: Ground Water Mound Model.

Hag(g): Residual in situ block of peat formed by dissection of the peat mass.

Heath: A moorland landscape dominated by heather (Calluna) and other woody shrubs (Whittow, 1984).
Humification: The process of decay (or decomposition) which occurs by the biochemical oxidation of plant
matter transforming it to humus.

Hydrosere: The wetland vegetation succession.

IPCC: Irish Peatland Conservation Council (not to be confused with the better known ‘Intergovernmental Panel
on Climate Change’.

Karst: A landscape created on soluble rock with efficient underground drainage.

Kee: Saturated hydraulic conductivity.

Landslide: The downslope gravitational movement of rock or earth as a result of the failure of the material
(Whittow, 1984). The term usually indicates an initial slide mechanism.

Liquefaction: Process by which sediments collapse due to a sudden loss of cohesion and the material is
transformed into a fluid-like mass (Whittow, 1984).

Liquid Limit: Moisture content at which a soil passes from a plastic to a liquid state.

Macrotope: A mire complex that has been formed by the integration of individual mesotopes (Lindsay er al.,
1988).

Marsh: An area of wetland containing mineral soil partially under water (Hobbs, 1986).

Mesotope: A system developed as a single hydrological entity, such as a raised bog (Lindsay et al., 1988).
Mesotrophic: Intermediate between eutrophic and oligotrophic (Hobbs, 1986).

Microform: Individual surface features within the patterning of a mire (Lindsay et al., 1988).

Microtope: The small scale topographic features associated with the mire surface (Wheeler and Shaw, 1995).
Mineralisation: The breakdown of organic matter into inorganic components and carbon dioxide to produce
nutrients (Wheeler and Shaw, 1995)

Minerotrophic: A supply of eutrophic water to the vegetation usually derived from mineral soils or rocks
(Hobbs, 1986).

Mire: Peat producing ecosystem (Wheeler and Shaw, 1995).

Moor: Originally 2 German term for bog or fen, but now used more commonly for blanket bogs and heaths
(Heathwaite et al., 1993).

Mooratmung or ‘Mire breathing’: Changes in the level of the ground surface of mires (shrinking and
swelling) in response to changes in the water content (Gilman, 1994).

Muskeg: A sphagnum dominated bog in the sub-Arctic latitudes of Canada and Alaska.

Oligotrophic: Mineral-poor.

Ombrogeneous: Peat formed under ombrotrophic conditions.



Ombrotrophic: Supply of water and nutrients exclusively from precipitation.

Paludification: The process of waterlogging as a result of restricted drainage at the margins of a former water
body, allowing peat accumulating vegetation to encroach over the adjacent mineral ground (Wheeler and Shaw,
1995). o

Peat: A biogenic vegetable deposit containing a high water content, slowly decaying under waterlogged
conditions.

PET: Potential evapotranspiration. The potential losses of moisture from direct evaporation and transpiration
by vegetation.

Piezometer: Equipment for measuring the pressure head of liquids within the ground.

Plastic deformation: Permanent change in the shape of a solid without rupture occurring.

Plastic limit: Water content of a soil as it passes from a rigid solid to a plastic state.

Pristine: A term used to describe areas of undamaged peatland that remain in a natural condition.

Pseudokarst: A landscape containing karst-like features such as caves and dolines, but not formed by bedrock
dissolution as in true karst.

Raised bog: Mire with an elevated domed centre formed by the processes of terrestrialisation (hydrosere) and
paludification.

Rheotrophic: Synonymous with minerotrophic.

Slurry: A mixture of water and fine solid that can flow as a highly mobile mass.

Solifluction: Slow downslope movement of soil as a result of heave, creep and gelifluction processes.
Soligenous: Peat formation under conditions of moving water (can be eutrophic, or oligotrophic).

Sphagnum: A genus of mosses with the ability to retain large amounts of water. A main contributor of peat
formation.

Telmatic: Peat formation under conditions of periodic flooding (Hobbs, 1986).

Terrestrialisation: The process of mire formation by the filling of a water body with organic remains (Hobbs,
1986).

Thixotropy: A material which is solid when stationary and softens, or becomes liquefied upon remoulding, as a
result of gradual re-orientation of the soil structure and water molecules to a more orderly structure (Mitchell,
1993).

Unit weight: Gravitational force per unit volume acting on a material.
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SYMBOLS

B = Slope angle (°)
¢ = Angle of internal friction (°)
¥s = Unit weight at saturation (kN/m®)
Yw = Unit weight of water (kN/m®)
¢ = Cohesion (kPa)
= Pore water pressure (kPa)
m = Vertical height of the water table above the failure surface, expressed as a fraction of material depth (m)
z = Depth to the failure surface (m)
i = Hydraulic gradient
v = Darcian velocity (m/s)
q = specific discharge (m*/s/m?)
H = Total head
k, = Hydraulic conductivity in the x-direction (m/s)
k, = Hydraulic conductivity in the y-direction (m/s)
Q = Applied boundary flux (m*/s)
t = Time (s)
6= Volumetric moisture content
o= Total stress (kPa)
u, = Pore air pressure (kPa)
u,, = Pore water pressure (kPa)

Ksnc = Hydraulic conductivity function, the relationship between hydraulic conductivity and pore water pressure.
F., = Moment equilibrium

F¢=Force equilibrium
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CHAPTER 1

INTRODUCTION

1.0 RATIONALE

Some 8.6% of the land surface of Britain and Ireland is covered by peatlands (Hobbs, 1986), most of which are
classified as blanket bog (Taylor, 1983). The two principal types of ombrotrophic peatland in temperate regions
are raised bogs and blanket bogs. The distinction between these is based on the mode of formation, which is
determined by location, altitude and extent. This thesis is concerned with upland blanket bogs, phenomena
which are common in Ireland, Wales, Northern England and Scotland. The principal landform/process
assemblages associated with blanket bogs are surface patterning, peat piping and rapid mass movements. The
controls and mechanisms of the latter have received relatively little attention and remain poorly understood.
Hence, this research project is designed to investigate the different types and causes of slope failure in blanket

bog peatlands in an area of North-west Ireland.

1.1 AImMS

Rapid mass movements of peat on slopes may be termed ‘bog bursts’, ‘bog flows’, ‘bog slides’, or ‘peat slides’
depending on the characteristics of the failure conditions and the state of the peat with depth. They are mainly
natural phenomena that can occur in both blanket and raised bogs, but are a common feature of the blanket bogs
of western and upland areas of Ireland where rainfall is high (Feehan and O’Donovan, 1996). ‘Bog bursts’
usually take the form of a rupturing of a surface area of bog with the flooding out of the more humified, liquid
peat held at depth resulting in a ‘bog flow’. The term ‘bog slide’ may be used to describe the movement of more
coherent peat over a sub-stratum in the form of a shallow translational failure. The shear zone in the latter type
of failure is usually located within or immediately below the peat layer. This differs from a ‘peat slide’ in which
the mass movement is associated with the failure of the underlying material, usually clay. This distinction
between bog bursts and flows, and peat slides is important as different mechanisms are involved. In the
classification system of Hutchinson (1988), bog bursts and flows are contained within the category of debris
flow, whereas peat slides are classed as translational slides. However, it has been suggested that there is a

gradation of failure type from bog bursts and flows to slides (Carling, 1986).

Bog failures have been reported in many countries such as Germany, Switzerland, Canada, Australia and the
Falkland Islands, but the majority is from within the British Isles, and in particular Ireland. However, most of
these accounts are purely descriptive with only vague suggestions of mechanisms and causes. The most
commonly reported destabilising factors contributing to individual failures include the presence of a break of
slope (e.g. Bishopp and Mitchell, 1946; Alexander er al., 1986), and an impermeable layer (e.g. Delap and
Mitchell, 1939), with the trigger usually being identified as a high intensity rainfall event. This research project



aims to add to the limited base of knowledge of hillslope failure in peatlands by integrating research on slope
instability with the dynamic properties and characteristics associated with peat. Based on slope stability criteria,

this form of hillslope failure is investigated in terms of the balance of forces acting upon peat covered hillslopes.

In general there is a lack of data concerning the physical characteristics of blanket bog peat and how these
change with decomposition within the profile. Although for comparative purposes it will be necessary to use
data from ombrotrophic raised bogs, this research aims to provide a detailed study of the changes in the physical

state of blanket bog peat with depth from the surface.

This thesis will examine the susceptibility of blanket bog slopes to mass failure, and will attempt to establish

which are the most critical environmental factors affecting the stability of peatland hilislopes. This will be

carried out using a combination of approaches, in particular by examining the physical and geotechnical

properties of blanket bog peat and by means of hydrological and slope stability modelling. Therefore, the main

aims of this thesis are:

* To determine the changes in the hydrological and geotechnical properties of blanket bog peat with depth
from the surface.

s To use hydrological and geotechnical data to model the stability of blanket bog slopes using a traditional
‘limit equilibrium’ approach.

»  To determine the geotechnical controls on the stability of peat slopes in upland blanket bog environments.

* To study and gain a better understanding of the mechanisms of slope failure involved in rapid mass
movements in blanket bogs (bog failures).

* To assess the importance of hillslope failure involving peat with respect to the development of an area of
upland blanket bog.

This thesis will thus provide further insight into some general issues of landform evolution in peatlands, as well

as presenting detailed knowledge about the physical properties of peat and the processes and mechanisms which

combine to shape blanket bog environments.

1.2 IRISH PEATLANDS AND THEIR GLOBAL CONTEXT

It has been estimated that 3.4% of the Earth’s land surface is peat covered, 297 Mha by bog and 210 Mha by
swamp (Matthews and Fung, 1987). Peat accumulates wherever conditions are suitable irrespective of altitude
or latitude; however, it tends to be most common in areas with a comparatively cold and wet climate (Hobbs,
1986). Table 1.1 shows estimates of the global distribution of peat resources. As a result of the specific
conditions required for their formation, ombrotrophic blanket bogs are found in only a few regions, the British
Isles containing approximately 10% of the total global resource (Tallis, 1997). In Ireland, ombrotrophic bogs
once covered one-sixth of the country; however 94% of raised bogs and 86% of blanket bogs have been lost due
to drainage, peat extraction and commercial developments (Foss, 1997). During the 1960’s and 70’s a period of

environmental consciousness was brought about by a young generation of naturalists operating from



Table 1.1 Global distribution of the peatland resource.
(After Hobbs, 1986; Foss and O’Connell, 1996).

- CounTRY HecTaRES
Canada 129,500,000
US.S.R. 71,500,000
Finland 10,000,000
US.A. 7,500,000
Norway 3,000,000
Germany 1,618,000
UK. 1,582,000
Sweden 1,500,000
Poland 1,500,000
kire 1,176,000
Iceland 1,000,000
Indonesia 700,000
Cuba 200,000
Japan 200,000
New Zealand 166,000
Hungary 100,000
Netherlands 100,000
Denmark 60,000
France 60,000
Italy - 60,000
Czechoslovakia 33,000
Austria 22,000
Romania 6,000
Israel ~ 5,000
Others 400,000
Total 231,988,000 |




various universities, and with it arrived an awareness of the fact that bogs represented something more than a
source of fuel and soil conditioner (Feehan and O’Donovan, 1996). The importance of conserving peatlands
was recognised at the international level in the early 1980’s and led to the formation of a number of protection
and conservation-based bodies, such as the Irish Peatland Conservation Council (IPCC). Thé fPCC is a
voluntary body whose principal aim is “to ensure the conservation of a representative example of Ireland’s
peatland heritage” (Foss, 1997, p.393), by means of conserving peatland habitats and wildlife, informing and
educating the public, lobbying and fund-raising. The importance and value of bogs are summarised in Table
1.2. This conservation movement then proceeded to produce an abundance of conservation-based literature and

campaigns to generate appreciation and recognition of peatlands.

1.2.1 Terminology and Definitions

The wide range of terms used to describe and classify bogs results from the differences in disciplines and
languages used by researchers. Heathwaite ez al. (1993) note that the complex nature of mire terminology is
possibly the result of the diverse plant cover associated with peat producing ecosystems. Table 1.3 compares

some of the terms used to describe mires in Europe and North America.

‘Mire’ originates from the old English word for bog, corresponding to the German term ‘moor’ for a bog or fen.
Mire is perhaps the only internationally recognised term for a peat-producing ecosystem (Heathwaite er al.,
1993). ‘Bog’ is an Irish word that is derived from ‘bogach’, meaning soft ground (Feehan and O’Donovan,
1996). It is the general term for ombrotrophic mires, but is sometimes used colloquially for other types of
wetland (Wheeler and Shaw, 1995). ‘Fen’ is the common term for minerotrophic mires. ‘Marsh’ describes a
mineral soil with regular inundation of surface water, the movement of which with, or without, a nutrient input
prevents the development of peat (Gilman, 1994). Peat is the term for the biogenic vegetable deposit containing

a high moisture content (usually 85 to 95% by volume).

The peat mass can be looked upon as a two layered system, termed diplotelm. The uppermost layer is known as
the 'acrotelm’ that overlies the permanently waterlogged lower layer, the ‘catotelm’. The physical characteristics
and hydrological importance of these distinct layers is described in section 2.1.2. The specialist terminology

used in this thesis is defined in the glossary.

1.2.2 Development of Ombrotrophic bogs

The properties of bog peat vary widely with depth beneath the surface, and are influenced by the variety of plant
species forming the peat, the environment in which this accumulated, and by the changes within the peat column
over time, essentially the transformation of organic matter into peat by the process of humification. It is
therefore necessary to have knowledge of the developmental history and growth of the specific peat bog. There
are three types of ombrotrophic peatlands in Ireland: raised bogs, upland blanket bogs, and lowland or oceanic

blanket bogs.



Table 1.2 The importance and value of bogs.

Environmental Importance

Education in the Peat Archive

Habitat for flora and fauna

Pollen records of environmental change

Influence local climate

Archaeological records of man

Resource for healthcare e.g. Sphagnum

Biological indicators of climate change

and pollution levels

Land resource for agriculture, recreation

and water supply

Atmospheric carbon sink

Influence river regimes

Filtering properties




Table 1.3 The differences in terminology used to describe mires in Europe and North America

(from Heathwaite et al., 1993).
Terminology North American Marsh Bog
European Swamp Marsh | Fen Bog
Vegetation Reeds Grasses & sedges Mosses
 Hydrology Rheotrophic Ombrotrophic
Characteristics | Soil Mineral | Peat
pH Neutral Acid
Trophic state Eutrophic | Mesotrophic Oligotrophic




Raised bogs occur widely across northern Europe, Asia and North America. They are so called because of their
elevated domed centres whose rate of growth and morphometry are controlled by the hydrological processes of
ground water flow within the peat mass (Heathwaite et al., 1993). There are two processes inVOl.Vt.:d in their
formation. Firstly, terrestrialisation, which is the sequence of the hydrosere involving the succession of open
water in a shallow lake to fen, then to fen woodland and finally to bog (Clymo, 1991). An illustration of the
final climax stage in the formation of a raised bog is shown in Figure 1.1. Once the surface of the bog has
grown beyond the maximum physical limits of groundwater an ombrotrophic plant community and peat
accumulating system that is dependent on water and nutrients derived from direct precipitation develops
(Heathwaite er al., 1993). In this form, the peat itself within the mire acts as a reservoir. The second process
that is important in the formation of raised bogs is that of paludification. Waterlogging can result due to
restricted drainage at the margins of a former lake, allowing peat accumulating vegetation to encroach over the

adjacent mineral ground (Aalen er al., 1997).

In Ireland raised bogs are most common in central lowlands and towards the east originating from the shallow
lakes and kettle holes left after the end of the last glaciation (c. 10,000 BP) (Foss and O’Connell, 1996). High
water tables resulted in widespread flooding, particularly in the broad, shallow basins of the Shannon and Eme
catchments (Aalen et al., 1997). The development of stretches of open water and reed swamps into fen
vegetation began approximately 9000 years BP, with the formation of raised bog about 7000 years BP (Aalen et
al., 1997).

Blanket bogs are climatic peatlands. Whereas raised bogs owe their existence to the particular history of
landscape in which they have formed (Feehan and O'Donovan, 1996); blanket peat will develop and mantle the
relief where the climate permits it. This will only occur where there is an excess of precipitation over
evaporation in the colder and temperate regions of the earth (Hobbs, 1986). Peat accumulates and spreads
laterally over the mineral soil and transgresses over surrounding, particularly ascending slopes (Heathwaite et
al., 1993). Eventually, the peatland converges to form a near-continuous blanket (Hobbs, 1986). Blanket
peatlands usually develop over impermeable or nutrient poor soils or rock by the process of paludification, but
they can also result from podsolisation. In areas subject to high rainfall with porous terrain, leaching results in
the accumulation of impervious hummus colloids and an iron pan below the surface (Hobbs, 1986). The
subsequent waterlogging and base deficient conditions creates an environment ideal for the formation and

accumulation of ombrotrophic peat. A hypothetical section through a blanket bog is illustrated in Figure 1.2.

In Ireland, upland blanket bogs are usually situated in areas above 150 m in aititude, with more than 1250 mm of
precipitation. These have been sub-divided into those heavily influenced by the proximity to the ocean (Atlantic
sub-type) between 150 and 300 m which occur in the west and those which are formed on the mountainous areas
above 300 m (montane sub-type) throughout Ireland (IPCC, 1990). The distribution of blanket bogs and raised

bogs in Ireland is illustrated in Figure 1.3.



Figure 1.1 Hypothetical section through a raised bog (after Foss & O’Connell, 1996).
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Figure 1.2 Hypothetical section through a blanket bog (after Foss & O’Connell, 1996).
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Figure 1.3 The distribution ‘of blanket and raised bogs in Ireland (after Aalen et al., 1997).
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The Irish lowland blanket bogs are associated with generally flat land below 150 m in the west of the country.
The presence of these bogs is almost entirely associated with the ocean and the main expanses are located in the
low-lying coastal areas of counties Galway and Mayo, with further extensive parts of counties Kerfy,. Cork and
Donegal (Feehan and O’Donovan, 1996). There is a floristic gradient between mountain and lowland bogs, and
from east to west across the country (Feehan and O’Donovan, 1996) mainly due to nutrient levels, humidity and
differences in rainfall patterns. Lowland blanket bogs are dominated by sedges and grasses such as black bog
rush, and purple moor grass, whereas upland mires are dominated by species of heather and bog mosses (Aalen

et al., 1997).

Ombrotrophic bogs can also exist as a transition peatland-type, usually termed ‘intermediate’ but also known as
‘semi confined mires’ by Hulme, (1980). Intermediate bogs are formed by the process of paludification and
contain characteristics of both raised and blanket bogs. These are essentially areas of raised bog, which have
grown well beyond the boundaries of the original lake basin. Although the distinction of the intermediate mire
is based on its associated floral communities, in Ireland these bogs are also intermediate in nature due to their

geographical distribution, occurring primarily in central Galway and Mayo (Aalen et al., 1997).

1.3 INTRODUCTION TO CUILCAGH MOUNTAIN

Cuilcagh Mountain is one of the most extensive areas of upland blanket bog in Northern Ireland (Gunn, 1995)
and is reported to exhibit the full range of vegetation and structural features associated with this type of habitat
(Environment and Heritage Service web-site, 2001). Previous research (e.g. Walker and Gunn, 1993; Gunn,
1995) has identified a high frequency of failure scars on the bog and in 1992 a large bog flow event caused
disruption to Marble Arch Caves (discussed on page 14). Cuilcagh Mountain blanket bog is representative of
other blanket bogs in north-west Ireland and therefore research into the controls and mechanisms of hillslope

failure in this area is expected to have wider implications for peatlands in general.

1.3.1 Cuilcagh Mountain Blanket Bog

The characteristic plateau-block summits of Cuilcagh, Benbulbin, Dartry, Bricklieve and Slieve Anierin within
the counties of Cavan, Leitrim, Sligo and Fermanagh have been grouped together to be known as Cuilcagh
Plateau country (Herries-Davies and Stephens, 1978) (Figure 1.4). Upland blanket bog has developed on the

slopes and foothills of these mountains to form an extensive peatland resource for the north-west region.

The fieldwork for this investigation has focused on the blanket bog covering the middle slopes of Cuilcagh
Mountain. Cuilcagh Mountain (665m) is situated approximately 20 km south-west of Enniskillen and straddles
the border between Northern Ireland (County Fermanagh) and the Republic of Ireland (County Cavan). Figure
1.5 illustrates the actual study area, which encompasses approximately 24 km? of blanket bog to the north and
east of the summit. The slopes of Cuilcagh are characterised by a typical upland blanket bog environment and
display a range of states from pristine bog to degraded sites, reflecting the history and land use of the

environment. A wide range of failure types, of varying sizes, has also been recognised as playing an important
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Figure 1.4 Cuilcagh Plateau country (after Herries-Davies and Stephens,

1978).
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Figure 1.5 The study site: Cuilcagh Mountain.
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role in the development of the blanket bog (Kirk and Dykes, 2000). Therefore, the variety and extent of bog
failures make Cuilcagh Mountain an ideal setting for a detailed investigation into the stability of peat covered

slopes.

The importance of the Cuilcagh area in terms of its scientific and scenic value are reflected in the number of
statutory designations and tourist attractions, recognising the national significance and environmental interest of
the region. In 1993, the Department of Agriculture for Northern Ireland launched an ‘Environmentally Sensitive
Area’ (ESA) scheme which aimed to reduce stocking levels and hence the pressure on sensitive peatland
environments by subsidising farmers. Cuilcagh is part of the West Fermanagh and Eme Lakeland ESA.
Currently, approximately 50% of the landowners on the northern slopes of Cuilcagh Mountain have signed ESA

agreements.

In 1994, approximately 3000 ha of the Cuilcagh Mountain peatland was designated an ‘Area of Special
Scientific Interest’. It is also a candidate ‘Special Area of Conservation’, the highest level of protection which
can be given to an area of land. A primary feature of this designation is the blanket peat, which is a priority
habitat under the EU habitats directive. In 1998 Cuilcagh Mountain blanket bog was also designated as a

Ramsar site under the Convention of Wetlands of International Importance (Gunn, 2000a).

The Cuilcagh Mountain Park was opened in June 1999 and incorporates a section of the mountain running from
the County Road to the summit (illustrated in Figure 1.5). This is a locally based conservation initiative
managed by Fermanagh District Council, with the primary aims of actively restoring an area of damaged cut-
over peatland and conserving areas of pristine bog on a 265 hectare stretch of Cuilcagh Mountain. The project
includes an environmental education programme to increase the awareness and appreciation of the peatland

habitat and wildlife as well as providing for public recreation and enjoyment of the countryside.

In addition to the blanket bog, the lower slopes of Cuilcagh Mountain contain one of Northern Ireland’s premier
tourist attractions, the Marble Arch Caves, which were opened to the public in 1985 (Figure 1.5). During
August 1992, a major bog flow occurred on an eastern slope of Cuilcagh. An estimated volume of 20,000 m’® of
peat and water was removed (Walker and Gunn, 1993) and flooded through a section of the Marble Arch show
cave. Transmission of the flood pulse caused by the bog flow is thought to have been very rapid and a thick
layer of peat was left throughout the tourist cave. Fortunately the flow occurred during the night whilst the show
cave was closed, but this flooding event led to safety concerns that were addressed by new warning systems at
the stream sinks. Hence, the present research also has a practical application as it is hoped that it will facilitate

identification of those areas of blanket bog in the cave’s catchment which have the greatest risk of failure.
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1.4 ENVIRONMENTAL SETTING

The environmental requirements for peat accumulation systems are primarily concerned with the promotion of
waterlogging. Therefore, climate, geology, the permeability of the underlying substrate, topography z_md factors
that independently affect the rate of microbial decomposition of dead plant remains are important. These are
discussed with reference to present conditions on Cuilcagh Mountain. The general climatic criteria for the

development of blanket bog are also discussed.

1.4.1 Climate
The climate of Cuilcagh is dominated by its position relative to the prevailing moist westerly airflow from the
Atlantic. Adiabatic cooling occurs as the air passes over the high relief, delivering mild moist winters and cool,

cloudy summers with a high average humidity (Gunn, 2000b).

Precipitation

Estimated isohyets for the northern slopes of Cuilcagh Mountain (Figure 1.6) indicate that the average annual
rainfall increases with altitude from 1270 mm per year at Marble Arch Caves (at 175 m OD) to over 2000 mm
per year at the summit of the mountain (665 m). The average number of rain days per year is approximately
250. Peak rainfall occurs in December, with March and April tending to be the driest months (Gunn ez al.,
1993). Figure 1.7 has been compiled using data collected at a raingauge in the Aghinrawn catchment and at
Marble Arch Caves and illustrates the cumulative annual precipitation for the north side of Cuilcagh Mountain
for the years 1994 to 1999. Monthly rainfall totals ranged from 14 mm (August 1995) to 362 mm (December
1993), with annual totals of 2060 mm (1994), 1810 mm (1995), 1800 mm (1996) (Walker, 1998) and 1470 mm
(1997) and 1850 mm (1998).

Temperature
Mean annual temperature for the Cuilcagh area is 9.0°C with a mean monthly range of 4.1°C in January to
14.8°C in July (Polley, 2001). For 1994, average monthly temperature ranged from 2.2 °C (February) to 13.7°C
(July), with a mean of 7.7°C (Walker, 1998). The importance of seasonality in air temperature is related to low
rates of evaporation and transpiration. At the micro-climatic scale, variations in wind speed and temperature are

related to changes in relief and are reported to have an effect on the level of the water table (Walker, 1998).

Evapotranspiration (ET)
Total evapotranspiration that occurs in a bog environment is a combination of that from free water surfaces, bare
peat surfaces and transpiring vegetation, therefore, the rate is a function of the depth of the water table and the
vegetation type (Guertin and Barten, 1987) as well as meteorological conditions. Increased aerodynamic
roughness, limited stomatal control of the plants and a greater surface area of vegetation means that the actual
rate of evapotranspiration (AET) has been observed to be greater than estimates of potential evapotranspiration
(PET) rates for areas of open water (Robinson et al., 1991). The three dominant vegetation groups in a peatland

community, Sphagnum mosses, heather and grasses, adapt very differently to seasonal variations. For
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Figure 1.6 Isohyets of annual rainfall (mm) for the north slopes of Cuilcagh Mountain (Gunn, 2000a).
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Figure 1.7 Cumulative annual precipitation for Cuilcagh Mountain (1994-96 data from Walker, 1998).
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example, Sphagnum and heather can keep evapotranspiration rates lower than the PET rates during dry periods
by reducing the albedo and through stomatal control respectively. In winter, these plants have effective
evaporating surfaces. AET rates from grasses, on the other hand, can be significantly lower than the PET rates
in winter (Heathwaite et al., 1993). - The AET rate compared to the PET rate depends thereAfo\re on the
distribution and dominance of Sphagnum mosses and heather to grasses, and on seasonal variations related to
temperature and water table depth (Walker, 1998), i.e. the overall ability of the peatland vegetation to regulate

water loss.

Most water balance studies calculate PET and use this as the basis for estimated AET. Castle Archdale is the
nearest meteorological station to Cuilcagh Mountain, approximately 32 km north of the summit and at an
altitude of 66 m. Here, the mean annual PET is estimated to be 386 mm. In a recent study investigating the
hydrologica! impacts of mechanised peat extraction on Cuilcagh Mountain, Walker (1998) compared and
contrasted two sub-catchments consisting of a cut-over area, and a relatively undisturbed control area. An
estimate of AET, calculated using three twelve month running totals of P-Q for an undisturbed sub-catchment on
the lower slopes of the mountain was 580 + 140 mm. This compared well with the 566 mm three-year average

calculated using the Thornthwaite formula (Walker, 1998).

Climatic criteria for blanket bog formation
The environmental requirements for blanket bog formation are shown in relation to the most favourable
conditions for peat formation in Table 1.4. An extreme tendency towards the three highlighted ‘unfavourable’
conditions of high temperature, high slope angle and good aeration are noted to prevent peat formation however
suitable the other factors may be. Likewise, blanket bog formation requires an extreme tendency towards the
highlighted ‘favourable’ factors (Lindsay et al., 1988). The conditions for peat formation on Cuilcagh Mountain
are also displayed in Table 1.4. Heathwaite er al. (1993) divide these factors which form the water balance for
peatlands into four main components: atmospheric inputs, mire matrix, adjacent mineral soil and parent material,
and the hydrological network. However, difficulties arise when monitoring the flux of water between different
components, so the key water balance processes outlined by Ingram (1983) are generally used in evaluating the
transfer of water in a peatland. These are precipitation, seepage, pipe flow, surface runoff, channel flow and

evapotranspiration (Heathwaite et al., 1993).

The most important climatic criteria for ombrotrophic bog development are the amount and distribution of
precipitation as well as factors that affect evaporation and transpiration (wind, atmospheric humidity and air
temperature). Cool, continuously wet conditions with predominantly gentle relief make it possible for the
paludification of entire landscapes (Lindsay er al, 1988). Paludification is the process whereby impeded

drainage, leaching and waterlogging allows the development of a wetland directly over the mineral ground.
In Ireland, blanket bogs are found in areas with more than 1200 mm of precipitation per annum (Foss and

O’Connell, 1996), but it is the quality (i.e. the persistence) rather than the quantity of rainfall that controls the

distribution (Orme, 1970). The average annual number of rain days is a parameter of particular relevance to
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Table 1.4 Factors affecting peat formation (after Lindsay et al., 1988) and present conditions on Cuilcagh

Mountain blanket bog.
Extreme Extreme
Conditions on Cuilcagh
Character Unfavourable Favourable
Mountain
Conditions Conditions
Precipitation Low High High 1270 - 2000 mm per year
Number of rain days Low High* High 250 per year (Gunn, 1995)
Atmospheric humidity Low High* High
Cloud cover Low High High
High Low e.g. average monthly extremes
Temperature range Low*
2.2 - 13.7°C for 1994 (Walker, 1998)
High* Low e.g. 7.7°C for 1994 (Walker,
Mean temperature Low*
1998)
Angles of slope High (90°)* Low (0°)* Relatively low (0-35°)
Topography Convex Basin Mixed relief
Substrate permeability High Low Low
Substrate-water pH and base | High
Low* Low pH 3.8 - 5.0 (Walker, 1998)
content
Substrate-water aeration High* Low* Low
Nutrient status of vegetation | High Low Low

* Conditions considered most important (Lindsay et al., 1988)
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the growth of peat. A rain day is defined by the Meteorological Office as a 24-hour period during which at least
0.25 mm of precipitation is recorded. Lindsay er al. (1988) show a correlation between isopleths for 200 rain

days and the limit of extensive peat formation for mainland Britain.

Although the combination of total annual rainfall and number of rain days can produce optimal conditions for
blanket bog development, ‘atmospheric flushing’ occurs if the annual volume of precipitation exceeds the limits
of this optimum, resulting in reduced rates of peat accumulation (Bellamy and Bellamy, 1966). This occurs due
to the increase in the flux of oxygen and electrolytes through the surface layers with larger volumes of

precipitation, which produces an increased rate of humification (Lindsay et a/., 1988).

1.4.2 Geology and Peat Formation

Early geological accounts have drawn comparisons between Cuilcagh Mountain and the hills of the Yorkshire
Dales and English Pennines (Hull, 1878; Padget, 1953). The first published reference to the geology and
geomorphology of Cuilcagh is that of Phillips in 1836 (cited by Padget, 1953, p 17) who likened Cuilcagh and
the neighbouring plateaux summits of Benaughlin and Belmore to those of Penyghent and other hills in the
Yorkshire Dales. Later, a more detailed account of the geology of the area by Hull (1878) again highlighted this
comparison by documenting the Upper Carboniferous series of sandstones, shales and limestones as Millstone

Grits and Yoredale Beds after the English Pennines and Yorkshire Dales respectively (Gunn et al., 1993).

Figure 1.8 illustrates the solid geology of the northern slopes of Cuilcagh Mountain as published by the
Geological Survey of Northern Ireland in 1991. The lower slopes are made up of the massively bedded Dartry
Limestone Formation (in which the Marble Arch Cave system has developed), while the middle slopes are
underlain by the Glenade Sandstone Formation. The upper slopes and summit ridge are made up of interbedded

sandstones and shales and capped with a Namurian Sandstone Formation (Leitrim Series).

Cuilcagh summit ridge is thought to have been a nunatak (i.e. above the maximum extent of the ice) during the
last Ice Age (Irish Midlandian, as British Devensian) (Gunn, 2000a). If this was the case then the upper slopes
of the mountain would have been subject to periglacial and paraglacial activity, perhaps giving rise to the
characteristic large boulder scree slopes and impressive cliffs of up to 30 m in height. Extensive mass
movements have been responsible for the formation of large cracks that appear to follow structural lineaments
on the summit ridge (Gunn, 2000a). Glacial drift of varying thickness is present on the middle slopes and
provides an impermeable barrier which, together with the low permeability of the underlying sandstones and
shales, has facilitated the development of the overlying peat. The drift geology of the northern slopes of
Cuilcagh is illustrated in Figure 1.9.

A blanket bog of up to three metres in depth has developed directly on the mineral ground and drift deposits by

the process of paludification during the Holocene, forming what has been described as one of the best examples

of a blanket bog ecosystem in Northern Ireland (Gunn, 1995). Peat accumulation is associated with the
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Figure 1.8 Solid geology of the northern slopes of Cuilcagh Mountain (from GSNI, 1991).

LKSF = Lackagh Sandstone Fm; GOS = Gowlaun Shale Fm;
DVSH = Dervone Shale Fm; KSM = Killooman Shale Mbr;
DSM = Doobally Sandstone Mbr; GAST = Glenade Sandstone Fm;
DARL = Dartry Limestone Fm;  BBSF = Benbulben Shale Fm;
GRLF = Glencar Limestone Fm; CASF = Carraun Shale Fm;

Cuilcagh Dyke = Igneous Dyke (Tertiary).

BCS = Briscloonagh Sandstone Fm;
BVF = Bellavally Fm;

MEF = Meenymore Fm;

KNM = Knockmore Limestone Mbr;
CLGL = Cloghany Limestone Mbr;
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Figure 1.9 Drift geology of the northern slopes of Cuilcagh Mountain (from GSNI, 1989).
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Atlantic and sub-Atlantic periods between 7000 and 5000 BP and between 2500 BP and the present, whereas the
Boreal period between 9500 and 7000 BP and the sub-Boreal period between 5000 and 2500 BP were
characterised by the spread of pine forest over peat bogs (Lowe and Walker, 1997). Pine bark found towards the
base of the peat layer at a site on East Cuilcagh was identified and dated to c. S000 BP by pollen anél);sis (Dr. C.

Hunt, University of Huddersﬁeld; pers. comm.).

1.4.3 Drainage

The northern slopes of Cuilcagh are dissected by three main rivers and their tributaries, which have their origin
on the low permeability Namurian Leitrim Series. These are the Owenbrean to the east, the Aghinrawn and the
Sruh Croppa to the west (Figure 1.5). These rivers flow for approximately 6 km before traversing the Dartry
Limestone and eventually ending in the sinks of Pollasumera, Monastir and Cat’s Hole respectively. The eastern

slopes of Cuilcagh are drained to the east and south-east by two tributaries of the Swanlinbar River.

A rough index of ‘dendricity’ of the three rivers draining the northern slopes is provided by Gunn e al. (1993)
and is displayed in Table 1.5. The Owenbrean catchment has a dominance of first order streams with an
associated linear network. The Aghinrawn and Sruh Croppa networks are more dendritic; consequently runoff
accumulates downstream leading to a more flashy response to the onset of heavy rain. The Swanlinbar River

draining the south-east of Cuilcagh has a highly dendritic network.

1.4.4 Topography

The summit ridge of Cuilcagh Mountain runs from an altitude of 665 m at its north-east end for 4 km to 590 m
at its western end. The northern slopes of the plateau are characterised by steep rock slopes and cliffs, with only
a thin mantle of regolith in places. The upper slopes below the ridge lie between the 500 and 400 metre contour
lines, and consist of predominantly concave slopes upon which the upper limit of peat has developed. The
origins of all of the rivers draining the northern and eastern slopes of the mountain lie within this zone, and in
their steeper reaches gullies deeply dissect the slopes. Lough Atona is situated immediately downslope of one of
the steepest slopes on the north side of the Cuilcagh ridge. Gunn (1995) suggested that Lough Atona is probably
the result of damming by terminal moraine, or a soliflucted head deposit. However, its position at the foot of a
failed rock slope and its semi-circular basin suggests that it may be either a mass movement feature, or the

remains of a paraglacial protalus rampart.

The middle slopes of the mountain lie between 400 and 250 m. As a result of the shallower gradients and gentle
slope concavities, deeper peat has developed to form a typical upland blanket bog environment containing the
associated mire complexes and microtopes. These include a series of permanent pools (flow bog) and areas of
quaking bog on the pristine bog to the east of the summit ridge. A complex pseudokarst landscape of peat pipe
networks with collapsed features has also formed on the areas of deeper peat within the middle slopes. These

pipes range in size from a few centimetres to over a metre in diameter (Nield, 1993).
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Table 1.5 The dendricity of stream networks, Marble Arch Caves drainage basin (Gunn et al., 1993).

River M N M:N
Shreve Strahler’s Dendricity Network
Magnitude Order Index Type
Owenbrean 15 3 5 Linear
Sruh Croppa 11 3 3.6
Aghinrawn 9 3 3 Dendritic
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Limestone underlies the lower slopes of Cuilcagh below 250 m, where only a thin coverage of peat remains.
The main karst features comprise limestone pavements and cliffs, stream sinks, dolines, risings, and extensive

cave systems including Marble Arch Caves (Figure 1.5).

1.4.5 Vegetation and Microtopography

Murray et al. (1991) surveyed the blanket bog vegetation on Cuilcagh Mountain for the Countryside and
Wildlife Branch of the Department of the Environment (Northern Ireland). Most of the bog on Cuilcagh was
classified as semi-natural vegetation of the ‘wet bog’ type. This is equivalent to the Nature Conservancy
Council’s Phase 1 habitat classification Sphagnum bog, dominated by ling heather, Sphagnum mosses and cotton

grasses (Walker, 1998).

Some of the more gentle slopes of pristine bog found on Cuilcagh Mountain correspond to the characteristic bog
hummock and hollow microtopography, particularly on the shallower slopes and plateau area of East Cuilcagh.
Typically, this occurs where Sphagnum mosses are actively growing to form a system of hummocks and hollows
with flat ‘lawn’ areas in between (Foss and O’Connell, 1996). The drier, hummocky areas are dominated by
dwarf shrubs and graminoid species such as cross-leaved heath (Erica tetralix), heather (Calluna vulgaris), deer
grass (Trichophorum cespitosum) and various bog cottons (Eriophorum spp.) (JNCC web site, 1999). Species
such as Sphagnum cuspidatum, Sphagnum fuscum and Polytrichum commune correspond with distinctly wetter
conditions. Flushes dominated by brown mosses or Carex species occur where water is concentrated into
channels, reflecting the nutrient flux and rheotrophic conditions (Walker, 1998; Clymo, 1987). This illustrates

that local variations within the microtope result in a diversification of habitats and species (microforms).

The vegetation in blanket bog environments is highly sensitive to change, particularly in land use practices.
Concentrated grazing and more frequent use of ATVs (all terrain vehicles) has increased pressure on the lower
and middle slopes of Cuilcagh Mountain, whereas patches on the upper slopes have been subject to intense
burning in the past. These land uses have the effect of changing the composition and diversity of species
(Feehan and O’Donovan, 1996), favouring a more widespread coverage of dry-based vegetation such as Molinia

grasses.

The re-vegetation of areas subject to peat cutting activities can be divided into two categories, depending on the
mining methods used. Firstly, areas which have been cut by hand in turbary plots form a pattern of large
rectangular depressions colonised by Sphagnum species in the wetter areas (Gunn, 1995), and also grasses
(Molinia) and bog cottons (Eriophorum spp.). These are separated by banks of uncut peat on which there is an
abundance of heather (Calluna vulgaris) growth due to the drier, drained conditions. Machine cutting, however,
can involve the complete removal of the surface vegetation and upper acrotelm to leave a surface of bare peat.
In one area where this was the case, drier-bog based vegetation, such as Eriophorum spp. and an invading

pioneer moss Campylopus introflexus, are now beginning to re-establish themselves on the bog surface (Walker,
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1998). Other areas, in which the vegetation has been left in place but has been severely disturbed through the

impacts of machine loading, have only a sparse coverage of Eriophorum.

1.5 ANTHROPOGENIC INFLUENCES ON THE CUILCAGH BOG

The role of man in changing the blanket bog environment is difficult to determine. However, this section

reviews past and present land uses and peat extraction on Cuilcagh Mountain.

1.5.1 Land Use: Past and Present

Evidence for Neolithic farmers on Cuilcagh has been described by Gunn (1995), and includes the agricultural
forest clearances at the beginning of the sub-Atlantic period (2500 BP). The removal of the protective forest
cover, accompanied by climatic degeneration (i.e. persistent rainfall and lower evaporation rates) would have
stimulated soil deterioration, particularly in the poorer upland soils (Orme, 1970). Further promotion of peat
formation would arise due to the prevention of regeneration of shrubs and woodland, and continued agricultural

malpractice.

In Medieval times, population densities were much higher, land was at a premium and habitation spread further
up the mountain than is the case today (Gunn et al., 1993). However, during and after the Potato Famine (1845-
49) there was large-scale abandonment of the upper and middle slopes of the mountain (Gunn, 1995).
Occupation of the mountain today remains minimal. At present, there are four main threats to the active blanket
bog on Cuilcagh Mountain: overgrazing, burning, peat cutting and physical damage as a result of animal

trampling, walking and ATVs.

Properties of the peat within the profile can not only exhibit characteristics of the variety of species forming the
peat, but can also give an indication of changes in the environment in which it has accumulated and decomposed
in the process of humification. Pollen analysis performed on peat cores from Cuilcagh Mountain has shown
indirect evidence for the changing land-use of the blanket bog environment, particularly the intensity of apparent

farming practices (Dr. C. Hunt, University of Huddersfield, pers. comm.).

1.5.2 Grazing and Burning

Farmers impose constraints on plant growth by stocking upland areas of blanket bog with sheep and in some
cases cattle, and by attempting to improve the quality of the grazing through controlled burning of the vegetation
and drainage of the peat (Tallis, 1997). During the 1980’s sheep stocks on Cuilcagh increased dramatically and
there were also periods of uncontrolled burning. The resulting overgrazing and lack of general management was
noted to degrade the surface of the bog in many areas (Gunn, 2000b; R. Watson, Principal Officer for

Countryside Management, Fermanagh District Council, pers. comm.).

Periods of controlled burning are intended to encourage growth of more palatable new shoots of heather and

coarse grasses and are usually carried out on a rotational basis. Tallis (1997), working in the Pennines, states

26



that although the overall vegetation composition is altered by the elimination of the more fire-sensitive species,
there should be little long term damage if burning is properly controlled. Periods of uncontrolled burning,
however, not only cause a destruction of the surface vegetation and the immediately underlying acrotelm, but
also have been known to destroy the entire depth of peat, or at least cause irreversible damage by leaving the
peat surface dry and bare. Subsequent further alteration occurs by rain and wind erosion, leaching and freeze-
thaw processes (Maltby et al., 1990). This is particularly important as recolonisation is slow and leaves areas of

bare peat exposed to wind and rain, resulting in intensified erosion.

1.5.3 Peat Cutting

Evidence for peat being used as an historical source of fuel in Ireland includes the presence of half burnt sods
under eight metres of bog in County Donegal, remains of early cutting equipment and old turf banks, and by
occasional references in the Old Irish law texts in the 7" Century (Feehan and O’Donovan, 1996). Small scale
turf cutting peaked in 1926 and then steadily declined until the Second World War, when peat had to replace
two million tons of imported coal during the war years (Feehan and O’Donovan, 1996). After this period of
more intense exploitation, cutting declined again and the Bord na Mona was established in the Republic in 1946
due to concern over the dependence on imported fuels. Its main aims were to produce and market peat and peat
products commercially, mainly utilising the deep raised bogs of the Midlands. In 1981, the ‘Turf Development
Act’ in the Republic and similar government schemes in Northern Ireland provided grants for individuals to
obtain tractor-driven cutting machinery and exploit peat resources. The ‘black devastation’ (Aalen er al., 1997)
that followed also resulted in the exploitation of more blanket bog environments, and private production in the
Republic increased from 350 000 tonnes p.a. to over 1.4 million tonnes between 1982 and 1990 (Bord na Moéna,
1991). During this period there was also widespread dumping of farm and domestic rubbish onto bogs. In the
Republic, an estimated 15% of blanket bog peatland has been cut away, and in Northern Ireland, almost half has

been cut at some time in the past (Aalen et al., 1997).

Hand cut areas in turbary plots are widespread on East Cuilcagh at Gortalughany and on areas of the lower
northern slopes where access is made possible by a number of roads and tracks. It is thought that most of these
hand-cuttings date from pre-1845 when population pressure was higher in the uplands (Gunn, 2000a). Large
areas of cuttings of this nature, i.e. produced by the amalgamation of individual plots, have had sufficient time to

become well re-vegetated, and as a result are much less intrusive on the landscape.

Machine cutting occurs on a fundamentally different scale to traditional hand cutting and creates a new blanket
peat landscape characterised by horizontal expanses of exposed peat (Aalen et al., 1997). The main area on
Cuilcagh that was extensively mined by machines between 1986 and 1992 is situated to the north in the
Legnabrocky Townland on the Aghinrawn River catchment (Figure 1.5). The area affected by actual
mechanised cutting was 120 hectares (Gunn et al., 1997), on the majority of which the surface of vegetation and
upper acrotelm was completely removed to leave a bare surface of peat. A dense network of deep drainage
ditches had also been excavated (Walker and Gunn, 1997). In this area, much of the cleared ground remained

bare five years after the last period of extraction and there were many physical changes to the environment.
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These included a drier surface allowing the invasion of different vegetation species, accelerated erosion, and the
generation of higher flood peaks (Walker and Gunn, 1997). The effects of the removal of the surface
vegetation, the extraction of the more calorific basal peat, the construction of deep drainage ditches, the splitting
of the peat column into vertical tines (deep slits up of approximately 1.5 m in depth) during the ;iee;t removal
process, and the weight and movement of the cutting machines result in the destruction of the usual structure and

form of the bog. Peat cutting continues on a wide area at Killykeeghan on Cuilcagh Mountain (Figure 1.5).

Current restoration and management of cut-over peatland areas (as outlined by the Irish Peatland Conservation
Council) involves the re-establishment of a high water table, as the damage to the bog from the various hand and
mechanised cutting techniques and more importantly the construction of drains on and around the bog initiates a
lowering of the water table (Tubridy, 1987). A section of cut-over bog on Cuilcagh Mountain is currently being
monitored in a series of experimental sites on a catchment feeding the Marble Arch Cave system. There is a
concern however, that an increased water level from the damming of drainage ditches and subsequent changes in
vegetation will lead to a rise in pore water pressure and changes in various other stability factors, thereby
reducing the shear strength of the already structuraily altered peat, converting the slope into a more actively
unstable condition. The restoration of this area therefore may directly affect the risk of flooding to the show

caves and the degradation of the blanket bog.

1.6 SPECIFIC OBJECTIVES AND OUTLINE OF RESEARCH PLAN

This chapter has introduced the problems to be addressed in this thesis, i.e. the susceptibility of blanket bog

slopes to mass failure, and the most critical environmental factors affecting the stability of peatland hillslopes.

A review of the terminology and development of ombrotrophic bogs and an outline of the environmental

characteristics of Cuilcagh Mountain blanket bog, which is regarded as being representative of other blanket

bogs in north-west Ireland, have also been given. Therefore, to fulfil the aims of the thesis the following specific

objectives are outlined:

1. To map and describe the morphometry of the peat slope failures on Cuilcagh Mountain and to determine the
likely mechanisms of failure.

2. To determine the magnitude and frequency of failure events on Cuilcagh Mountain.

3. To investigate the physical properties of blanket bog peat and assess how these vary with depth from the
surface.

4. To investigate the hydrological and geotechnical properties of blanket bog peat and assess how these vary
with depth from the surface.

S. To model the stability of the blanket bog slopes on Cuilcagh Mountain using the determined geotechnical
and hydrological properties of the peat.

6. To establish whether conventional methods of slope stability analysis are suitable for blanket bog

environments.
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7. To investigate the geotechnical and hydrological controls and identify the various destabilising factors
(preparatory, triggering and controlling) involved in converting the blanket bog slopes to an actively

unstable condition.

The work presented in the folloWing chapters is based on detailed field investigations, laboratory determinations
and hydrological and slope stability modelling. Chapter 2 comprises a review and assessment of research into
peat hydrology, geomorphology and slope stability to provide a framework for the analysis of hillslope failure in
peatlands. Field methods and results and a detailed examination of the physical and geotechnical properties of
the Cuilcagh peat are presented in Chapters 3 and 4. These results form the basis for an analysis of the stability
of peat slopes given in Chapter 5. Chapter 6 examines the factors that affect the stability of peat slopes by
integrating the results of studies of the physical and geotechnical properties of the Cuilcagh peat and the
hydrological and slope stability modelling. In Chapter 7, the conclusions of the research are presented. The
implications of these findings for blanket bog evolution and the management and restoration of peatlands are

then outlined.
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CHAPTER 2

PEATLAND RESEARCH AND HILLSLOPE STABILITY

2.0 INTRODUCTION

Assessing the stability of hillslopes in peatlands is a complex exercise, not only because the physical and
structural properties of peat differ from the more uniform soils more commonly the subject of slope stability
analyses, but also because the geotechnical properties and hydrological behaviour of the peat are difficult to
determine due to the variable nature of the material. At present there is no fully integrated study of the stability
of slopes in peatlands. This is extraordinary considering that ‘thresholds of critical instability’ are often
mentioned in relation to erosion in mires (Bower, 1961; Tallis, 1965a) and the peat mass has been termed ‘an
inherently unstable system’ (Hobbs, 1986, Lindsay er al., 1988) which becomes even more unstable with
continued peat accumulation (Tallis, 1997). The framework for the analysis of hillslope failure in peatlands
initially requires a review and assessment of research into peat hydrology, geomorphology and slope stability,

before an integrated and holistic approach to the study can be achieved.

Firstly, the importance and abundance of peat are described and the nature and scope of peatland literature are
examined. Specifically, this section describes the classification of peatlands, the physical, structural and
geotechnical properties of ombrotrophic peat and types of peatland erosion. This is followed by a brief review of
the common characteristics reported in bog failure events. In the second section, types and mechanisms of slope
failure and methods of slope analysis are outlined and reviewed. This includes methods of measuring the shear

strength of the soil, and the assumptions and limitations associated with modelling approaches.

2.1 PEATLAND RESEARCH

2.1.1 Introduction

Peat is of interest to workers in many fields: agriculture, horticulture, engineering, mining, chemistry, medicine
and ecology (Clymo, 1983). As a result, peat literature as a whole is extremely fragmented in nature. The few
accounts concemning the strengths and geotechnical properties of peat and organic soils are usually closely
assocjated with engineering studies and in particular the construction of roads in North America and Canada
(e.g. Adams, 1965; Landva and La Rochelle, 1983). The techniques of undisturbed sampling and the
compression and shear deformation of some peats are described in some detail by Landva et al. (1983) and
Landva and La Rochelle (1983), but have not yet been used to assess peat slope stability within a natural

geomorphological context.

The majority of literature on peat, particularly in the UK, dealing with conservation, ecology, growth rates and
the workings of the peat mass, is based on research specifically from raised bogs (Ingram, 1978, 1983; Clymo,
1984a, 1991; Wheeler and Shaw, 1995). However, there are also many reports on the blanket bogs of the
English Pennines and the Flow Country of Caithness and Sutherland in northern Scotland, which are mainly
concerned with types and causes of erosion and surface patterning (e.g. Bower, 1960, 1961, 1962; Tallis, 1964,
1965a, 1985; Lindsay et al., 1988). Although there are studies of the distribution of peatland vegetation and
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erosion in Ireland (Tomlinson, 1981a, 1984; Bowler and Bradshaw, 1985), disregarding the literature on specific
bog failure events, studies of Irish bogs tend to be associated either with peat as a resource or various ecological

and conservation issues (Cruikshank et al., 1995; Corbett and Seymour, 1997; Gunn et al., 1997).

Classifications

Peatland classifications are generally based on one of three main criteria: hydrological setting; in situ peat
stratigraphy; and the ecological history of the site (Burt er al., 1990). Based on the hydrological setting, the
autogenic terrestrialisation of open water (Wheeler and Shaw, 1995) (i.e. wetland succession) is known as the
‘hydrosere’. The terminology used in the three main stages of the hydrosere (from Hobbs, 1986) are:
‘rheotrophic’ — the initial stage in which a mire begins to develop in mobile water; ‘transitional’ — the mire is at a
stage in which upward growth of the water level relies more on precipitation and less on the input of nutrients;
and ‘ombrotrophic’ — the mire is dependent entirely on atmospheric precipitation. The classification system of
Moore and Bellamy (1974) divides European mires into eleven zones based on climatic conditions and mode of
formation. This includes the distinction between ‘primary’, ‘secondary’ and tertiary’ peatland systems
describing their development in relation to the water supply. Minerotrophic peatlands are supplied by water that
is usually rich in nutrients and minerals from the surrounding soils and rocks, while ombrotrophic (rain-fed)
peatlands tend to be ‘oligotrophic’ i.e. have a low nutrient content. Studies of the vegetational development and
ecological history of mires using macro-fossil and polien analysis have indicated responses to known climate
changes, identifying periods of formation, rates of accumulation (Conway, 1954), and phases of erosion (Tallis,
1965a; 1985).

Peatlands can be categorised according to scale (Ivanov, 1981). At the smallest scale, a mire ‘microform’ is an
individual surface feature within the patterning of a mire, such as a single pool or hummock (Lindsay et al.,
1988). A mire ‘microtope’ describes the small scale topographic features (i.e. the arrangement of microforms)
associated with the mire surface (Wheeler and Shaw, 1995). A mire ‘mesotope’ is equivalent to a mire massif or
unit and describes a system developed as a single hydrological entity (Lindsay et al., 1988), such as a single
raised bog. At the largest scale, a mire ‘macrotope’ encompasses composite units formed by the fusion of
individual isolated mire mesotopes, which originated from separate centres of mire formation. The extensive
blanket bogs of Britain and Ireland have been described as ultimate expressions of macrotopes (Lindsay ef al.,
1988).

2.1.2 Diplotelm Dynamics

The existence of two distinct layers in bogs was recognised by the Russian mire hydrologist Ivanov in the
1950’s. Later these were discussed by Romanov in 1968 as it became firmly established that the upper and
lower layers in a bog differ significantly not only in structure but also in function (Ingram, 1978). The literal
translation of the Russian terms ‘active’ as the upper layer, and ‘inert’ for the lower layer were deemed
inappropriate due to the same terms being used in other fields with different meanings (Clymo, 1991). Ingram
(1978) suggested two different terms for the layers: acrotelm, meaning uppermost mire surface; and catotelm,

meaning underlying mire layer. The term diplotelmic system is used to describe the two layered effect.
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The acrotelm is the upper surface layer (usually about 50 cm in depth) and includes the living surface of
vegetation. It is characterised by higher relative hydraulic conductivity and the most active water movement as
it is this layer in which the water table fluctuates (Lindsay ef al., 1988). The surface layer is largely oxygenated
and aerobic bacteria and micro-organisms facilitate rapid decomposition and transformation into peat.. The roots
of plants and low degree of humification of organic matter mean that this layer is highly fibrous and forms a skin

or crust to the bog.

The catotelm, the layer underlying the acrotelm, is permanently saturated and typically makes up the bulk of
more mature bogs. On Cuilcagh, this layer is up to two and a half metres in depth. Water movement is very
slow (usually 3-5 orders of magnitude slower than the acrotelm) (Lindsay et al., 1988) due to the compressed
nature of the peat and the high degree of humification with depth. This layer is characterised by very slow
anoxic decay due to its saturation and absence of acrobic micro-organisms. The basal peat has a tendency to be
amorphous in nature with a high degree of humification. Gas may take up as much as 10% of the volume in the

lower layer of the peat (Clymo, 1984b).

The distinction between the acrotelm and catotelm is usually not as pronounced in blanket bogs as it is in
undamaged raised bogs. The greater variety of vegetation forming the peat in blanket bogs results in variations
in the intensity of the humification process, as certain parts of the plants are more resistant to breakdown than
others. This can affect the structure of the peat greatly and can result in a more multi-layered effect within the
diplotelm. This type of aelotropy (banding) in peat results during deposition or from stress applications, rather
than true stratification (Landva and Pheeney, 1980).

2.1.3 Physical and Structural Properties of the Peat

The two ‘key characters’ that are responsible for the great diversity that exists in peat are the botanical
composition and the degree of humification (Clymo, 1983). The botanical composition can indicate the
chemical state and origin of the peat, and the degree of humification (decomposition) can determine the physical
properties (Clymo, 1983). However, difficulties can arise when comparing and contrasting results from different
peatiands, as slight variations in the ecosystem and climatic regime in which they develop can affect the
development of the bog, resulting in each individual peatland possessing its own characteristics and identity.
Although the physical and structural properties of peat will vary with the mode and timing of peat formation, the
properties are highly interdependent, and together are important in determining the height of the water table
(Burt et al., 1990).

Hobbs (1986) lists some of the properties of peat which give an indication of state and condition as: - moisture
content; bulk density; organic content; liquid and plastic limits; and degree of decomposition. Table 2.1 shows

the physical properties of blanket and raised bog peat in Ireland (from Galvin, 1976).
Moisture Content

The moisture content of peat can range from 200 to 2000% by dry weight (Hobbs, 1986) and can vary over small
distances both vertically and horizontally. This is related to the nature of the plant species and the different
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Table 2.1 Physical properties of Irish blanket and raised bog peat given by Galvin (1976, p.209)

Property Blanket Young Sphagnum | Older Sphagnum
Peat Peat Peat

Field Moisture Content

% dry wt. 1,057 1,607 995

% by volume 88.9 91.3 88.9
Degree of Humification (von Post) H, H, Hq
pH 4.1 4.2 4.7
Ash Content (%) 1.5 1.6 1.0
Specific Gravity 1.31 1.36 1.36
Void Ratio 17.8 23.0 15.0
Porosity (%) 94.7 95.8 93.7
Bulk Density (g/cm®)

Field 1.02 1.01 1.02

Dry 0.07 0.06 0.09
Hydraulic Conductivity (mm/day)

Laboratory 13 208 5

Field 6 209 28
Infiltration (mm/day) 4 61 3
Specific Yield (ml/ml) 0.16 0.38 0.17
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degrees of decomposition in the peat mass. As a general rule, moisture content decreases with humification and

mineral soil has the effect of reducing both moisture content and its variability (Hobbs, 1986).

Bulk density
The bulk density is the dry mass of material per unit of field bulk volume and is recognised as being an
important physical parameter of soil and peat analysis. The dry bulk density of peat is low and variable in
comparison with mineral soils, with reported values ranging from 0.07 g/cm’ at the surface of the bog to over 0.1
g/cm’ at depth (Clymo, 1983). It is related to the organic content and void ratio of the peat (Hobbs, 1986). The
dry bulk density of peat is another useful indicator of the nature of a given body of peat.

Organic Content
The purity of peat is an important property (Hobbs, 1986) and depends on the amount of mineral matter present
in the material. This is determined by measuring the organic content of the peat. Typically, pure Sphagnum peat
comprises 99% organic matter, with most bog peat containing less than 20% inorganic matter (Clymo, 1983).
The water holding capacity of peat depends greatly on the organic content. However, this relationship is often
over-simplified, as humification influences the state of the organic matter and hence the manner in which the
material can hold water. The organic content can be successfully measured using the loss on ignition method,

which determines the loss in mass of an oven-dried sample after ignition in a furnace (Gale and Hoare, 1991).

Atterberg Limits
The liquid limit is the empirically established moisture content at which a soil passes from a plastic state to a
liquid state. Similarly, the plastic limit is the moisture content at which a soil becomes too dry to be a plastic
(BS 1377, 1990). Together, the liquid and plastic limits determine the plasticity index, which provides a means
of classifying cohesive soils. The liquid limit of peat depends on three main properties: botanical composition;
the degree of humification; and the proportion of clay present in the sample (Hobbs, 1986). The liquid limit of
peat is noted to decline with increasing humification, as the decomposers break down the plant tissue. For
example, the liquid limit of peat falls from 800% for low humification, to about 300% for strong humification
(Hobbs, 1986). The plastic limit of peat can only be measured on samples containing some clay soil (Hobbs,

1986). Consequently, little has been published on the plasticity of peat.

Degree of Humification
The great diversity observed in peat structure and type, and which ultimately determines its stress and strain
behaviour arises from the variety of plant species residues contributing to peat formation, and from the
environmental conditions in which humification takes place. Humification is the process of decay (or
decomposition) which occurs by the biochemical oxidation of plant matter. The principal physical changes in
peat due to the process of humification are: - a reduction in total moisture content; an increase in specific
gravity; an increase in compaction; a decrease in pore space; an increase in degree of decomposition; an increase
in calorific value; and changes in colour towards a dark brown to black (Luttig, 1986). It is primarily the change
in structure of the peat (its morphology and texture) due to humification which is responsible for these changes
and which ultimately differentiates one type of peat from another (Hobbs, 1986). Therefore, the classification
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that determines the stage of decomposition of the plant remains is considered to be one of the most important in

the identification of peat types.

Various methods for the determination of fibre content and degree of decomposition of peat have been reviewed
and evaluated by Malterer ez al. (1992). The most generally accepted field technique for this classification in
Europe is that developed by von Post in the early 1920’s. This method attempts to describe the structure of
mainly Sphagnum peat in quantitative terms. Although this is a primitive and seemingly crude technique, it is
relatively easy to carry out in the field and if performed correctly, acceptable results may be obtained. The
technique itself involves the squeezing of a small handful of peat and noting the nature of the material being
extruded between the fingers, the residue and the visual identification of any plant structure and amorphous
material. This is graded on a scale of 1 to 10 (with 1 describing no decomposition and 10 being completely
humified) and designated H, to H,,. Table 2.2 shows the von Post system of humification. Hobbs (1986)
provides an extended system that correlates the types of peat with their respective physical, chemical and
structural properties and therefore increases the value of the use of this system. This includes field estimations
of some, or all of the following: moisture content; presence of fine fibres; coarse fibres; wood fragments; organic
content; tensile strength-vertical and horizontal; smell (indicating fermentation under anaerobic conditions);

plasticity; and acidity (Hobbs, 1986).

Landva and Pheeney (1980) studied the differences in the structure of Sphagnum peat at different degrees of
humification using a Scanning Electron Microscope. At low levels of humification (H;-H,) the Sphagnum
leaves and stems consist of a series of hollow cells and appear more or less as they do when they grow. At H; to
Hs, the membranes on both sides of the leaves and stems are at least partially decomposed, leaving a relatively
open framework of cell walls. At Hs to H, it is no longer possible to detect distinct leaf structures and at Hg to
Hjo, the material would be expected to be completely decomposed and be amorphous in nature (Landva and
Pheeney, 1980). Therefore, the breakdown of the plant structure by the process of decomposition has the effect
of reducing the water holding capacity and hence water transmittability of the peat.

2.1.4 Geotechnical Properties of Peat

It is reported that the fibrous nature of the peat gives bogs significant shear strength, despite their high moisture
content (Lindsay et al., 1988). Also, the great physical stability of the peat mass is derived from the immense
cation exchange ability (CEA) of Sphagnum peat (Hobbs, 1986). The cation exchange capacity (CEC) is the
quantity of cations adsorbed on a soil particle surface per unit dry mass of soil under chemical neutral conditions
(Hillel, 1971). The CEC of ombrotrophic bog peat varies noticeably with botanical composition and is very
dependent on pH; therefore, Clymo (1983) prefers the term CEA to represent the measured capacity at a
particular pH, and with a particular cation. Consequently, the term CEC in the case of peat is reserved for the
maximum reached when all exchange groups are ionised (Clymo, 1983). Three types of water are recognised as
forming part of the peat matrix: - intracellular water held within the internal cells (macro-pores); inter-particle
water held by capillary forces (micro-pores); and intra-particle adsorbed (bound) water (Lindsay e al., 1988).
The proportions of these depend on the structure and morphology of the various plants present, and on the
degree of humification (Hobbs, 1986). 1t is one particular phase of bound water - the adsorbed water adhering to
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Table 2.2 Determination of degree of humification using the von Post system

(from Landva and Pheeney, 1980).

SCALE | DESCRIPTION OF | PLANT AMORPHOUS | NATURE OF EXTRUDED | NATURE OF
DECOMPOSITION | STRUCTURE MATERIAL MATERIAL RESIDUE
H, None Easily identified | None Clear, colourless water
H, Insignificant Easily identified | None Yellowish water
H; Very slight Still identifiable | Slight Brown, muddy water; no | Not pasty
peat
H, Slight Not easily Some Dark brown, muddy Somewhat
identified water; no peat pasty
H;s Moderate Recognisable, Considerable Muddy water and some Strongly pasty
but vague peat
He Moderately strong | Indistinct, more | Considerable | About one third of peat
distinct after squeezed out; water dark
squeezing brown
H, Strong Faintly High About one half of peat
recognisable squeezed out; any water
very dark brown
Hs Very strong Very indistinct High About two thirds of peat | Plant tissue
squeezed out; also some | capable of
pasty water resisting
decomposition
Ho Nearly complete | Almost not Nearly all peat squeezed
recognisable out as a fairly uniform
paste
Hio Complete Not discernible All the peat passes

between the fingers; no

free water visible
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the surface of the tissue - which is involved in the stability process. The characteristics of this water zone are
govemed by the CEA of the tissue and the chemistry of the water containing the nutrient supply. Therefore, the
higher the CEA, the stronger the adsorption complex and the greater the inter-particle adherence (Hobbs, 1986).

Hobbs (1986) lists the engineering properties of peat as being: hydraulic conductivity, compression and

consolidation, and shear strength.

Hydraulic Conductivity
Crucial to the understanding of peat hydrology is the transmission of water through the different layers of the
peat mass. The hydraulic conductivity (k) of peat varies throughout the bog structure with notable differences
occurring in and between the acrotelm and catotelm, both horizontally and vertically. The importance of

hydraulic conductivity of peat is discussed in section 2.1.5 in relation to ombrotrophic bog hydrology.

Compression and Consolidation
The extremely compressible nature of peat results from the high moisture content, and has important time
dependent characteristics due to the porosity and the manner in which pore water is held and expelled from the
structure (Hobbs, 1986). Therefore, the distribution of water within the peat matrix has a considerable influence
on the consolidating behaviour of peat. Compression and consolidation of peat involves two main processes: the
expulsion of pore water; and the structural re-arrangement of particles (Hobbs, 1986). In the first stage, termed
primary consolidation, both processes occur simultaneously. Secondary compression follows, with structural re-
arrangement and expulsion of interparticle water, which continues as a creep-like process (Hobbs, 1986).
Landva and La Rochelle (1983) note the difficulty in distinguishing between the primary and secondary
processes in practice. However, they report that the consolidation process of Sphagnum peat consists of a
combination of an initial elastic behaviour, followed by plastic, non-reversible structural compression (creep).
The rate of creep is reported to be governed by the flattening of the open peat lattice rather than that of individual
particles of organic matter. Results presented by Hobbs (1986) and Landva and La Rochelle (1983) suggest that
within the context of peat, secondary compression is the dominant process of consolidation, as it continues
almost indefinitely. Edil et al. (1986) suggest that compression can be divided into four components:
instantaneous strain, primary strain (developing over one minute), secondary strain (developing over the next
100 minutes), and tertiary strain (appearing over the next 10,000 minutes). As with other physical and structural
properties of peat, variability in compression exists due to differences in the type of peat, degree of

decomposition and moisture content.

Shear Strength
There are only a few accounts of the shear behaviour of peat. These are concerned primarily with engineering
problems of road embankments and test fill sites (e.g. Landva and La Rochelle, 1983), and are associated more
with the compression and consolidation characteristics discussed above. The remainder is mainly related to the
accessible acrotelm peat in the upper part of the peat profile. In this zone, fibres within the peat have been found
to affect the geotechnical behaviour of the peat by providing an internal lateral resistance to shear deformation

(Landva and La Rochelle, 1983). Less information is available on the shear characteristics of highly humified
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peat, although Mitchell (1993) suggests that while the strongly adsorbed water modifies the strength properties,
undrained strength is reduced as a result of high moisture contents and plasticity. Methods of determining shear

strength are discussed in section 2.2.5.

2.1.5 Ombrotrophic Bog Hydrology

The hydrological behaviour of a system may be described in terms of the characteristic pathways and volumes of
water (Baird et al., 1997), by means of the inputs, outputs, storage and importantly water movement within the
system. The movement of water through peatlands has been described as a controlling ecological factor, since it
determines the transport of solutes, growth rates of plants, and profoundly influences decomposition rates and
peat redox status (Hemond and Goldman, 1985). Therefore, the understanding of peatland hydrology is essential

in its conservation and management.

Peatland water balance
The water balance for a peatland comprises the inputs, outputs and storage changes in the hydrological system,
i.e. the terrestrial phase of the water cycle. Unlike a drainage basin, however, the wetland is not defined by no-
flow boundaries, and its water budget must include terms to represent groundwater and surface water inflows as
well as outflows (Dooge, 1975; Gilman, 1994). The water balance for a wetland site was expressed by Gilman

(1994):

P+Gip+ Qin=E +Goye + Qoue + As
.1

Where: P is precipitation,

Giy is the groundwater inflow,

Qin is surface inflow,

E is actual evapotranspiration from the wetland,

Gou is the groundwater outflow,

Qo is the surface outflow, and

As is the change in water storage, usually seen as a change in water level or the water table.
The lateral flows of surface and groundwater have an incoming and outgoing component, therefore they are

regarded as throughputs of the system (Gilman, 1994).

Storage
Peatlands have a large water storage capacity, which is usually either full, or almost full (Burt er al., 1990).
Water which is stored in the peat mass takes the form of permanent open water bodies or temporary flooding,
and retention in the unsaturated (acroteim) and saturated (catoteim) zones (Gilman, 1994). Figure 2.1 illustrates
the various components of flow and storage within a peat mass. Within the saturated zone, moisture can be held

as intracellular, interparticle or adsorbed water; only the first of these flows under gravity (Burt ez al., 1990).

‘Mooratmung’ is the phenomena of ‘mire breathing’ in which the peat acts as an ‘elastic’ aquifer (Burt ef al.,

1990), shrinking and swelling in response to changes water storage within the peat mass. The resulting
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