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ABSTRACT 

A hydrological investigation of three Devon sand dune systems; Braunton Burrows, 
Northam Burrows and Dawlish Warren 

In 1993 concerns were expressed by English Nature that Devon's three largest sand dune systems Braunton 
Burrows, Northam Burrows and Dawlish Warren were drying out to the detriment of the dune habitat flora 
and fauna. Research was therefore required to understand how these systems functioned hydrologically, to 
determine whether they were drying out and if so to recommend sustainable management options aimed at 
reinstating former water levels, or preventing any further lowering of the water tables. At Braunton water 
table elevations have been monitored on a monthly basis by the Nature Conservancy, the Nature Conservancy 
Council and English Nature since 1972. These data were invaluable in describing the spatial and temporal 
hydrological characteristics and functioning of the groundwater system. Braunton Burrows was the main 
study site of the research. At both Northam and Dawlish, at the start of the fieldwork programme a dipwell 
monitoring network was installed and water table elevations were recorded weekly. Hydrological 
characteristics of each dune system were related to temporal variability in effective precipitation, the tide, 
the underlying geology and sediment properties. 

The groundwater system at Braunton was mounded, with effective inputs accumulating over an impermeable 
basal layer close to mean sea level. The system was very sensitive to seasonal variability in effective 
precipitation. At the centre of the groundwater mound, during the winter months, the elevation of the water 
table was 10 m above OD. The groundwater mound was asymmetric, with the highest water table elevations 
occurring along the eastern margin of the system. The transitional zone from dune sands to marshland, of 
a lower permeability, was restricting the inland lateral drainage regime and was controlling both the shape 
and elevation of the water table. At Northam the groundwater system was also mounded and again the shape 
and elevation of the water table were dependent upon effective precipitation. Unfortunately the monitoring 
network at Dawlish proved insufficient to describe either the shape or elevation of the groundwater table. 
Within the smaller systems of Northam and Dawlish variable sediment properties lead to intra-site variability 
in annual cyclical water table fluctuations. 

A prominent trend in the long-term water table data for Braunton Burrows was the general overall decline 
in the elevation of the water table from 1983 to mid 1992. With precipitation as the primary source of 
groundwater recharge, consecutive years with below average effective precipitation (1983-1992) was 
undoubtedly the primary cause, but was exacerbated by the drainage improvement works carried out on West 
Boundary Drain in 1983. Scrub growth, artificial drainage of the golf course and marine erosion were also 
possibly influencing the groundwater drainage regime. At Northam and Dawlish, without historical data it 
was not possible to determine if the systems were drying out, however factors influencing annual cyclical 
water table elevations were identified. Again climate was the key variable controlling the long-term elevation 
of the water table and undoubtedly the dry spell between 1983 and 1992 would have had repercussions on 
the elevation of the water table within these two systems. At Northam the drainage ditch network and reduced 
tidal inundation were the other main factors influencing groundwater levels. At Dawlish the golf course 
pump drainage system and scrub encroachment were effectively reducing annual groundwater recharge. 

At Braunton a numerical groundwater flow model was used as a predictive management tool, to assist in the 
recommendation of sustainable water level management options. A range of commercial groundwater flow 
models were reviewed and Visual MODFLOW, incorporating the original United States Geological Survey's 
MODFLOW code, with a fully integrated pre and post processor, was selected as the most suitable model 
for the Braunton scenario. The modelling exercise had three objectives; to test whether a commercial model 
such as Visual MODFLOW could be applied successfully to simulate the hydrology of Braunton Burrows; 
to gain further detail on the hydrological functioning of the system and ultimately if the model was calibrated 
to test a set of management scenarios to predict the hydro-ecological consequences of introducing new 
management practices into the system. 

Having identified the most probable factors influencing water table elevations within each dune system, 
sustainable hydrological management options were recommended with the aim of raising water levels, or 
preventing any further decline in water table elevations. The management options afforded nature 
conservation the highest priority, but also took into consideration the long-term requirements of all the other 
land user groups. At Braunton when formulating the management recommendations the modelling predictions 
were also taken into consideration. 



Potential areas for future research were also identified. Water level monitoring should continue at all three 
sites, so that the longer-term impact of any water level management strategies implemented as a result of this 
research can be evaluated. Also at both Northam and Dawlish a more detailed analysis of the geology and 
sediment properties would be invaluable in providing a more comprehensive hydrological description of the 
functioning of the groundwater systems. The Braunton groundwater model could be developed further, 
addressing and overcoming problems encountered in this study and evaluating a wider range of water level 
management scenarios. 

As a result of this research far more is understood about the hydrological functioning of Devon's three largest 
dune systems and the recommendation of sustainable remedial/restorative water level management options 
will help to ensure that these ecologically diverse habitats are conserved for future generations. This research 
has also provided both the applied and theoretical framework to address water resource management problems 
within small and large scale dune systems around the shores of Great Britain. 
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Chapter 1 

Introduction 

1.0 Introduction; the importance of sand dune systems 

Coastal sand dune systems are internationally recognised as prime botanical sites, sustaining a 

rich and diverse range of successional dune plant communities, together with their abundant 

animal life and invertebrate population (Doody, 1989; Pieters, 1989; Jones, 1993; Stuyfzand, 

1993). 

Pressures from urban and industrial development, agricultural intensification, afforestation, 

tourism and recreation, coastal protection, aggregate extraction, military training and water 

abstraction has resulted in the modification, or destruction of sand dune systems throughout 

Europe. Governments and individual organisations have recognised the international 

importance of these systems and the need for controlled management and protection. The 

nature conservation value of sand dune systems was emphasised at the European Coastal 

Dune Congress, held in Leiden, the Netherlands, in September 1987 (Van der Meulen et al., 

1989). Participants from Belgium, Denmark, France, Great Britain, the Netherlands, Poland, 

Portugal, Spain, Sweden and West Germany stressed the need to conserve these diverse 

habitats from future destruction and deterioration by human activity. The result was the 

formation of the European Union for Dune Conservation and Coastal Management (EUDC), 

which was a start for fiiture European conservation action. 

An international inventory of coastal dunes has been completed by the EUDC in co-operation 

with the UK Joint Committee for Nature Conservation (Doody, 1991). The inventory is being 

followed up by investigative research into the quality, threats and development of coastal 

ecosystems around the shorelines of Europe. 



Individual countries also have their own organisations for sand dune conservation. For 

example, in the Netherlands, which has the greatest extent of dune habitat in Europe, there is 

an organisation called the Foundation for Dune Conservation (Stichting Duinbehoud) 

(Salman, 1989). The organisation has been working to provide a better balance between 

nature conservation and human activity. 

In Great Britain there are an estimated 56,300 ha of coastal dunes (Figure 1.1). These habitats 

are of great importance for their diverse ecology and geomorphology (Doody, 1989). The 

conservation of these dunes is the remit of a number of organisations, such as the County and 

Local Councils, County Trusts, the National Trust, Countryside Council for Wales, Scottish 

Natural Heritage and English Nature (formerly the Nature Conservancy and the Nature 

Conservancy Council). By 1984, 120 sand dune habitats within Great Britain had been 

designated as Sites of Special Scientific Interest (SSSI) and 16 sites as National Nature 

Reserves (Doody, 1989), for their wildlife interests and geomorphology. Furthermore, the 

Braunton Burrows sand dune system. North Devon, is one of only three sites in England to 

have international recognition as a Biosphere Reserve (English Nature, 1992). 

In 1994, a national inventory of English coastal dune systems was completed identifying the 

diversity and ecological value of these habitats (Radley, 1994).Vegetation was mapped using 

the National Vegetation Classification and land use and management were described. Similar 

inventories were also completed for Scotland and Wales. 

In the late 1940s the ecological and geomorphgological importance of major sand dune 

systems around the coastline of England and Wales were described by Steers (1948). This text 

included a general description of Devon's three largest sand dune systems Braunton Burrows, 

Northam Burrows and Dawlish Warren. Subsequently, the ecological value of sand dune 

systems in Great Britain was documented in detailed research by Willis et al. (1959a; 1959b) 

r. 



at Braunton Burrows, North Devon and by Ranwell (1959; 1972) at Newborough Warren, 

Anglesey. These studies were primarily concerned with describing the major dune plant 

communities and identifying some of the most important factors which influenced their 

development, distribution and composition. However, these studies were also of fundamental 

importance in providing a basic semi-quantitative account of the hydrological characteristics 

and functioning of the groundwater system. 

Since the work of Willis et al. (1959a;1959b) and Ranwell (1959; 1972) little further 

hydrological research has been undertaken on British sand dune systems, but reversing this 

trend in the last several decades has been the hydro-ecological study at Kenfig Local Nature 

Reserve, Mid Glamorgan, (Jones and Etherington, 1989; Jones, 1993) and the calculation of a 

water budget for the Ainsdale dune system, Merseyside (Clarke, 1980). Most other research 

which has been undertaken on British dune systems has been primarily concerned with 

vegetation dynamics and rabbit grazing (Ranwell, 1960; Hodgkin, 1984; Garson, 1985; Hope-

Simpson, 1985; Oosterveld, 1985; Marrs, 1985; Willis, 1960, 1985a; 1985b, Jones et al., 

1995; Edmondson and Gateley, 1996; Jones, 1996). 

More recent research carried out on Braunton Burrows has included the work of Sarre (1984; 

1989) and Maddock (1991), who analysed the rate and pattern of sand movement within the 

dune system. Furthermore, a study by Meur (1993) compared the geomorphology, protection 

and management of sand dunes in Northern Brittany, with dune systems in Devon and 

Cornwall, including Braunton Burrows and Northam Burrows. In the mid 1990s a 

morphological survey of Braunton Burrows was carried out by Chisholm (1996). He 

described areas of sediment gain, loss and stability, compared with the ground survey data 

collected in the late 1950s by Kidson (1960) and the detailed photogrammetric survey of the 

dunes in the late 1980s by Kidson et al. (1989). Braunton Burrows is the only known sand 



dune system in Great Britain where repeat morphological surveys have been carried out to 

determine the long term topographical changes that are taking place. 

The Coastal Directories Project, co-ordinated by the Joint Nature Conservation Committee 

(JNCC), has collated existing environmental information on the UK and Isle of Man coastal 

zone. The project group have produced a series of national and regional reports which 

describe the relationship between the physical functioning, natural resources and human 

activities within the coastal zone (Barne et al, 1996a, 1996b; Doody, 1995). The regional 

reports covering south west England include a section on sand dunes systems, describing the 

ecological and geomorphological importance of these terrestrial habitats, their conservation 

status and the impact of human activity (Dargie, 1996a, 1996b). 

Prior to the hydrological studies of the late 1950s (Willis et al., 1959a, 1959b; Ranwell, 1959; 

1972) the majority of research on British sand dune systems was concerned with vegetation 

succession, the xerosere, or phytosociological accounts of the dune and slack flora (Hepburn, 

1944; Olsen, 1958; Salisbury, 1952; Gillham, 1953). 

Outside the British Isles the pioneering work in the late 19th century of Badon-Ghyben (1889) 

and Herzberg (1901), cited in de Vries (1994), discovered the importance of fresh water 

pockets floating on salt water in the dune systems of the Netherlands. Since the discovery of 

this valuable resource, the Dutch dune systems have been intensively drained to provide a 

water supply to its population. 
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Figure 1.1 The distribution and area of sand dunes in Great Britain in 1984. 
Source: Adapted from Doody (1989). 
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By the 1950s, concerns were growing that the groundwater systems was being over exploited, 

resulting in saline intrusion and a gradual change in the ecology of the area (Biemond, 1957; 

Lindenbergh, 1957; Van Dijk, 1989; Stuyfeand, 1993; Bakker and Stuyfzand, 1993). 

Hydrological research was therefore urgently required to understand the dynamics and 

characteristics of the groundwater system, and explains the fairly continuous programme of 

hydrological research undertaken in the Netherlands since the mid 1950s (Biemond, 1957; 

Beukeboom, 1976; Van der Lann, 1979; Bakker, 1981; Van Dijk, 1989; Bakker, 1990; Bakker 

and Nienhuis, 1990; Van Dijk and Grootjans, 1993; Stuyfzand, 1993; de Vries, 1994; Geelen, 

et al., 1995). This literature provided the most comprehensive review of coastal sand dune 

hydrology, with detailed research on the dynamics and characteristics of groundwater flow, 

the quality and quantity of groundwater and factors influencing groundwater movement. A 

comprehensive review of the hydrological literature is included in Section 1.4. 

It should be noted at this stage that the Dutch hydrological research has been based upon sand 

dune systems where the groundwater hydrology has been extensively altered by groundwater 

abstractions and artificial recharge schemes. In contrast the hydrological functioning of 

British sand dune systems is best described as 'semi-natural' (Doody, 1991). Although 

British dune systems have generally not been used for water abstraction, the functioning of the 

groundwater systems have often been influenced by human activity, in the form of artificial 

drainage, the planting of tree species and the prevention of tidal inundation. 

In the Netherlands there are a number of Dune Water Companies who manage the extraction 

of fresh water from the dune systems and who have also carried out extensive research into 

the hydro-ecological functioning of these habitats (Stuyfzand, pers. comm). With the 

exception of the Dutch research, specific research describing the groundwater hydrology of 

sand dune systems has received little attention in most other European countries (Bakker, 

1990). 



It is primarily the Dutch who in recent years have researched the properties of slack soils and 

dune sands and have discussed their influence on the hydrology of the dune system (Jungerius, 

1990; Dekker and Jungerius, 1990; Dekker and Ritsema, 1994; Ritsema and Dekker, 1994;). 

In Great Britain it was only the more recent hydro-ecological research by Clarke (1980) and 

Jones (1993) that actually related sediment properties to the movement of soil water through 

the dune system. In the semi-arid regions of New Mexico there is currently an ongoing 

research programme investigating soil water movement in the unsaturated zone of sand dune 

systems (Stephens and Knowlton, 1986; McCord and Stephens, 1987; Ritsema and Dekker, 

1994). A comprehensive review of the physical characteristics of dune sands is included in 

Section 1.5. 

Detailed research has also been carried out to quantify the impact of various management 

techniques on the hydrology of the Dutch dune systems (Bakker, 1981; Bakker, 1990; 

Stuyfzand, 1993; Van Beckhoven, 1993; Van Dijk and Grootjans, 1993; Geelen, et al., 1995). 

These studies describe the effects of scrub encroachment and tree planting, groundwater 

abstractions, the lowering of polder levels and the creation and management of drainage 

ditches on the hydro-ecology of sand dune systems, as reviewed in Section 1.6. Again, there 

was an apparent lack of detailed literature relating to the management of British sand dune 

systems from a hydrological perspective. 

This introductory section has therefore identified both the importance of sand dune systems 

across Europe for nature conservation and, with the exception of the Dutch studies, the 

apparent lack of detailed research describing the hydrology of sand dune systems. Relevant 

sand dune hydrology literature will be reviewed in greater detail from Section 1.4 onwards, in 

relation to the specific aims of this research outlined in Section 1.2. 



1.1 The need for research on British sand dune systems. 

As described in Section 1.0, British sand dune systems are important sites for nature 

conservation. Characteristically the water table within the dune slacks remains at, or close to 

the surface for most of the year, sustaining a rich and diverse range of flora and fauna, which 

contribute to their conservation value (Van Beckhoven, 1992; Van ZadelhoflF, 1981 cited in 

Bakker and Stuyfeand, 1993; Stuyfeand, 1993; Van Dijk and Grootjans, 1993). Dune slacks 

are defined as damp or wet hollows left between dune ridges after the process of deflation and 

where the groundwater table reaches, or approaches, the surface of the sand (Tansley, 1949). 

Research by Bakker and Stuyfeand (1993) and Van Beckhoven (1992), stressed that plant 

species found within the Dutch dune slacks were sensitive to long-term hydrological change 

and as a result of groundwater abstractions slack water table elevations have fallen. 

Consequently this has caused a marked decline in the most sensitive species. Considering the 

relationship between nature conservation, species composition and the hydrological regime, it 

is surprising that so little hydrological research has been carried out on sand dune systems in 

Great Britain, many of which are described as prime botanical sites (Gibbons, 1990). This 

emphasised the need for detailed investigative research, to describe and explain the 

groundwater hydrology and management of British sand dune systems in order to avoid fiiture 

possible destruction of these ecologically important habitats. 

In addition to this research niche, over the past several decades there has been a growing 

concern over the perceived falling water tables within three Devon sand dune systems. In 

1992 English Nature reported that at Braunton Burrows, North Devon (Figure 1.2), the 

elevation of the water table had fallen by one metre in certain parts of the system since the 

early 1980s. Similar concerns were also voiced at Northam Burrows, located on the opposite 

side of the Taw-Torridge Estuary from Braunton (Figure 1.2) and Dawlish Warren, on the 

south Devon coast (Figure 1.2). Consequently, the perceived changing hydrological regime is 

endangering the survival of their outstanding wildlife interests. These sites are nationally, or 



internationally renowned for their botanical interests and for the study of coastal 

geomorphology (Section 2.5). Detailed hydrological research was therefore urgently required, 

to describe and explain the hydrology of these systems to investigate whether they were 

drying out and if so to identify the most probable causes. 

The main research programme was carried out on Braunton Burrows, England's largest sand 

dune system. Monthly water table elevation data collected by the Nature Conservancy, the 

Nature Conservancy Council and English Nature (hereafter referred to as NC, NCC and EN) 

from June 1972 to December 1995 provided the essential data to carry out the detailed 

hydrological investigation and to determine if the water table had fallen. Setting the research 

into a wider context, the knowledge gained will provide an invaluable contribution to the 

understanding of the hydrology of British sand dune systems. Furthermore, if the hydrology 

of Braunton Burrows can be understood then the scientific knowledge gained can be applied 

to the understanding of the hydrological characteristics and functioning of the smaller dune 

systems at Dawlish Warren and Northam Burrows. 
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Figure 1.2 Location of study sites; Braunton Burrows, Nortliam Burrows and Dawlish 
Warren. 



1.2 Aims of the research 

The aims of this research were; 

1. to describe and explain the spatial and temporal hydrological characteristics and 

functioning of the groundwater systems at Braunton Burrows, Northam Burrows and 

Dawlish Warren (Section 1.2.1). 

2. to assess whether these systems were drying out and if so to determine the most 

probable causes. At Braunton Burrows this was partially achieved through the use of 

a hydrological model (Section 1.2.2). 

3. to recommend sustainable hydrological management options for each system, aimed 

at raising water levels or preventing any future lowering of the water table (Section 

1.2.3). 

Sub-sections 1.2.1-1.2.3 briefly outline each of the research aims. 

1.2.1 Aim 1: to describe the spatial and temporal hydrological characteristics and 

functioning of the groundwater systems 

To describe the hydrological characteristics and functioning of the groundwater systems the 

study sites were spatially and temporally analysed at three investigative scales (Section 3.1); 

1. the entire dune system 

2. cross sections and flow nets 

3. point observations 

At Braunton Burrows, because of the sheer size of the system the physical properties of the 

dune sands were also investigated at a further scale, detailed experimental sites, which 

consisted of a slack and dune unit (Section 3.1). At Northam and Dawlish the physical 
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properties of the dune sands were spatially described from point observations, next to each 

dipwell in the monitoring network. 

Water table contour plots and cross-sections were constructed to describe the seasonal 

variability in the shape and elevation of the water table and also to evaluate the response of 

the system to effective precipitation (precipitation minus losses through evapotranpiration). 

Flow nets superimposed on the water table contour plots were used to describe the gradient of 

the water table. Water table data from individual observation wells were plotted to evaluate 

intra-site variability in annual cyclical water table fluctuations. The relationship between the 

elevation of the water table and effective precipitation was also investigated. To help explain 

the hydrological characteristics described at each scale of investigation the effects of the 

underlying geology, saline intrusion, the tide and sediment properties on the functional 

hydrology of the system were considered. 

1.2.2 Aim 2: to assess whether the dune systems were drying out and if so to 

determine the most probable causes 

Water table data collected on Braunton Burrows since 1972, were used to determine whether 

the system was drying out. English Nature believe that the disappearance of the 

internationally rare fen orchid {Liparis loeselii) since 1988 and the decline in the water 

germander {Teucrium scordium) by about 45 % since 1982, was a possible consequence of 

lower water table elevations on the Burrows (Wolton, 1995). After site visits to Braunton 

Burrows and much discussion with English Nature at the first sand dune hydrology steering 

group meeting (August 1993), set up to co-ordinate this research, five possible contributing 

causes for the perceived changing hydrological regime were identified (Table 1.1). 
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Table 1.1 Possible factors influencing the elevation of the water table on Braunton 
Burrows, Northam Burrows and Dawlish Warren. 

Sand dune'system 

Braunton Burrows 

Northam Burrows 

Dawlish Warren 

Possible factors influencing the elevation of the water table. 

Climatic trends-long-term changes in precipitation and effective 
precipitation totals. 

Marine erosion of the fore dune ridge, altering the groundwater 
drainage regime. 

Increased cvapotranspiration losses, with the encroachment of 
scrub species such as willow {Salix repens) and Yorkshire fog 
(Holcus lanatus). 

Saunton golf course drainage system. 

Land drainage in the adjoining Braunton Marsh system. 

Climatic trends-long-term changes in precipitation and effective 
precipitation totals. 

Marine erosion of the system, altering the groundwater drainage 
regime. 

The drainage ditch network. 

The installation of tidal flaps on the Pill, preventing tidal 
inundation. 

The construction of the landfill access road preventing tidal 
inundation. 

Climatic trends-long-term changes in precipitation and effective 
precipitation totals 

Marine erosion of the fore dune ridge, altering the groundwater 
drainage regime. 

Increased evapotranspiration losses with the encroachment of 
scrub species such as willow {Salix repens, Salix cinerea), birch 
{Betula pubescent) and elder {Sambucus nigra). 

The creation of wildlife ponds within the Local Nature Reserve. 

An efficient pump drainage system on Dawiish Wanen Golf 
Course. 

At Northam Burrows and Dawlish Warren long-term water table data were not available and 

so it was impossible to determine whether the systems had been gradually dying out, or 

whether water levels had fallen suddenly. However, the weekly water table data collected for 

these sites, during the fieldwork programme (October 1993-March 1996), were analysed to 

detect possible factors influencing or controlling, annual or seasonal, water table fluctuations. 

After visits to both Northam Burrows and Dawlish Warren and in depth discussions with the 

site staff, possible factors influencing the long-term hydrological regime were identified 

(Table 1.1). 
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Visual MODFLOW (hereafter referred to as VMODFLOW), a three dimensional finite 

difference groundwater flow model, created by the United States Geological Survey (USGS), 

was used as a predictive management tool in the hydrological investigation of Braunton 

Burrows (Chapter 7). A detailed explanation of the purpose of groundwater modelling in the 

Braunton water resource management investigation is described in Section 3.4. This section 

will also describe the history and development of groundwater models and will review a range 

of commercially available groundwater flow models, with the ultimate aim of selecting the 

most suitable model for simulating the groundwater hydrology of Braunton Burrows. 

A conceptual model of the Braunton groundwater system was created by specifying grid 

dimensions and boundary conditions, and assigning parameter values to precipitation, 

evapotranspiration, vertical and horizontal hydraulic conductivity, and storage. Once 

satisfactorily calibrated to simulate field water table elevations the model was used to predict 

the hydrological consequences of increasing, or decreasing certain parameter values and 

introducing, or altering management practices within the system. For example, the 

groundwater model was used to determine the impact on the elevation of the Burrows water 

table of changing the drainage regime along the eastern margin of the system and also to 

predict the hydrological effects of increasing scrub coverage by 100 %. The modelling 

predictions assisted in the final recommendation of sustainable hydrological management 

options for Braunton, as discussed in Section 1.2.3. 

1.2.3 Aim 3: to recommend sustainable hydrological management options aimed at 

reinstating former water levels, or preventing any future lowering of the water 

table 

Having identified the possible factors which have, or continue to influence the elevation of the 

water table within the dune systems, the final aim of this research was to recommend 
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sustainable future hydrological management options. The aim of the management options 

were to raise water table elevations, or prevent any possible fliture hydrological change 

through human mismanagement of the system. It was essential that the final management 

recommendations were sustainable, and afforded the maximum benefit to nature conservation, 

but also took into consideration the seasonal requirements of other land users and interest 

groups. For example any recommended changes to the drainage regime, aimed at raising 

winter water table elevations, would need to take into consideration factors such as 

agricultural production and waterlogging of the golf course greens and tees. 

1.3 Structure of the thesis 

This thesis has been divided into eight chapters. The introduction (Chapter 1) sets the study 

into perspective, states the aims of the research and reviews existing literature on the 

hydrology and management of sand dune systems. Chapter 2 describes the location and 

physical characteristics of each dune system and also describes ways in which human activity 

has altered the hydrology. Experimental design is evaluated in Chapter 3. This chapter 

considers the scale of the investigation and both the field and laboratory procedures used 

within the study. Of primary consideration throughout this chapter is the collection of 

representative and accurate data, which will help in the hydrological description and future 

management of the three dune systems. This chapter also reviews groundwater modelling 

techniques, describing the development of groundwater flow models in water resource 

management investigations. The modelling section also will critically evaluate a range of 

commercially available groundwater flow models, with the ultimate aim of demonstrating 

why VMODFLOW was the most suitable model for simulating the groundwater hydrology of 

Braunton Burrows. 

Chapter 4 will describe and analyse the hydrological characteristics and functioning of the 

groundwater system at Braunton Burrows. The hydrology will be described at three 
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investigative scales, before considering the effects of effective precipitation, the underlying 

geology, saline intrusion, the tidal cycle and sediment properties on the hydrological 

functioning of the system. 

Chapter 5 will firstly evaluate whether water levels on the Burrows have fallen by plotting 

water table elevation data from selected observation wells. This chapter will also identify the 

factors that are influencing the long-term elevation of the water table. Preliminary analysis of 

the water table data from Braunton Burrows indicated that a possible cause for the perceived 

drying out of the dune habitat was the management of the adjoining Braunton Marsh land 

drainage system. The final part of Chapter 5 is therefore devoted to describing the hydrology 

and management of this system, which will also provide the essential data to accurately 

parameterise the eastern boundary of the groundwater model in Chapter 7. 

Chapter 6 is divided into two main parts. The first part describes the hydrology of Northam 

Burrows following a similar structure to Chapter 4. Possible factors influencing 

annual/seasonal water table fluctuations within the system will also be identified. The second 

part of this chapter follows an identical structure to the first part and describes the hydrology 

and management of Dawlish Warren. 

Chapter 7 firstly describes the parameterisation and calibration of the Braunton Burrows three 

dimensional groundwater flow model (VMODFLOW). Model validation and sensitivity 

analysis will also be considered. Secondly this chapter will describe how the model is used to 

test a set of hydrological management scenarios to evaluate the impact on the elevation of the 

Burrows water table of altering certain boundary conditions, or introducing new management 

practices. Ultimately the modelling results will assist in the recommendation of future 

hydrological management options for Braunton Burrows (Chapter 8). 
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Having determined the probable factors which are influencing water table elevations within 

each dune system (Chapters 5 and 6), the penultimate chapter to the thesis (Chapter 8) will 

recommend sustainable hydrological management options for each of the dune systems. The 

management recommendations are aimed at raising groundwater levels, or preventing any 

future changes to the hydrological regime, which could result in further loss or destruction of 

the dune habitat. 

Finally, Chapter 9 will draw the study together presenting a synthesis of the main findings, a 

critique of the research and a discussion on potential future research. This chapter will also 

evaluate the implications of this research for the management of other sand dune systems 

around the shores of Great Britain. 

1.4 The hydrology of sand dune systems 

1.4.1 Characteristics of the water table 

Of fiindamental importance to the understanding of the hydrology of sand dune systems is the 

functioning of the water table. Research at Braunton Burrows (Willis et al, 1959a; 1959b), 

discovered from contour plots of the water table that the centre of the dune system was 

maintained at a higher elevation where there was a low water table gradient, than at the 

landward and seaward margins where the gradients steepened. At the centre of the dune 

system, the water table was approximately 6 m higher than on the shoreline, or at the inland 

boundary, forming what Willis et al. (1959a; 1959b) described as a dome shaped water table. 

These water table characteristics are often associated with isolated catchments, which are 

chiefly dependent on precipitation for groundwater recharge, with percolating waters 

accumulating over impermeable sub-surface deposits. Water leaves the dune system by 

groundwater flow to the sea and to the inner dune fringe (Bakker, 1990) (Figure 1.3). Except 

for the extreme northern part of Braunton Burrows, which perhaps receives an additional 
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input from the surrounding hill slopes, the rest of the system has been classed as an isolated 

catchment with a low-lying hinterland, namely Braunton Marsh (Willis et al, 1959a). 
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h: height of groundwater table above mean sea level (m) 

H: depth of fresh water below mean sea level (m) 

x: distance inland (m) 

Figure 1.3 Cross-section through a dune system with a low-lying hinterland. 
Source: Bakker (1990). 

The movement of groundwater in the domed system can be described in mathematical terms 

by Darcy's Law (Equation l.l), and assuming the principle of continuity, where volumetric 

inputs to the system equal volumetric outputs. Moving out from the centre of the dune system, 

the cumulative increase in groundwater discharge, due to lateral drainage, an increased 

catchment area and an areal input of precipitation must be balanced by a corresponding 

increase in groundwater flux, and hence by an increasing gradient. 
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Q = -K.A.^ 
dx 

discharge 

hydraulic conductivity of the medium (m d "1) 

area of flow 

head 

distance along flow path 

(Equation 1.1) 

Similar water table characteristics and drainage relations were described for the dune system 

at Kenfig, Mid Glamorgan (Jones, 1993). The highest point of the water table was located 

east of the geographical centre of the system and from this point the height of the water table 

declined in all directions. The highest water table elevations were 6 m above the lowest 

recorded winter water levels around the margins of the system. 

At the southern end of Braunton Burrows Willis et al. (1959a) observed smaller water table 

gradients, a feature related to the presence of a high proportion of shingle within the sandy 

medium, increasing permeability. Steeper gradients were observed along the eastern edge of 

the dune system, because of the lower permeability in the transitional zone from dune sands to 

marshland (Willis et al., 1959a). 

The dune systems at Northam Burrows and Dawlish Warren are much smaller in size and are 

perhaps influenced to a greater extent than Braunton by an input to the system from the 

adjoining higher-lying hinterland. The feeding of groundwater to such systems can be two 

fold (Bakker, 1990). Firstly, there is the direct precipitation input and secondly, there is 

groundwater flow from the higher hinterland, which can be a major input to smaller systems. 

The consequent effect, dependent upon the size of the surrounding higher land, the 

19 



precipitation surplus and the permeability of the inner boundary, is to raise the height of the 

water table at the inland margin, making it wedge shaped (Figure 1.4). 
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h: height of groundwater table above mean sea level (m) 

hr: groundwater table at the inland boundary (m above mean sea level) 

L: distance between shoreline and inland groundwater boundary (m) 

x: distance inland (m) 

Figure 1.4 Cross-section through a dune system with a high-lying hinterland. 
Source: Bakker (1990). 

Research on the Kenfig dune system. Mid Glamorgan, by Jones (1993) concluded that the 

doming of a water table beneath a dune system was a function of distance. The water table 

did not dome beneath individual dunes and in fact in one case the water table elevation 

beneath a dune was lower than that measured in the adjoining slack. Similar observations 

were also noted by Winter (1986), in a study of the configuration of the water table beneath 

the sandhills of Nebraska. In this research it was suggested that the timing of recharge was 
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dependent on the thickness of the unsaturated zone. As the depth of the unsaturated zone 

increased recharge of the system became much slower. Eventually a new water table 

equilibrium would be reached. 

1.4.2 Water table characteristics and tidal fluctuations 

When describing the hydrological characteristics and functioning of the groundwater system 

the possible influence of the tidal cycle on water table fluctuations should be taken into 

consideration. However, Ranwell (1972) stated that sea water is prevented from penetrating 

in the groundwater zone by a positive drainage gradient from the dune system. However, the 

tide may begin to influence the elevation of the water table when a reverse gradient is created, 

for example by groundwater abstractions. At Newborough Warren, Anglesey, water table 

observations made within a slack 200 m from the shoreline showed that groundwater levels 

were not affected by a spring tide, or during the 48 hrs afterwards (Ranwell, 1972). Similar 

conclusions were also drawn from research carried out on Braunton Burrows, Devon (Willis 

et ai, 1959b) and Ainsdale, Lancashire (Clarke, 1980). 

1.4.3 Seasonal fluctuations of the water table 

Seasonal fluctuations of the water table should be considered when describing the long-term 

hydrological characteristics and functioning of the groundwater system at each sand dune 

complex. There are a number of studies that describe the distinct seasonal fluctuations 

characteristic of British sand dune habitats. These fluctuations have been described as a three 

phase cycle (Blanchard, 1952, cited in Jones 1993; Ranwell, 1959; Willis et al, 1959a; 

Clarke, 1980). The first phase from November to April is characterised by high winter water 

table elevations, typically resulting in widespread flooding of the dune slacks. At Kenfig, Mid 

Glamorgan in the winter months up to 34 % of the dune system is covered by standing water 

(Jones, 1993). At Newborough Warren, Anglesey, in the dune slacks amongst the dune ridges 

surface pools up to 1.5 m deep have been recorded. Similarly, at Braunton Burrows, North 
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Devon, flood waters up to one metre deep were recorded in the winter of 1994/1995 (Breeds, 

pers. comm.). The second phase of the cycle is characterised by a fall in the elevation of the 

water table from April to August. The autumn recovery from September to November occurs 

more rapidly. The seasonal fluctuation of the water table is closely correlated with the 

distribution of precipitation and evapotranspiration losses. Research by Willis et al. (1959a) 

concluded that the maximum annual range of the water table occurred near the flatter centre 

of the dome-shaped water table and smaller ranges were evident at the margins of the system 

where the water table was replenished not only by areal precipitation, but also by groundwater 

draining from the centre of the water table dome. Research at Braunton Burrows and 

Newborough Warren showed that the annual cyclical range of the water table was in the order 

of one metre (Willis et al. 1959a; Ranwell 1959). These water table fluctuations were 

dependent on annual effective precipitation. Within the sand dune system at Winterton, 

Norfolk, the annual effective precipitation totals were on average less than at Braunton and 

hence the annual range of the water table was reduced to 50 cm (Ranwell, 1972). 

1.4.4 Erosion of dune systems and sea level rise 

Erosion of dune systems by the action of the sea is a world-wide problem. Bird (1985) stated 

that 20% of the world's coastline consisted of sandy beaches backed by dune systems or 

depositional barriers. Between 1965 and 1985 approximately 70 % of the coastline showed 

signs of net shoreline erosion. Less than 10 % showed net progradation and the rest remained 

relatively stable. As described by Bakker (1981), erosion of the fore dunes caused an initial 

increase in the gradient of the water table and ultimately resulted in greater drainage from the 

seaward margin of the dune system. As a result, there was an overall lowering of the water 

table until a new equilibrium was reached. 

In a recent survey of 121 coastal sand dune systems in the British Isles (Radley, 1992; 1994), 

67 of the sites were described as showing signs of net erosion. Net erosion was defined as 
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those sites where the percentage of the shoreline recorded as either actively eroding, or 

protected from erosion by sea defences was at least 10 % greater than the percentage recorded 

as prograding. In comparison, only 21 of the sites showed net progradation, which was 

defined as sites where the percentage of the shoreline prograding was at least 10 % greater 

than that recorded as either eroding, or protected from erosion by sea defences. A further 12 

sites were described as being in net equilibrium and at 17 of the sites the situation was not 

clear. The remaining 4 sites were described as relict, isolated from the action of the sea. 

Although Radley (1992;1994) stressed that the data were crude, collected during one-off visits 

to each of the sites, the findings were consistent with other surveys of the British coastline by 

Bird (1985) and May (1985). 

Blackley et al. (1972) stated that erosion has affected the foreshore at Braunton Burrows, 

between Airy Point and Crow Point (Figure 1.5), on a varying scale for over 100 years. This 

period is not dissimilar from that during which sand and gravel extraction has been carried out 

in a sizeable way. From 1960 to 1970 between 60,000 and 100,000 tonnes of sand and gravel 

were extracted each year. It therefore appeared that a link might be found between the two. In 

an experiment by Blackley et al. (1972), fluorescent labelled sand was deposited near low 

water on Instow Beach, off Airy Point and on the bar near Middle Ridge buoy during June 

1971 (Figure 1.5). The results from the study showed limited dispersion of the fluorescent 

labelled sand at Instow Beach, much greater movements off of Airy Point, principally towards 

Crow Point, and maximum movement at the Middle Ridge bar. Whilst the authors suggested 

that longer term monitoring was required, the tracer experiment indicated that sediment was 

transported alongshore to replenish sand extracted from near Crow Point, leading to the 

increased erosion of the Burrows foreshore. 
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Figure 1.5 Fluorescent tracer experiments. 
Source: Blackley et al. (1972). 
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As described by Bakker (1981) at Bergen aan Zee, the Netherlands, since the mid 1800s 

erosion of the dune system has varied between 50 m and 100 m. As a result water levels in 

the fore dunes have dropped by 0.5-1.0 m, in the central dune area by 0.2-0.5 m and by 

decimetres in the inner part of the dune system. At West Terschelling, the Netherlands, Van 

Dijk and Grootjans (1993) report of the case where the accretion of the dune system along the 

coastline since 1859 has increased water levels at the original foot of the dunes by 3 m, by 1 

m in the centre of the dune system and 0.2-0.5 m at the inland margin. 

In 1990 the Dutch government decided that coastal erosion should be halted using 'dynamic 

preservation'(Loftier and Coosen, 1995). Between 5 and 7 million m^ of sand was deposited 

along the Dutch coast as part of a beach nourishment scheme. This layer of sand acted as a 

'wearing layer', to absorb coastal energy and help prevent further erosion of the dune system. 

The Dutch are aware that beach nourishment is not a definitive solution, but a temporary 

measure to combat erosion problems (de Ruig, 1995). 

The effects of sea level rise and marine erosion on the groundwater hydrology of Braunton, 

Northam and Dawlish should also be considered. The nearest port for which reliable tide 

gauge data were available was Newlyn, where the long term record (1916-1982) suggested 

that relative sea level (RSL) was rising between 1.7-2.2 mm a"* (Heyworth and Kidson, 1982; 

Woodworth, 1987; Boorman et al., 1989; Whittle, 1990). A study by Warrick and Barrow 

(1991) found that models predicting changes in sea level around the British coast agreed with 

the estimates provided by the Intergovernmental Panel on Climatic Change, which suggested 

a rise in global sea levels of 20±10 cm by AD 2030 and 30±cm by AD 2050. In south west 

England RSL rise is enhanced by the regional isostatic regime. Land levels are dropping 

slightly as a result of glacial unloading in Scotland and northern England, since the last glacial 

maximum ca. 18,000 years ago (Lowe and Walker, 1984). This is causing an accelerated rate 

of RSL rise compared with the global value. A sea defence report by the former National 
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Rivers Authority in 1991, cited in Comber et al. (1993) suggested that for the south west the 

combined effects of climatic change and tectonic activity would produce a RSL rise of 5.0 

mm a"' between AD 1990 and AD 2030. 

As described by Comber et al. (1993) the dunes at Braunton will suffer increased frontal 

erosion under the predicted ftiture rise in RSL. The sand released, together with any sand 

reserves in the system, would then be available for new dune building along a line further 

landwards. The extent of the landward migration will depend upon sand supply, the direction 

and strength of the winds and the general physiography of the site. Erosion of the fore dune 

ridge may also lead to a change in the groundwater drainage regime, gradually lowering the 

overall elevation of the water table within the system. At Northam sea level rise will lead to 

more frequent breaching of the pebble ridge that encompasses and protects the dunes. 

Increased tidal breaching will consequently lead to more frequent flooding of the coastal 

plain, recharging the groundwater system with saline waters, which could lead to change in 

the ecological structure of the habitat. Within the smaller Dawlish system, a RSL rise of the 

magnitude predicted could result in the major loss of dune habitat. 

1.4.5 Saline intrusion 

When fresh ground water meets denser sea water in a coastal phreatic aquifer the fresh water 

tends to float on top of the sea water. This is known as the Ghyben-Herzberg principle, 

developed from the work of two Dutch engineers Badon-Ghyben (1889) and Herzberg (1901), 

cited in de Vries (1994). The principle has been described as a steady state geohydrological 

phenomenon resulting because of differences in the density of salt water (1025 kg m"̂ ) and 

fresh water (1000 kg m"̂ ). At the fresh and salt water interface the pressure of the fresh water 

above equals the pressure of the salt water below. The boundary is assumed to be a sharp 

defined interface. The depth of the interface can be calculated from the following equation: 
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Ps-Pf 

(Equation 1.2) 

z depth below sea level to a point on the interface 

h the elevation of the groundwater table at that point 

Pf density of fresh water 

Ps density of salt water 

As described by Urish and Ozbilgin (1989), in oceanic islands completely surrounded by sea 

water, the fresh water will take the form of a lens, thickest at the centre of the landmass and 

becoming thinner as the coastline. However, in coastal areas where the aquifer extends inland 

only the margin characteristics of the lens will exist, as described in Section 1.4.1. 

The Ghyben-Herzberg principle has been criticised for its oversimplification in assuming that 

the groundwater head at the water table is the same as the head of the freshwater interface, 

implying that there are no vertical gradients (Dupuit assumption), (Urish and Ozbilgin, 1989). 

The relationship between salt water and fresh water was later described as a dynamic system 

in which the interface was treated as a boundary between two separate flow fields (Hubbert, 

1940). Since the pioneering work of Badon-Ghyben and Herzberg there has been a wealth of 

research investigating various aspects of the salt water, fresh water interface, as reviewed by 

Reilly and Goodman (1985). The main areas of investigation include hydrodynamic 

dispersion of the interface, the effects of permeability on salt water intrusion and a 

comparison of numerical and analytical methods for determining the size and shape of the 

fresh water lens. 
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1.5 Characteristics of the slack soils and dune sands 

To be able to describe and explain the hydrology of dune systems, the characteristics of the 

dune sands and slack soils must be considered. Physical properties such as hydraulic 

conductivity, the structure of the medium, bulk density and particle size will influence the 

hydrological functioning of the system. 

Saturated hydraulic conductivity (K^J is defined as the volume of water that will pass through 

a unit cross-sectional area of a soil in a unit of time, given a unit difference in water potential 

(Landon, 1984). The Ksat of aeolian sand has been measured in a number of studies (Table 

1.2), because this physical property determines the rate and ease with which groundwater 

moves through the system. The Ksat for dune sands ranged from 7.5 m d ' to 11 m d"' (Table 

1.2). 

Table 1.2 Average values of Ksat for dune sands. 

Location 

Ainsdale, Lancashire 

Kenfig, Mid Glamorgan 

Freisian Islands, the Netherlands 

Typical Dutch dune aquifers 

De Mont Saint Frieux, France 

K ^ ( m 

11.0 

9.2 

7.5 

8.0 

10.0 

d-) 

(Clarke, 1980) 

(Jones, 1993) 

(Beukeboom, 1976) 

(Van Dijk and de Groot, 1987) 

(Bakker and Neinhuis, 1990) 

Bedinger (1961) stated that the magnitude of K^̂  was partially dependent upon the grain size. 

The larger the particle size the easier it becomes for soil water movement. At both Ainsdale 

and Kenfig experimental results have shown that excavated sand samples are of a uniform 

structure with a highly sorted mean grain size, which allowed the researchers to adopt the 

assumption that the dune sands formed a homogenous isotropic medium (Clarke, 1980; Jones, 

1993). The greater the percentage of sih and clay sized particles in the sample the slower the 

movement of groundwater through and within the system. 
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Bulk density has the greatest effect on water movement in the unsaturated zone of dune sands, 

ultimately influencing the rate of groundwater recharge. Small changes in density as little as 

0.02g cm'̂  can produce significant changes in unsaturated hydraulic conductivity (Miles et al., 

1988). The measurement of bulk density in dune sands has mainly been calculated for semi-

arid environments, but in one case has also been related to a study site in the Netherlands 

(Dekker and Ritsema, 1994). Water infiltrating dune sands usually passes a cross stratigraphy 

of thin sandy layers (1-3 mm) deposited by successive wind events and compacted by rainfall 

(Ritsema and Dekker, 1994). As a result of rain compaction in the bare dune sands at 

Kootwijk, New Mexico and Terschelling, the Netherlands, Ritsema and Dekker (1994) found 

that the mean bulk density of the surface layer was higher (1.65 g cm'^) than the loosely 

packed sand below which averaged 1.45g cm" . Variations in bulk density within a dune 

profile can ultimately lead to preferential flow paths, which will need to be taken into 

consideration when describing the recharge characteristics through the unsaturated zone. 

McCord and Stephens (1987) working in aeolian sands in New Mexico, found a strong lateral 

component to unsaturated flow on a hillslope even in the absence of impeding layers. The 

process was attributed to moisture dependent heterogeneity in hydraulic conductivity. During 

infiltration and the subsequent redistribution a zone of increased moisture occurred at depth 

beneath the land surface. This created a zone of relatively high hydraulic conductivity parallel 

to the sloping land surface. As a result moisture tended to accumulate in the down-slope 

direction within this wetted region and flowed laterally. 
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1.6 The management of sand dune systems 

1.6.1 The influence of vegetation on the hydrological characteristics of sand dune 

systems 

The encroachment of scrub species onto a dune system may have a subsequent effect on the 

local water budget through increased rates of transpiration, evaporation and interception. In 

both British and Dutch sand dune systems, before the outbreak of the human induced disease 

myxomatosis in the early 1950s, rabbit grazing kept down the growth of grasses, sedges and 

woody species and helped to develop and sustain a rich and diverse flora (Thomas, 1963). At 

Braunton Burrows since the outbreak of myxomatosis in the summer of 1954, which 

decimated the rabbit population, there has been a noticeable change in the dominant species 

of the site. Scrub species such as willow {Salix repens), birch (Betula pubescens) and 

Yorkshire fog {Holcus lanatus) have spread into many of the dune slacks. In 1992, English 

Nature estimated that 12 % of the 1,350 ha system was covered by scrub species. Similar 

changes in vegetation cover have been noticed at Newborough Warren, where Ranwell (pers. 

comm.) cited in Hodgkin (1984), recalled that before 1954 scrub species were scattered and 

sparse, because the rabbits chewed upon any young shoots. However, by 1984 scrub had 

become thinly spread over most of the Warren. Research by Hodgkin (1984) at Newborough 

Warren, claimed that 95% of the hawthorn and 20 of the 21 birch trees became established 

after the outbreak of myxomatosis. 

Evapotranspiration losses from a dune system are determined by the climate, the dominant 

vegetation species and their percentage cover. Data fi-om lysimeter studies at Castricum and 

Zandvoort, the Netherlands, have been used by Stuyfzand (1993) to determine a mean annual 

water balance for a coastal dune system with different vegetation coverages (Table 1.3). In 

this case evapotranspiration included evaporation losses by leaf interception, soil evaporation 

and plant transpiration. 
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Table 1.3 Mean annual water balance for coastal dunes with different vegetation covers. 
Source: Stuyfzand (1993). 

Vegetation type 

bare dune sand 

bare, some marram 

poor, dry dune 
vegetation 

sea buckthorn 
(Hippophae 
rhamnoides) <50% 
grass 

wet, dune slack 
vegetation 

dune shrub, sea 
buckthorn 

oaks {Quercus robur) 

pines (Pinus nigra) 

open water 

reeds in dune lake 

Gross precipitation 
mm/year 

820 

820 

820 

820 

820 

820 

820 

820 

820 

820 

Precipitation excess 
mm/year 

623 

613 

459 

394 

238 

345 

305 

140 

49 

205/-580 

Evapotranspiration 
mm/year 

197 

207 

361 

426 

582 

475 

515 

680 

771 

615/1400 

The research by Stuyfzand (1993) showed that annual evapotranpiration losses from wet dune 

slack vegetation were greater than those from oaks and dune shrub (Table 1.3). The highest 

annual evapotranpiration losses were from open water bodies and reeds (Table 1.3). 

Unfortunately Stuyfzand (1993) does not provide a comparative value for willow. The main 

research examining evapotranspiration losses from willow has been carried out in Sweden 

(Grip, 1981; Grip et al., 1989; Halldin and Lindroth, 1989; Lindroth et al., 1994). These 

studies found that evapotranspiration losses from willow were greater than from most other 

vegetation types. Grip (1981) stated that evapotranspiration rates from willow exceeded those 

calculated from Penman's (1948) formula for grass by between 5% and 40% in the summer 

and autumn months. Similarly, Persson and Jansson (1989) measured an evapotranspiration 
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rate for willow of between 3 and 3.4 mm d , which exceeded the Penman formula for grass 

by between 10 % and 25 %. These studies do not provide either an annual evapotranpiration 

rate for willow, or a monthly breakdovm of the data necessary to make this calculation. 

Therefore, a direct comparison of evapotranpiration losses from willow with other vegetation 

types was not possible. 

In the Netherlands on the Schoorl Dunes, the planting of pine trees has caused the water table 

in the central dune area to drop by one metre (Bakker, 1981). Other dune systems along the 

western coast of the Netherlands have recorded a less dramatic drop of 10 to 20 cm as a result 

of the newly planted trees (Van Dijk and Grootjans, 1993). 

1.6.2 The influence of drainage and groundwater abstractions on the hydrological 

characteristics of sand dune systems 

Artificial drainage and groundwater abstractions are effectively net losses from the 

groundwater system and may therefore contribute to lower water table elevations. Long-term 

changes in the elevation of the water table will in turn influence the ecological diversity and 

composition of the dune slack habitat, which are the areas most sensitive to hydrological 

change (Van Beckhoven, 1992; Geelen et al., 1995). 

Since the mid 1800s, the Dutch have been extracting a water supply from their sand dune 

systems to meet the consumption requirements of the population (de Vries, 1989; Stuyfzand, 

1993). Today almost all of the sand dune environment in the Netherlands is being used for 

water abstraction, pumping approximately 40 million m^ of fresh water each year for human 

consumption (Udo de Haes, 1982, cited in Van Dijk and Grootjans 1993). Such large scale 

continuous abstraction programmes have resulted in the loss of many rare and unique dune 

slack species, that cannot adapt to the changing hydrological regime (Van Beckhoven, 1992; 

Geelen et al., 1995). Between 1850 and 1978, in the dune system to the north of Noordwijk, 
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the Netherlands, the water table fell by between 1 and 2 m, which was almost completely 

attributed to water abstractions (Bakker, 1981). Further to this, Bakker (1981) reported that 

near Texel, the Netherlands, an additional problem was that water abstractions were 

increasing groundwater velocities five fold from 0.1-0.2 m d' to 0.5-1.0 m d"', resulting in 

greater drainage from the system. 

In 1955, an artificial recharge programme was put into action with the aim of reinstating 

former water table elevations within some of the dune systems and to enhance the ecological 

diversity of the dune slacks (Van Beckhoven, 1992; Geelen et al., 1995). The results fi-om the 

remedial programme were disappointing, former water tables were reinstated, but few of the 

original dune slack species returned. Research suggested that the quality of the recharge 

water was poor. Concentrations of chloride, potassium, sodium, magnesium, nitrate and 

sulphate were increased one hundred fold, or more (Bakker, 1990). This research clearly 

demonstrated the difficulties associated with attempting to artificially reinstate former water 

table elevations and ecological diversity after the damage has been done. 

Within the Dutch dune systems research has been carried out to identify the effects on the 

elevation of the dune system water table of lowering water levels within adjoining polders 

(Van Dijk and Grootjans, 1993). Polder is the Dutch term referring to flat tracts of coastal 

land reclaimed fi-om the sea and protected fi-om inundation by embankments (Whittow, 1984). 

The results from this research can perhaps be related to the drainage characteristics and 

management of the reclaimed marshland at Braunton, as described in Chapter 5. Van Dijk 

and Grootjans (1993) found that a lowering of the polder water level by 0.25-0.50 m caused a 

reduction in groundwater levels in the adjoining dune area by a value decreasing almost 

linearly from 0.25-0.50 m at the inner dune ridge to 0 m in the fore dunes. 
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Golf courses are one of the major land uses of sand dune systems in Great Britain. In a survey 

of 65 dune systems in England, Radley (1994) reported that a golf course existed on 31 of 

these sites. The golf courses form an integral part of the dune and slack system and are often 

subject to surface flooding in the winter months. Many golf courses therefore have been 

artificially drained by open drainage ditches, or submerged pipe drainage, removing water 

from the system. Willis et al. (1959a) reported that drainage of the golf course on Braunton 

Burrows had undoubtedly lowered the elevation of the water table in the northern part of the 

system (Section 5.2.4). However, data were not collected to substantiate this statement. In the 

Dutch dune systems the construction of drainage ditch networks have caused a significant 

drop in the elevation of the water table, in the order of decimetres, over extensive areas of the 

dune system (Van Dijk and Grootjans, 1993). The drainage of dune slacks poses a threat on 

the most sensitive plant species, which depend upon a high water table throughout the year. 

In the summer months to allow the continuation of play, greens and tees are sometimes 

irrigated, which if pumped from the dune system would again contribute to an overall 

lowering of the water table. On the other hand if the irrigation water is fi-om an alternative 

source not connected to the dune system aquifer the irrigation water will be an additional 

input to the system. 

1.7 Hydrological modelling of sand dune systems 

Computer-based numerical groundwater flow models are often used to develop an 

understanding of the fiinctioning of a groundwater system and to make predictions about 

future groundwater flows under different management practices (Anderson and Woessner, 

1992). Groundwater models are now widely used in water resource management 

investigations in all kinds of environments, including river basins (Michl, 1996), wetlands 

(McNamara, et al., 1992; Bradley, 1994 and 1996; Bromley and Robinson, 1995; Ishemo, 

pers. comm.) and even sand dune systems (Olsthoom, et al., 1993; Bergkamp, pers. comm.). 
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Two models in particular have been used to mathematically model and resolve water resource 

management problems within sand dune systems. Olsthoom et al. (1993) used MODFLOW a 

three dimensional groundwater flow model, developed by the USGS, to simulate a 35 km^ 

area of dune system along the North-Sea coast of the Netherlands. The model was used to 

develop and test a set of hydrological scenarios to optimise the interests of both groundwater 

abstraction and nature conservation. The second model, developed by a consultancy firm in 

the Netherlands, is known as Micro-Fern (Bergkamp, pers. comm.). This is a saturated three 

dimensional groundwater flow model, which has been widely used by dune water companies, 

government agencies and universities in the Netherlands. The model has been used to predict 

the hydro-ecological consequences of changing groundwater abstraction rates, or the impact 

on groundwater levels of artificially recharging the system. 

The history and development of groundwater models, and the purpose of modelling in the 

hydrological investigation of Braunton Burrows will be discussed in Section 3.4. This Section 

will also review a range of groundwater flow models including MODFLOW and Micro-Fern, 

describing their features and capabilities, and their relative successes in previous groundwater 

modelling investigations. The critical review of numerical groundwater models will ensure 

that the most appropriate model is chosen for the Braunton modelling'scenario. 

1.8 Conclusion 

The introductory chapter of this thesis has identified the need for investigative research into 

the hydrology of British sand dune systems in order to conserve their ecological diversity fi"om 

future destruction primarily by human activity. Furthermore, English Nature have expressed 

their concerns that Devon's three largest sand dune systems are drying out, jeopardising the 

flora and fauna for which these sites are nationally, or internationally renowned. Detailed 

hydrological research was therefore urgently required. Braunton Burrows, Northam Burrows 

and Dawlish Warren were the study sites used in this hydrological investigation. 
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Broadly the aims of this study were to describe and explain the spatial and temporal 

hydrological characteristics and functioning of the groundwater systems at Braunton Northam 

and Dawlish; to determine if the systems were drying out and if so, to identify the most 

probable causes, and finally to recommend sustainable management options aimed at raising 

water levels, or preventing any future lowering the water table. 

In this chapter a literature review provided valuable theory on the hydrological functioning of 

sand dune systems and also showed how natural factors and human management, including 

the effects of marine erosion, vegetation change, groundwater abstractions and artificial 

drainage may influence water table elevations. 
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Chiqjter 2 

The sand dune systems of Braunton Burrows, 

Northam Burrows and Dawlish Warren 

2.0 Introduction 

Braunton Burrows, Northam Burrows and Dawlish Warren were the chosen study sites for 

this investigative research, into the hydrology and management of sand dime systems. 

These study sites were chosen primarily because of increasing concerns that the systems 

were drying out, ultimately endangering the survival of their diverse wildlife interests. In 

order to describe the hydrology of each site and to recommend fiiture hydrological 

management options, aimed at raising water levels or preventing any future lowering of the 

water table, it was essential to describe both the physical characteristics of the landscape 

and the impact of human activity on the hydrological functioning of the systems. Chapter 

2 will therefore describe the geographical location, climate, geology, geomorphology, soils, 

vegetation, drainage regime, conservation status and land use of each dune system. 

2.1 Geographical location of fiie stuffy sites 

Braunton Burrows 

Braimton Burrows occupying 1350 ha, which includes all land to the mean low water mark, 

is located 10 km to the west of Barnstaple on the north Devon coast (Figure 1.2). The 

Burrows form a coastal dune belt running north-south from Saunton Down to the mouth 

of the Taw-Torridge Estuary, a distance of 5.5 km (Figure 2.1). The dime system extends 

inland for a further 2 km. Braunton Burrows is bordered to the east by the low-lying 

reclaimed agricultural land of Braunton Marsh and to the north by the higher-lying land of 

Saunton. Characteristics of Braunton Marsh will be described in Section 5.3. 
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Saunton Down 

Taw-Torridge 
Estuary 

Figure 2.1 Geographical setting of Braunton Burrows and physical characteristics of the 
landscape. 
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Nordiam Burrows 

Northam Burrows, a smaller site of 423 ha, is situated on the adjacent side of the Taw-

Torridge Estuary from Braunton Burrows, 12 km to the south west of Barnstaple, (Figure 

1.2). The 423 ha includes all land down to the mean low water mark. To the south and 

south-east of Northam Burrows are the higher-lying towns of Appledore, Northam and 

Westward Ho! (Figure 2.2). 

Dawlish Warren 

Dawlish Warren covers approximately 200 ha of a coastal sand spit (includes all land down 

to the mean low water mark) and is located 14 km south of Exeter on the south Devon 

coast (Figure 1.2). The site is joined to the mainland at its western end and extends 

eastwards for 2 km, into the mouth of the Exe Estuary (Figure 2.3). 

2.2 Oimate - precipitation and evapotranspiration 

This section will describe the seasonal distribution of precipitation and monthly variations 

in evapotranspiration losses, which will ultimately influence the recharge characteristics of 

the groundwater systems. These variables will be considered throughout the thesis when 

describing annual cyclical water table fluctuations and long-term trends in the elevation of 

the water table. 

At all three study sites meteorological data were analysed on a monthly basis from 1972-

1995. This range of data were chosen primarily to relate to the long-term water table data 

available from Braunton Burrows. Monthly precipitation data, from RAF Chivenor, 

Bideford King George Fields (Bideford KGF) and Exmouth were supplied by the 

Environment Agency. Monthly actual evapotranspiration data were also supplied by the 

Environment Agency £ind were calculated using the "Meteorological Office Rainfall and 
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Figure 2.2 Geographical setting of Northam Burrows and physical characteristics of the 
landscape. 
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Figure 2.3 Geographical setting of Dawlish Warren and physical characteristics of the 
landscape. 
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Evaporation Calculation System' (MORECS). The core of the scheme is a system which 

uses daily synoptic weather data as inputs to estimate weekly and monthly potential and 

actual evapotranspiration rates from various vegetation types and land surfaces, averaged 

over a 40 X 40 km area around the site of investigation (Woodley, 1991). 

Evapotranspiration rates are calculated from sunshine hours, wind speed, temperature, 

vapour pressure and the state, and height of the vegetation (Thompson et al., 1981). 

MORECS uses a slightly modified version of the Penman-Monteith equation to directly 

calculate both potential and actual evapotranspiration rates, in the latter case adjusting the 

bulk surface resistance according to the magnitude of the soil moisture deficit (Woodley, 

1991). A description of the MORECS calculation process is included in Thompson et al., 

(1981). Throughout this thesis actual evapotranspiration rates were used in any 

hydrometeorological descriptions or calculations. 

Braunton Burrows and Nortfaam Burrows 

The meteorological station at RAF Chivenor (SS 494 347) 4 km to the east of Braunton 

Burrows and at an altitude of 6 m, was identified as the most representative station, to 

reflect the prevailing climatic conditions at both Braunton Burrows and Northam Burrows. 

Data from this station were in fact used in the hydrological description of Braimton 

Burrows in the 1950s (Willis et cd., 1959a). RAF Chivenor ceased monitoring from 

September 1975 to September 1980 and so a comparative site at Bideford KGF (SS 454 

271) was used as an overlap, corrected for site variations in location and altitude. 

Precipitation Characteristics 

The analysis of precipitation data from RAF Chivenor and Bideford KGF, gave a long-term 

average (1972-1995) annual precipitation total of 878.3 mm, varying from a maximum of 

1065.4 mm in 1994, to a minimum of 670.7 mm in 1975. Willis et al., (1959a) calculated 

42 



a similar annual average of 889 mm for the earlier period of 1935-1959. Precipitation of 

the area was seasonal and on average the autumn and winter months were wetter than the 

spring and early summer months (Figure 2.4). From 1972-1995, on average December was 

the wettest month of the year and May was the driest (Figure 2.4). 

Evapotranspiration rates 

Monthly rates of actual evapotranspiration are chiefly dependent upon temperature. The 

greatest evapotranspiration losses occurred in the warmer summer months (Figure 2.5), 

which coincided with the driest months in terms of precipitation (Figure 2.4). In July for 

example the average (1972-1995) total precipitation for the month was 53.97 mm and the 

average actual evapotranspiration losses were 86.2 mm, leading to a soil moisture deficit 

of 32.23 mm. At Northam and Braunton, from April through to August monthly actual 

evapotranspiration rates exceeded monthly precipitation totals, resulting in soil moisture 

deficits and a gradual decline in the elevation of the water table, as groundwater was 

released from storage. However, from September through to March, for the period 1972-

1995, monthly precipitation totals were in excess of actual evapotranspiration losses, which 

typically would have resulted in an increase in groundwater storage and a rise in the 

elevation of the water table. 

The importance of actual evapotranspiration losses to the groundwater budgets of the 

Braunton and Northam systems will also depend upon the dominant vegetation species. 

As explained in Section 1.6.1, tree species have higher evapotranspiration rates than 

grasses, typically leading to greater soil moisture deficits throughout the summer months. 
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Figure 2.4 Long-term average monthly precipitation totals for Braunton Burrows 
and Northam Burrows (1972-1995). 
Source: Unpublished meteorological data from the Environment Agency. 
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Figure 2.5 Long-term average monthly evapotranpiration losses for Braunton Burrows 
and Northam Burrows (1972-1995). 
Source: Unpublished meteorological data from the Environment Agency. 
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Dawlish Warren 

The most comprehensive meteorological data, representative of the prevailing climatic 

conditions at Dawlish Warren were from Exmouth (SY 013 827). This meterological 

station is located 2 km to the north east of Dawlish Warren, at an altitude of 53 m. 

Precipitation characteristics 

The long-term average (1972-1995) annual total precipitation for Dawlish Warren was 

776.3 mm, ranging from a maximum of 949.6 mm in 1995, to a minimum armual total of 

526.3 mm in 1975. Again the distribution of precipitation was seasonal and on average the 

autumn and winter months were wetter than the spring and early summer months (Figure 

2.6). From 1972-1995 on average December was the wettest month of the year and July 

was the driest month (Figure 2.6). Monthly variability in precipitation should be related 

to monthly actual evapotranspiration rates to determine the possible armual cyclical effects 

on the Dawlish groundwater budget. 

Evapotranspiration rates 

Actual evapotranspiration losses for Dawlish Warren (Figure 2.7) demonstrated a similar 

seasonal pattern of distribution to those described for Braimton and Northam (Figure 2.5). 

Monthly actual evapotranspiration losses, based on calculations for grass, were greatest in 

the summer months when temperatures were the highest. This coincided with the months 

receiving the least precipitation. On average between 1972 and 1995 soil moisture deficits 

occurred within the Dawlish system from April through to August, leading to a reduction 

in groundwater storage and a gradual decline in the elevation of the water table. From 

September through to March monthly precipitation totals were on average (1972-1995) in 

excess of actual evapotranspiration losses, which lead to an increase in groundwater storage 

and a gradual recovery of water table elevations. 
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Figure 2.6 Long-term average monthly precipitation totals for Dawlish Warren 
(1972-1995). 
Source: Unpublished meteorological data for the Environment Agency. 
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Figure 2.7 Long-term average monthly evapotranpiration losses for Dawlish Warren 
(1972-1995). 
Source: Unpublished meteorological data from the Environment Agency. 
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As described in Section 1.6.1, monthly evapotranspiration rates would be higher from both 

the scrub species encroaching into Greenland Lake and from the open water bodies 

(wildlife ponds), leading to greater monthly soil moisture deficits in these areas. 

2.3 Geology 

It is important to have a knowledge of the underlying geology at all three study sites, 

because the structure, permeability and depth to bedrock are all important geological 

characteristics which may influence the properties of the overlying dune sands and the 

hydrological fimctioning of the groxmdwater systems. 

Braunton Burrows 

The geology of Braunton Burrows has been described by Edmonds et al. (1979) and 

Durrance and Laming (1993). The site is underlain by Pilton Shales, which were formed 

during the transition from Devonian to Carboniferous (Edmonds et al. 1979). The Pilton 

Shales outcrop in an east-west belt from the Devon and Somerset border to the Taw-

Torridge Estuary. These rocks are soft grey shales, with localised bands and lenses of 

fossiliferous limestone, composed of shell debris, and medium to coarse grained quartzitic 

sandstone. Seismic research by McFarlane (1955) showed that the rock platform occurs 

at six to nine metres below mean sea level. A description of a single borehole on Braunton 

Burrows (SS 4579 3248) stated that the rock platform is overlain by silt and clay at 

approximately mean sea level (Edmonds et al., 1979). The wind blown sands which overlie 

the Pilton Shales and the marine silts and clays are believed to be of local origin, based on 

the similarity of their mineralogical composition (Greenwood, 1970). The main sources 

are from Bideford Bay, cliff erosion at Saunton Down and estuarine deposits from the 

Rivers Taw and Torridge (Figure 2.1). A study by Willis (1960) described the dune sands 

at Braunton as calcareous, with the calcium carbonate content accounting for 12 % by 

sample weight in the dunes near the sea, where there is much comminuted shell of 
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molluscs. As a result of leaching calcium carbonate content values of 7 to 9 %, by sample 

weight, were recorded on the Inland Plain and in the older parts of the dune system. 

Nortfaam Burrows 

Northam Burrows is part of an alluvial plain deposited at the mouth of the Taw-Torridge 

Estuary. The site is underlain by Culm Sandstones and Pilton Shales of Upper Devonian 

and Carboniferous age (Dartington Amenity Trust, 1970). The alluvial plain is overlain by 

wind blown sand, the depth of which decreases from west to east. 

Dawlish Warren 

The geological structure of Dawlish Warren has been described in detailed seismic studies 

and borehole investigations by Kidson (1950) and Durrance (1969; 1980). The Warren is 

underlain by New Red Sandstone, of Permian and Triassic age, which dips gently from 

about 3 m below high water medium spring tide (HWMS) near the western end of the 

Warren, to 23 m below HWMS near Warren point (Kidson, 1950), (Figure 2.8). The rock 

surface is complicated by a number of incised channels reaching a maximum depth of 45.7 

m below HWMS and run north-west, south-east across the Warren. These channels suggest 

that the River Exe has changed its position and in fact the spit may have originally been 

attached to the eastern side of the Estuary (Sims et al., 1995). The formation of Dawlish 

Warren spit is described in Section 2.4. 

The rock surface and incised channels are partially overlain and infilled by Middle 

Devensian gravel, which merges into clay and sand deposits (Figure 2.9). The main body 

of the exposed spit consists of wind blown sands. These sands are often described as 

Tossir, originating from offshore deposits first made available during the Pleistocene 
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Figure 2.8 Contour map of the New Red Sandstone surface beneath Dawlish Warren. 
(The line X-Y marks the position of the cross-section shown in Figure 2.9.) 
Source:Durrance (1980). 
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Source: Durrance (1980). 
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Sims et al., 1995). Under the present rate of sea level rise no new sediment is being 

brought to the coast from offshore sources. The other main source of sediment is from the 

River Exe. 

The extent of the silt and clay beneath Dawlish Warren will influence the hydrological 

fimctioning of the groundwater system and will need to be considered carefiilly when 

describing the hydrological fimctioning of the system in Part 2 of Chapter 6. 

2.4 Geomoiphology 

Braunton Burrows and Nortfaam Buirows 

Sediment transport is described within the context of coastal cells and sub-cells, which 

divide the coastline into sections (British Geological Survey, 1996a). Braunton Burrows 

and Northam Burrows form part of the Barnstaple Bay sub-cell, within which erosion and 

accretion are interrelated and are largely independent of other cells. Within the Barnstaple 

Bay sub-cell two major spits, Braunton Burrows and Northam Burrows, appear to have 

developed from opposing directions across the mouth of the Taw-Torridge Estuary (Kidson, 

1963). A study of these two spits by Kidson (1963) stated that no record exists which 

suggested that the breach hypothesis needed to be invoked to interpret these 

geomorphological features. Research by Stuart and Hookway (1954) showed that marked 

pebbles on the ridge at Northam moved steadily northwards. All the evidence from the 

Braunton side of the estuary pointed to drift in a southerly direction (Kidson, 1963). 

Counter drifting was therefore the most probable cause of the Taw-Torridge Estuary double 

spit formation. Research by Sims (pers. comm.) suggested that counter drifting was 

possibly the result of a sudden change in the dominant wind and wave approach, but may 

also be related to sediment movement in rotating tidal streams. Wind blown sand dunes 

have been superimposed on the sites and Northam is protected by a naturally forming 
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pebble ridge (Plate 2.1). 

The topography of Braunton comprises of three main sand dune ridges, running north-south 

parallel to the shoreline and separated by lower lying slacks (Figure 2.10). The dune ridges 

break down in the extreme north and south into a less defined double ridge (Willis et al., 

1959a). 

As described from the Braunton Burrows habitat map (Nature Conservancy Council, 1990), 

the fore dunes along the seaward margin of the system reach a maximum height of 8 m 

above Ordnance Datum (OD). Behind the fore dunes is a belt of dunes reaching a 

maximum height of 15 m above OD. Some of the dunes in the main ridge tower to 38 m 

above OD. Braunton Burrows has the highest range of dunes of any west coast system 

(English Nature, 1992). Landwards of the main dune ridge, covering approximately half 

of the total area of the Burrows the dunes are lower and more fragmented, amongst a 

relatively flat sand plain. Saunton Sands (Figure 2.10) forms a gently sloping beach along 

the eastern margin of the system, which at low tide is up to 1 km wide (Sarre, 1984). 

The aerial view of a transect across the Burrows, from Saunton Sands inland to Braunton 

Marsh, shows the variation in topographical features across the system (Plate 2.2). 

To the north of the system is Saunton Down, where the land rises to 160 m above OD. 

Along the eastern margin of the system is Braunton Marsh, where the land lies between 2-6 

m above OD. 
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Plate 2.1 The pebble ridge at Northam Burrows. 
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Figure 2.10 Topographical characteristics of the Braunton dune system. 
Source: Edmonds et al. (1979). 

52 



Plate 2.2 Aerial view of a transect across Braunton Burrows. 
Copyright: South West Water (1992). 



As described by Comber et cd., (1993), sand and gravel has been extracted from the 

northern side of the Taw-Torridge Estuary since the late eighteenth century. Erosion along 

the southern flanks of Braunton Burrows was recorded as early as the mid-nineteenth 

century. This period is not dissimilar from that during which sand and gravel extraction has 

been carried out in a sizeable way. Despite these obvious erosion problems extraction was 

allowed to continue and between 1960-1970 approximately 600,000 tonnes of sand and 

gravel were removed from the southern side of the estuary (Carr et al., 1972). At the turn 

of the century extraction figures peaked at 150,000 tonnes per annum. A licence entitling 

the armual extraction of 15,000 tonnes of gravel from Crow Point has been in place since 

1982 (Comber, et al., 1993). Possibly as a result of sediment extraction Braunton spit, a 

valuable natural flood defence barrier, was breached in 1984 (Comber, et al., 1993). 

Research by Blackley et al. (1972), using fluorescent labelled sand, suggested that sediment 

was being transported alongshore to replenish sand and gravel extracted from near Crow 

Point. The possible effects of sediment extraction on the long-term hydrological fimctioning 

of Braunton Burrows will be evaluated fiirther in Section 5.2.2. 

The geomorphological characteristics of Northam Burrows are best identified with reference 

to Figure 2.2 and Plate 2.3. The dimes at Northam cover only 83 ha of the total 258 ha site, 

extending in a narrow belt northwards from Sandymere before widening in the area around 

the landfill site (Comber et al., 1993). The dunes reach a maximum height of 20 m above 

OD halfway along the ridge (Corrin, pers. comm.). The Burrows are protected from the sea 

by a naturally formed pebble ridge, which runs along the seaward margin of the system, 

before recurving around Greysand Hill (Plate 2.1). High tide reaches the base of the pebble 

ridge, but at low tide a beach of 550 m is exposed (Terpstra and Butterfield,: 1969). 

South of Greysand Hill is an £irea of transition from sandy plain to saltmarsh. This area is 

known as the Skem and at low tide forms a flat of sand and silt. The western shore of the 
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Skem has been scarred by reftise tipping and was developed as a landfill access road from 

1937 (Terpstra and Butterfield, 1969). 

Inland of the dune belt and pebble ridge the landscape forms a low lying coastal sand plain 

(Plate 2.4) stretching from the Skem in the north, to Westward Ho! in the south and inland 

as far as Appledore Bridge (Figure 2.2). The land gently slopes from the south east to the 

north west, but undulates more in the vicinity of the main dune ridge. 

Plate 2.4 The coastal plain at Northam Burrows. 

Dawlish Warren 

As described by the British Geological Survey (1996b), sediment transport at Dawlish 

Warren occurs within the coastal sub-cell which extends from Dawlish Warren to Start 

Point, which is to the east of Salcombe. There is a weak northward movement of sediment 

within this cell and the beaches are subject to strong seasonal changes in drift direction. 
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Dawlish Warren and Exmouth Point form a double spit at the mouth of the Exe Estuary. 

The work by Kidson (1963) suggested that the double spit was the result of counter 

drifting. The geomorphological characteristics of Dawlish Warren are illustrated in Figure 

2.3 and Plate 2.5. Dawlish Warren runs parallel to the shoreline, extending north-eastwards 

from the west side of the Exe Estuary for 2 km. The Warren was developed during the 

Flandrian rise in sea level, which ended about 5,000 years ago (Mottershead, 1986). Sea 

level rise lead to sediments being swept into the mouth of the estuary through the process 

of longshore drift. As described in Section 2.3 it is likely that the course of the River Exe 

has changed and consequently so has the position of the spit. Research in the 1950s and 

1960s showed that the Warren spit was rapidly eroding (Kidson, 1950, 1964; Hydraulics 

Research Station, 1963), but since then has remained relatively stable (Redfem, 1993). The 

sea defence works at Dawlish Warren have helped to stabilise the spit. These coastline 

changes will be considered fiirther when evaluating the possible causes for the perceived 

changing hydrological regime at Dawlish Warren (Section 6.17). 

The outer spit along the seaward margin, known as the 'Outer Warren', forms a 

discontinuous ridge of mobile dunes reaching a maximum height of 7 m above OD and 25-

50 m wide. The dune ridge is fronted at low tide by a stretch of beach varying in width 

from 100-300 m (Mottershead, 1986). Inland of the fore dunes is a ridge of generally lower 

semi-fixed dunes. The inner spit, known as the 'Irmer Warren', forms a stabilized dune 

ridge reaching 3-4 m above OD at its eastern point. The spits are separated by Greenland 

Lake, an area of lower lying land formerly a tidal creek (Plate 2.6) The entrance to the 

creek became blocked in 1947, through the natural accretion of sand (Lawrence, 1991). 

Gradually this part of the system dried out and the vegetation species changed to form a 

wet meadow area, often mistaken for dune slack. 
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Plate 2.6 Greenland Lake and the Outer Warren. 
(Photograph taken from the Inner Warren facing south.) 

The former National Rivers Authority infilled part of Greenland Lake in the late 1970s, 

with waste rubble and boulders from the sea defence scheme (de Lemos, 1992). In the 

sheltered lee of the Inner Warren an area of mudflats and saltmarsh have built up. 

2.5 Soil characteristics 

The physical properties of the dune sands and slack soils will ultimately control water 

movement through the medium and therefore descriptive profiles for each study site were 

included. 
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Braunton Burrows 

Findlay et al. (1984) classified Braunton Burrows as part of the Sandwich association 361, 

which consists of calcareous and non-calcareous sandy soils. In general this association 

contains a variety of soils types, with soil profile development dependent upon the degree 

of dune stabilization and the vegetation cover. For example, on the seaward margin of the 

system the dunes are more mobile prohibiting soil development. However, inland with the 

stabilizing effect of the dune vegetation two distinct soil types can be recognized, the first 

occurring in the dune slacks and the second on the dry dunes. Both soil types have been 

described by Willis et al. (1959a) and were observed in the field when digging soil 

observation pits. Representative profiles from field observations are described in Tables 

2.1 and 2.2. 

In comparison to the dry dunes, soil development and humus accumulation is greater in the 

dune slacks, particularly where the ground surface is colonized by scrub species, which 

increase the amount of organic matter added to the soil (Table 2.2). The majority of the 

slacks are subject to waterlogging throughout the winter and spring months. This results 

in anaerobic conditions, causing a reduction of iron oxides in the soil and giving a 

distinctive grey/blue colour to the profile, knovm as gleying (Knapp, 1979), (Table 2.2). 

A feature of the slack soils observed by Willis et al. (1959a) was that at 30 cm depth from 

the surface a compact layer occurred, almost impenetrable to a spade. This layer was 

attributed to the aggregation of fme particles possibly under the influence of salts being 

carried upwards by the fluctuating water table. However, the compact layer was not found 

when digging soil observation pits on Braunton Burrows, which would suggest this is a far 

more localized characteristic than implied by Willis et al. (1959a). 
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Table 2.1 Representative soil profile on a dry dune. 
(Personal field observations). 

Locality: Braunton Burrows, North Devon Grid Reference: SS 4548 3548 

Dry dunes. 

Elevation: 20 m (above OD) 

Geology: Overburden: wind blown sand. Parent material: Pilton Shales. 

Vegetation: Dune grasses/herbs/brambles. 

Horizons: 
0-3 cm Dark brown (Y 4/3) sand, high organic matter content; 
Ah structure-less; stoneless; porous abundant fine fibrous roots; 

merging undulating boundary. (Beneath dry dune scrub 
humus accumulation is greater with an organic layer of 3-5 cm depth.) 

3-15 cm Brown (Y 5/3) humus stained sand horizon; structure-less; 
Cu 1 stoneless; porous; low organic matter content; few 

fibrous roots; merging undulating boundary. 

14-45 cm Yellowish brown (Y 5/4) sand; structure-less; stoneless; 
Cu 2 porous; low organic matter content; few fibrous roots; merging 

boundary. 

45 cm + Brown (Y 5/5) sand; structure-less; stoneless; porous; 
Cu 3 low organic matter content; moist; shell fragments noticeable; 

odd fibrous root. 

No further changes in sand characteristics were observed to a 
depth of 1.5 m. 
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Table 2.2 Representative soil profile within a dune slack. 
(Personal field observations). 

Locality: Braunton Burrows, North Devon 

Elevation: 9.8 m (above OD). 

Geology: Overburden: wind blown sand. 

Vegetation: Herbs/grasses/rushes/ 
invading scrub species. 

Horizons: 

Grid Reference: SS 459 353 

Parent material: Pilton Shales. 

0-10 cm 
Ah 

10-25 cm 
A(g) 

25-80 cm 
Cgl 

80 cm + 
Cg2 

Dark brown (Y 4/3) sand; high organic matter content; 
structure-less; stoneless; porous; abundant fibrous 
rooting; merging undulating boundary. 

Brown (Y 5/3) humus stained sand; structure-less; 
stoneless; shell fragments<l mm; porous; lower organic 
matter content; sporadic grey and red mottling; few 
roots; merging undulating boundary. 

Yellowish brown (Y 5/4) sand; structure-less; stoneless; 
low organic matter content; distinct grey and red mottling; 
a few roots; smooth boundary. 

Light grey (SYR 6/1) sand; structure-less; stoneless; 
low organic matter content; gleyed. (Prolonged 
waterlogging causes anaerobic conditions and the 
reduction of iron oxides) 

Nordiam Burrows 

The soils at Northam Burrows are also broadly classified as Sandwich association 361 

(Devon County Council, 1993). Again the younger seaward dunes have less well developed 

soil characteristics than those found on the stable vegetated inland plain. The soil 

characteristics are similar to those described for Braimton Burrows (Tables 2.1 and 2.2). 

The estuarine origin of the site explains the prominence of clay within the sediment 

profiles, particularly in the immediate vicinity of the Pill, where the accumulation of wind 

blown sand is the least. A representative profile of this area is described in Table 2.3. 
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Table 2.3 Representative soil profile within 10 m of the Pill at Northam Burrows. 
(Personal field observations). 

Locality: Northam Burrows, North Devon. Grid Reference: SS 445 30 

Within 10 m of the Pill 

Elevation: 3.8 m (above OD). Relief: Flat 

Geology: Overburden-alluvium Parent Material:Pilton Shales 
and wind blown sand 

Vegetation: Dune grassland 

Horizons: 

0-10 cm Dark yellowish brown (10YR3/3) sand; high organic 
Ah matter content; structure-less; stoneless; porous; 

abundant fine rooting; merging undulating boundary. 

10-19 cm Brown (Y 5/3) humus stained sand; low organic 
A matter content; structure-less; stoneless; few fine 

roots; undulating boundary. 

19-45 cm Yellowish brown (Y 5/5) sand; low organic matter 
B(g)l content; red mottling; smooth clear boundary. 

45-60 cm Grey (5YR 4/1) sand layer comparatively coarser; gleyed; shell 
B(g)2 fragments; low organic matter content; sharp boundary; 

absence of roots. 

60-95 cm Grey (SYR 4/1) sand and clay layer; gleyed; waterlogged; 
C(g)l structure-less; stoneless; absence of roots. 

95+ Dark grey (5YR 3/1) clay; compact; stoneless; absence 
C(g)2 of roots. 

Dawlish Warren 

The Sandwich association 361 is also broadly mapped at Dawlish Warren, with similar soil 

characteristics to those described for Braunton Burrows (Tables 2.1 and 2.2). Within 

Greenland Lake the soils have been classified as Formby series, which are groundwater 

gleys with similar profile characteristics to those described under a dune slack at Braunton 

(Hall and FoUand, 1967; Findlay et d., 1984), (Table 2.2). The area has also been mapped 

with the Beckfoot series, which are typical sandy rankers (Findlay et d., 1984), with 

similar characteristics to those described on a dry dune at Braimton (Table 2.1). 
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2.6 Vegetation 

This section will describe the vegetation of each study site. The rarity and importance of 

the flora to the conservation status of the sites will be considered, alongside the possible 

detriment to these prime botanical sites if the perceived drying out process continues. It 

should be stressed at this stage that it is not within the scope of this thesis to determine the 

tolerance levels of individual species to long-term changes in the elevation of the water 

table. 

Braunton Burrows 

Braunton Burrows is described as a prime botanical site (Gibbons, 1990), sustaining a rich 

and diverse range of flora. Successional dune plant communities range from pioneer 

species on the mobile dunes, to invading scrub species inland on the fixed dunes. Apart 

from the blanket bog on Dartmoor, the plant communities at Braunton Burrows form the 

only priority habitat in Devon for conservation imder the EC Habitats Directive. The dune 

slacks at Braunton Eire characteristically rich in highly specialised wetland plant 

commimities and the site contains about one third of all dune slack in England (English 

Nature, 1992). Concerns have been expressed that the slacks are gradually being invaded 

by scrub species, such as creeping willow (Scdix repens) and Yorkshire fog (Holcus 

lanatus). Similarly, the dune grasslands, inland of the main dune ridge, once 

characteristically rich in lichens and low growing plants are gradually becoming dominated 

by coarse grasses and sporadic dense low level scrub. The changing species composition 

is believed to be the result of either a lack of rabbit grazing, since the advent of 

myxamotosis in 1954, or a consequence of the perceived falling water table (Breeds, pers. 

comm.). In 1992 scrub species covered approximately 12 % of the dune system (English 

Nature, 1992). The presence of these hydrophilous species should be taken into 

consideration when describing the temporal variability in the elevation of the water table 
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at Braunton Burrows (Section 5.2.3). 

Table 2.4 lists some of the rare species found on the Burrows, all of which are 

characteristic of the dune slack habitat and are dependent on a high water table throughout 

the year. These are the rarities for which the site is renowned, but at the same time are 

also those most jeopardised by the perceived changing hydrological regime. English Nature 

attribute lower water levels on the Burrows to the disappearance of the internationally rare 

fen orchid {Liparis loeselii) since 1988 and the decline in the water germander (Teucrium 

scordium) by about 45% since 1982. The fen orchid (Liparis loeselii), early gentian 

(Gentianella anglica) and water germander (Teucrium scordium) are protected species under 

schedule 8 of the Wildlife and Countryside Act 1981 (Wolton, 1995). Further details of 

the species found on Braunton Burrows are described in the SSSI citation sheet included 

in Appendix A.. 

Table 2.4 Rare species of Braunton Burrows 
Source: Adapted from English Nature (1992) and Wolton (1995). 

Species 

water germander 
(Teucrium scordium) 

early gentian 
{Gentianella anglica) 

clustered club-rush 
{Scirpus holoshoemus) 

fen orchid 
(Liparis loeselii) 

sharp rush 
{Juncus acutus) 

petalwort 
{Petallophyllum ralfsii) 

variegated horsetail 
{Equisetum variegatum) 

round-leaved wintergreen 
{Pyrola rotundifolia) 

Rarity of species 

Braunton Burrows is one of only 3 sites in Great Britain 
for this rarity (protected species). 

This declining endemic plant now occurs at only 49 
localities in Britain (protected species). 

This species occurs only at Braunton Burrows and one 
other location in Great Britain. 

Braunton Burrows is one of only five sites in Great 
Britain for this rarity (protected species). 

Braunton Burrows and Northam Burrows are two of only 
five sites in Great Britain for this rarity. 

Braunton Burrows is one of only 12 sites in Great Britain 
for this rare liverwort. 

Braunton Burrows is the only site in Devon for this 
nationally rare species. 

Braunton Burrows is the only site in Devon for this 
nationally rare species. 
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Noitham BuriDws 

At Northam Burrows the diverse range of species makes the site a valuable ecological 

resource. The existence of various species within the system are dependent upon factors 

such as the underlying soil, topography and the drainage regime. On this basis the Burrows 

can be classified into distinct habitats, such as the coastal grasslands, which make up 

approximately half of the site, the intervening rush communities, the fixed dunes, the open 

channel ditches and the saltmarsh environment (Figure 2.2). 

A number of species found within these habitats are nationally important for their existence 

(Table 2.5). A more detailed description of the species found on Northam Burrows are 

described in the SSSI citation sheet included in Appendix A. 

Table 2.5 Rare species of Northam Burrows. 
Source: Adapted from Devon County Council (1993) and Wolton (1995). 

Species 

water germjinder 
(Teucrium scordium) 

fen orchid 
(Liparis loeselii) 

sharp rush 
(Juncus acutus) 

Rarity of species 

Northam Burrows is 1 of only 3 sites in Great Britain for 
this rarity. 

Northam Burrows is 1 of only 5 sites in Great Britain 
for this rarity (protected species). 

Northam Burrows is 1 of only 5 sites in Great Britain 
for this rarity (protected species). 

As mentioned when describing the rare flora of Braunton, the water germander {Teucrium 

scordium) is a particular rarity and protected species. This species requires open and wet 

conditions, and is found in the Inland Sea at Northam Burrows (Figure 2.2). The staff at 

Northam are concerned that if the perceived drying out of the system continues, then site 

conditions may no longer be suitable for its successful colonisation. A further concern is 

that as a result of lower water levels, bramble {Rubus fruticosus) is encroaching and taking 

over many clumps of sharp rush (Juncus acutus). A GIS survey of the site in 1991, showed 

that since 1964 the rush communities have declined by 50 % (Jollands, 1991). 
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Dawlish Warren 

Dawlish Warren with its various habitat types, including mobile dunes, semi-fixed dunes, 

fixed dunes, saltmarsh, freshwater wetland and ponds, has been colonized by a diverse 

range of plant species. Around 350 species of flowering plants have been recorded on 

Dawlish Warren (de Lemos, 1992). The nationally important species are listed in Table 

2.6. 

Table 2.6 Rare species of Dawlish Warren 
Source:de Lemos (1992) and Walsh (pers.comm). 

Species 

Warren crocus 
(Romulea columnae var. 
occidentalis) 

petalwort 
(Petallophyllum ralfsii) 

bulbous meadow grass 
(Poa infirm a) 

shepherd's cress 
(Teesdalia nudicaulis) 

Rarity of species 

Dawlish Warren is the only mainland Britain site 
where this species is found. 

Dawlish Warren is one of only 12 sites in Great 
Britain for this national rarity and was only 
discovered on the Warren in July 1997. 

Nationally scarce. 

Nationally scarce. 

The Warren crocus {Romulea columnae var. occidentcdis), shepherd's cress {Teesdalia 

nudicaulis) and bulbous meadow grass {Poa infirma) are all found on the golf course and 

are threatened by the drainage regime and pressures fi-om human recreation. 

The area most threatened by the apparent falling water table is Greenland Lake, where the 

encroachment of scrub species such as birch {Betula pubescens), elder {Sambucus nigra) 

and willow {Salix cinerea, Salix repens) are replacing the damp loving species such as the 

southern marsh orchid {Dactylorhizapraetermissa), autumn lady's tresses orchid {Spiranthes 

spiralis), yellow bartsia {Parentucellia viscosa), greater birds-foot trefoil (Lotus uliginosus) 

and the michaelmas daisy {Aster novi-belgii) (de Lemos, 1992). A more detailed accoimt 

of the flora of Dawlish Warren is described in the SSSI citation sheet (Appendix A). 
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2.7 Land drainage 

This section will describe the land drainage regime operating within each of the dune 

systems, because ultimately drainage losses via ditches, tile drains and into ponds may 

influence, or control the long-term elevation of the water table. 

Braunton Burrows 

The 18 hole links course to the north of the Braunton system is drained by an open channel 

ditch and a tile drain system. The drainage waters collect in the ditch and drain into the 

adjoining Braunton Marsh system (Figure 2.1). These drainage waters effectively become 

a net loss from the dune system. The seasonal effect of the golf course drainage system on 

the elevation of the water table within Braunton Burrows will be discussed further in 

Section 5.2.4. 

Drainage ditches also dissect the fields to the North of Sandy Lane car park (Figure 2.1), 

and drain into the Braunton Marsh system. West Boundary Drain forms the inland 

boundary between the dune and marsh systems (Figure 2.1) The possible effects of the 

management of this channel on the elevation of the water table on the Burrows will be 

discussed further in Section 5.2.5. 

Noitiiam BuiTOWS 

At Northam Burrows a network of ditches, drain surface water and possibly groundwater 

from the south eastern part of the system (Figure 2.2) in order to prevent widespread 

surface flooding. These drainage waters ultimately feed into an arterial channel, the Pill, 

which drains out into the Skem. The flow regime of the Pill is not managed and with tides 

greater than 5.8 m saline waters inundate the channel and flow up as far as Goosey Pool 

(Figure 2.2). These waters drain as the tide recedes. 
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Goosey Pool is a shallow water area (Figure 2.2) subject to large water level fluctuations 

caused by tidal inputs. Before the area was infilled with sediment dredged from the Pill, 

Goosey Pool was an extensive surface water body up to one metre deep and attracting a 

diverse range of wildlife (Corrin, pers. comm.). 

Sandymere and Greysand Lake are both artificial surface water features, which 

characteristically flood during the winter months (Figure 2.2). The water level in Greysand 

Lake is controlled by an overflow pipe and penstock. With tides greater than 5.8 m and 

when the penstock on the overflow pipe is open, tidal waters replenish the pool. 

Sandymere is not really a drainage feature merely a perched ephemeral surface pool, which 

contains brackish waters. A major input to the pool is from tidal breaching of the pebble 

ridge. 

Dawlish Waircn 

The golf course at Dawlish Warren is artificially drained by a herring-bone system of 

imderground clay drainage pipes, which feed into a main drainage channel (Figure 2.11). 

These drainage waters either flow directly out into the estuary, or collect in a pond at the 

eastern tip of the golf course. The pond is the sink of the system and water levels on the 

golf course are partially controlled by the elevation of standing water in the pond. Water 

is pumped directly from the holding pond out into the Exe Estuary and again is effectively 

a net loss from the groundwater system, as discussed fiirther in Section 6.17.1e. 

Two more ponds were created on the Local Nature Reserve in 1983, not for drainage 

purposes, but to attract wildlife (Figure 2.3). The largest pond, situated to the east of the 

interpretation centre is approximately 0.6 ha and a smaller pond located at the easterly 

point of the reserve covers a maximum of 80 m^ depending upon the time of year. 

69 



o 

N 
Pump 
House 1.56 

Outfall I 

s 

Clubhouse 

f metres 
J L 

500 
I 

Figure 2.11 Drainage characteristics of Dawlish Warren golf course. 

Key 

-I 
2.04 

Clayware underground drains 

Existing open ditch 

Golf greens 

Spot heights 
(metres above sea level) 



2.8 Conservation status 

Table 2.7 summarises the conservation status of each dune system, which clearly illustrates 

the ecological and geomorpho logical importance of these ecosystems. The conservation 

value attributed to these sites also stresses why there is the need to understand how these 

systems function hydrologically, in order to prevent any future loss or damage to the dune 

habitat. 

Table 2.7 Conservation status of the study sites. 
Source: Keddie (1996a; 1996b), Wolton (pers. comm.) and Walsh (pers. 
comm.). 

Site name Conservation status Date 
Designated 

Braunton 
BunDws 

Site of Special Scientific Interest 

National Nature Reserve 

UNESCO Biosphere Reserve (One of only three sites in 
England to have this international conservation status). 

Candidate 'Special Area of Conservation' (EC Habitats 
Directive 

Part of the Hartland Heritage Coast 

Area of Outstanding Natural Beauty 

1976 

1964-1996 

1977 

1992 

1960 

Northam 
Burrows 

Country Park 

Site of Special Scientific Interest 

Part of the Hartland Heritage Coast 

Area of Outstanding Natural Beauty 

1974 

1981 

1992 

1960 

Dawlish 
Warren 

Local Nature Reserve 

Site of Special Scientific Interest 

Part of the Exe Estuary Ramsar site (wetland of 
international importance). 

Part of the Exe Estuary 'Special Protection Area' 
(EC Birds Directive) 

Part of the Warren is a Devon Wildlife Trust Reserve 

1978 

1981 

1992 

1992 
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In September 1996 English Nature withdrew National Nature Reserve Status fi-om 

Braimton Burrows, as a consequence of being unable to manage the site to the 

maximum benefit of nature conservation (Wolton. pers comm). However, as Braunton 

is a proposed 'Special Area of Conservation' site, English Nature continues to work 

closely with the Ministry of Defence (MOD) and the land owners to ensure that the future 

management of the site is sustainable and that nature conservation is of primary 

consideration. 

The SSSI citation sheets for Braunton, Northam and Dawlish (Appendix A) describe the 

importance of these systems for their ecological diversity and geomorphology. 

2.9 Land use and management 

Although the final hydrological management recommendations will afford primary 

consideration to nature conservation, the requirements of other land users and interest 

groups must also be taken into consideration. This section will therefore describe the varied 

land uses of each dune system. 

Braunton Buirows 

As described by English Nature (1993), the entire site of Braunton Burrows, with the 

exception of the foreshore (406 ha), is ovmed by the Christie Devon Estate Trusts. The 

foreshore (Saunton Sands) forms part of the Crown Estate and is leased to Braunton Parish 

Council. With reference to Figure 2.1, the Christie Devon Estate Trusts lease the northern 

113 ha of the Burrows to Saunton Golf Club. The MOD lease the southern two thirds (604 

ha) as a military training groimd. Between 1964 and September 1996 English Nature sub

leased this land fi-om the MOD and it was designated as a National Nature Reserve. To the 

east of the American Road three small areas of land known as Southern Flat, Middle Flat 
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and Northern Flat are leased to local people for grazing. The only land currently in the 

hands of the Estate is 155 ha between the golf course and Saunton Sands. Braunton 

Burrows is also of major importance for recreation, education and research. 

Nordiam Burrows 

Devon County Council has held the fi-eehold of Northam Burrows since 1974 (Devon 

County Council, 1993). The existence of Rights of Common on the Burrows has allowed 

generations of local residents access to fi"ee grazing. Grazing has helped produce the unique 

grassland habitat that now exists. Since the late 1800s part of the site has been leased to 

the Royal North Devon Golf Club (Figure 2.2). The 18 hole course has been described as 

the most natural links course in Great Britain after St. Andrews (Linaker, pers.comm.). 

Since the designation of Northam Burrows as a Coimtry Park in 1974 the site has been 

popular with local people and tourists for leisure and recreation. To the north of the 

Burrows, in the area around Greysand Hill 11.1 ha has been infilled by landfill tipping 

since 1942 (Devon County Council, 1993). Today an active landfill to the south west of 

this area covers an additional 4.4 ha (Devon Coimty Council, 1993). 

Danvlish Wairen 

At Dawlish, the Outer Warren and Greenland Lake are owned by Teignbridge District 

Council (Figure 2.3) and are heavily used for leisure, recreation and educational purposes. 

The Inner Warren is leased by Devon Wildlife Trust to Dawlish Golf Club, who have 

established an 18 hole golf course (Teignbridge District Covmcil, 1992). 
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2.10 Conclusion 

Table 2.8 summaries the key physical characteristics of Braunton Burrows, Northam 

Burrows and Dawlish Warren and describes the impact of human activity on the 

hydrological functioning of the systems. 

Table 2.8 Summary characteristics of the dune systems. 

Landscape 
characteristics 

Size 

Qimate 

Geology 

Geomoipbology 

Characteristics of the 
slack soils and dune 
sands 

Vegetation 

Land drainage 
characteristics 

Conservation status 

Land use 

Braunton Buirows 

1,350 ha 

Northam Buirows 

423 ha 

The annual average precipitation (1972-1995) is 878.3 mm. 
Autumn and winter months receive the most precipitation. 
Evapotransptration losses are highest from May to August. 

Pilton Shales, overlain by silt and 
clay and aeolian sands. 

Three main dune ridges reaching 
a maximum of 40 m above CD. 
Inland of the dune ridges is a 
undulating coast plain with 
fragmented dunes and wet slacks. 

Dry dunes; Sandy rankers. 
Slacks;gleyed soils. 

12 % of system covered by 
invading scrub. Rare plant species 
include the water germander, fen 
orchid and sharp rush. 

Tile drains and a drainage ditch 
on the golf course. Drainage 
ditches dissect the agricultural 
fields to the north of Sandy Lane 
car park smd West Boundary 
Drain runs along the eastern 
margin of the dune system. 

SSSI, Biosphere Reserve, 
formerly a National Nature 
Reserve, proposed SAC site and 
part of the Hartland Heritage 
Coast, and an Area of 
Outstanding Natural Beauty. 

Nature conservation, golf course, 
military training ground, grazing 
and leisure activities 

Pilton Shales overlain with 
alluvium and aeolian sands. 

Coastal plain, with a single 
dune ridge along its seaward 
margin, reaching a 
maximum of 15 m above 
OD. The site is partially 
protected by the Pebble 
Ridge. 

As described for Braunton. 
Near the Pill silt and clay is 
prominent in the soil profile. 

Bramble invasion. Rare 
species include the water 
germander and the sharp 
rush. 

Drainage ditch network 
discharging into the Pill. 

Country Park, SSSI and part 
of the Hartland Heritage 
Coast, and an Area of 
Outstanding Natural Beauty. 

Nature conservation, golf 
course, grazing land and 
leisure activities. 

Dawlisb Warren 

200 ha 

Similar seasonal precipitation 
and evapotranspiration 
characteristics as for Braunton 
and Northam. The annual 
average precipitation (1972-
1995) is 776.3 mm. 

New Red Sandstone overiain 
by gravels, silt, clay and 
aeolian sand. 

Consists of two main dune 
ridges. 
Outer Warren: mobile fore 
dunes backed by a semi fixed 
dune ridge, 6-8 m above OD. 
Inner Warren: fixed dune 
ridge, 4-6 m above OD.Former 
tidal creek separating the Inner 
and Outer Warren. 

Dry Dunes;sandy rankers. 
Greenland Lake: gleyed soils. 

Scrub encroachment into 
Greenland Lake. Rare species 
include the sand crocus, 
shepherds cress and bulbous 
meadow grass. 

Herring bone drainage network 
on the golf course. Drainage 
waters collect in a pond and 
drain into the Exe. 

SSSI, Local Nature Reserve, 
part of the Exe Estuary 
Ramsar Site and Special 
Protection Area. Part of the 
Warren is a Devon Wildlife 
Trust Reserve. 

Nature conservation, golf 
course and leisure activities. 
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Chqpter 3 

Experimental Design 

3.0 Introduction 

Experimental design was of paramount importance to the successful fulfilment of the 

aims of this research; to describe the spatial and temporal hydrological characteristics 

and functioning of the groundwater systems at Braunton Burrows, Northam Burrows and 

Dawlish Warren; to assess whether these systems were drying out and if so, to 

determine the most probable causes, and finally to recommend sustainable hydrological 

management options for each system, aimed at raising water levels, or preventing any 

future lowering of the water table. The experimental design controls the scale of the 

investigation, the representativeness of individual monitoring or sampling sites, the types 

of observations made, the validity of the collected data and its subsequent usefulness in 

fulfilling the outlined aims of this research. 

This chapter therefore aims to describe the experimental design developed in order to 

successfully undertake the detailed hydrological investigation of three Devon sand dune 

systems. The chapter will firstly consider the scale of the research, before describing 

the field and laboratory procedures used to ensure the collection of representative and 

accurate data. 

Data collected on Braunton Burrows will also be used in the parzimeterisation and 

calibration of a groundwater model. Chapter 3 will therefore include a detailed section 

on the history and development of groundwater models in water resource management 

investigations. This section will also establish the purpose of modelling at Braunton and 

will evaluate the applicability of selected models to simulate the hydrogeology of the 

site, and to predict the long-term behaviour of the groundwater system. 
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3.1 Scale of investigation 

As first described in Section 1.2.1, the spatial hydrological characteristics and the 

functioning of the groundwater systems were considered at three investigative scales, in 

order to build up a detailed picture of the hydrological complexity of each dune system 

(Table 3.1). At Braunton, because of the sheer size of the dune system (1,350 ha) the 

physical properties of the dune sands were investigated at an additional scale, which is 

described throughout the thesis as a detailed experimental site (Table 3.1). 

Table 3.1 Scale of the hydrological investigation at Braunton, Northam and Dawlish. 

Level of 
investigation 

1 

2 

3 

4 

Scale of Analysis 

Hydrology of the entire dune 
system described with the aid 
of water table contour plots 

Flow-nets and cross sections 
used to describe spatial and 
temporal variability in the 
elevation, shape and gradient 
of the water table. 

Detailed experimental sites 
used to characterise the 
physical properties of the dune 
sands at Braunton. 

Individual water table 
monitoring sites used to 
describe intra-site variability in 
the aimual cyclical response of 
the groundwater system. 

Generality of the hydrological 
interpretation. 

Gen 

Spec 

eral 

:ific 

At Braunton five detailed experimental sites were investigated (Figure 3.1), four 

consisting of dune and slack units and the fifth was a peripheral site within an area of 

dune turf and scrub. To ensure spatial representation the sites were chosen with 

consideration to their geographical location within the dune system. As shown in Figure 

3.1, two of the detailed experimental sites were located within the high dune ridges, 

along the eastern side of the system (Horse Breakers Slack and Round Slack). In 
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comparison, a further two sites were within the Inland Plain surrounded by fragmented 

dunes reaching a maximum height of 16 m above OD (Cotton Slack and J-Lane Slack) 

(Figure 3.1). The final site, Bridle Path was at the inland margin of the dune system 

(Figure 3.1). 

At both Northam and Dawlish physical properties of the dune sands were analysed next 

to each water table observation site within the monitoring network (Section 3.2.3b). 

This sampling strategy ensured a detailed spatial analysis of sediment properties and was 

also essential to explain intra-site variability in the annual cyclical response of the 

groundwater system. 

The requirement to describe the hydrology and physical properties of the dune sands at 

the described investigative scales was of paramount importance when designing and 

supplementing the water table monitoring networks (Section 3.2.3). 

3.2 Field procedures 

3.2.1 The measurement of ground water levels 

Water table data provide records of short-term changes and long-term trends of storage 

fluctuations within a specific aquifer (Alexander, 1983) and were required to 

successfully fulfil the aims of this research. The scale and design of the water table 

monitoring network and the validity of the collected water level data, wdth regards to 

well design characteristics and installation procedures were all important factors to be 

taken into consideration. 
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Figure 3.1 Experimental sites at Braunton Burrows. 
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The water table can be defined as the level at which water pressure is equal to 

atmospheric pressure and hence is the level at which water will stand in a well that is 

hydraulically connected with the ground water body (Brassington, 1993; Oilman, 1994). 

In an unconfmed aquifer any change in barometric pressure can be transmitted directly 

to the water table both in the aquifer and in the well, so that heads remain equal and no 

measurable change in the water level occurs (Todd, 1959; Price, 1996). 

At all three sites water table elevations were monitored through the use of dipwells, 

which consisted of perforated plastic piping, screened to avoid sedimentation. At 

Braunton Burrows observation pits, retained in the monitoring network from the earlier 

hydrological study by Willis et d. (1959a), were also used to monitor water table 

elevations. These pits were a maximum of 1 m deep, with an area of 0.25 m .̂ 

Consecutive measurements of the phreatic water level were made from the same position 

on the edge of the observation pit, to limit any measurement error. 

In addition piezometers were installed within each of the detailed experimental sites to 

determine the K^^ of the dune sands. Only the lower section of the piezometer casing 

is perforated to allow flow into the well. The length of the perforated casing is 

therefore the depth over which K̂ g, is determined. 

3.2.2 Dipwell and piezometer design considerations 

The well diameter, casing and screening characteristics, and the installation procedures 

will determine the representativeness and accuracy of any collected water table data, or 

hydraulic measurements. 

Research by Price (1996) and Ward (1963; 1975) concluded that the validity of the water 
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level readings in a well will increase as the diameter of the well decreases. Basically the 

wider the well the more it departs in size from the interstices in which ground water is 

naturally held and the more likely it is to improve artificial flow conditions, which 

ultimately result in a lowering of the water table in the well. Further to this, Kruseman 

and de Ridder (1977) and Oilman (1994) state that if the diameter is large the volume 

of water contained within the well may cause a time lag in changes of draw down, 

particularly when the water table is varying rapidly. Considering the requirements of 

this research, to monitor short-term water table responses in permeable dune sands, such 

as in a slug test (Section 3.2.6a), plastic piping with a diameter of 3.5 cm was used to 

construct any new dipwells, or piezometers installed during the fieldwork programme 

(September 1993-March 1996). Similar sized dipwells and piezometers have been 

successfully used by Clarke (1980), Alexander (1983) and Jones (1993) in the collection 

of representative water level data. 

A further consideration was the possibility of head loss caused by the well casing, which 

had the purpose of supporting the sides of the hole, but allowing a maximum volume 

of water to enter the well with a minimum of hydraulic resistance (Todd, 1959). Head 

loss through a perforated well casing is controlled by the percentage of open area. 

Kruseman and de Ridder (1977) state that the well should be slotted, or perforated over 

no more than 30 to 40 % of its circumference to keep the entrance velocities less than 

0.03 m s''. At this velocity the friction losses through the well casing are negligible. 

This percentage open area was therefore ensured when constructing dipwells and 

piezometers for use within this research. 
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3.2.3 The observation well netwoik 

a) The existing observation well netwoik at Braunton Burrows 

At Braunton Burrows, the Nature Conservancy, the Nature Conservancy Council and 

English Nature (NC, NCC and EN) have been monitoring water table elevations at 26 

locations, on a monthly basis since June 1972 (Figure 3.2). Water table observation pits 

maintained from the earlier hydrological study of Willis et al. (1959a) were found at 14 

of these sites and dipwells had been installed at the other 12 sites. For the purpose of 

the hydrological investigation at Braunton, the observation pits and dipwells were 

collectively described as observation wells. The monitoring network was revised in Jime 

1992. Some of the less accessible southerly monitoring sites were abandoned and a 

transect of six observation wells was installed to the north of the monitoring network 

(coded 1N-6N on Figure 3.2). 

The observation wells were located along environmental gradients from east to west and 

north to south (Figure 3.2), mainly in the southern part of the dune system, within the 

boundaries of the former National Nature Reserve. Although the inherited observation 

well network provided exceptionally valuable long-term (1972-1995) water table 

elevation data, there was notably a lack of observation wells in the central third of the 

system and on the golf course to the north (Figure 3.2). This meant that the 

hydrological interpretation of the site (Chapters 4 and 5) was based primarily on water 

table data collected in the southern part of the dune system. The spatial distribution of 

observation wells within the inherited monitoring network also made it difficult to 

evaluate the possible effects that factors such as the golf course drainage system were 

having on the long-term elevation of the water table (Section 5.2). 
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Figure 3.2 Location of observation wells on Braunton Burrows. 
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Using the inherited observation well monitoring network and the available long-term 

water table elevation data, the hydrological characteristics and functioning of the 

groundwater system were evaluated at the three investigative scales described in Table 

3.1. 

The existing observation wells were positioned with consideration to the following 

points; 

1. to monitor the hydrology of the slacks at varying elevations within the dune 

system. These are the areas of prime botanical interest and the most susceptible 

to long-term hydrological change. 

2. to avoid the high the dunes where it was difficult to reach the water table. 

3. accessible for regular monitoring. 

These criteria ensured that comprehensive water table elevation data were collected. At 

both Northam and Dawlish similar criteria were adopted, although because the 

monitoring networks were being developed from scratch greater consideration could be 

given to the spatial representativeness of individual dipwells (Section 3.2.2b). 

b) Hie dipwell monitoiiiig netwoik at Noitiiam Buirows and Dawlish Warren 

Water table elevations had not been monitored on either Northam or Dawlish prior to 

the start of this research. In September 1993, at the very start of the fieldwork 

programme, a monitoring network of 14 dipwells were installed at Northam Burrows 

(Figure 3.3) and six at Dawlish Warren (Figure 3.4). Three more dipwells were added 

to the Dawlish monitoring network between February and May 1995, when it was 

realised that more detailed water table data were required on the golf course and within 
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Figure 3.3 Location of dipwells on Northam Burrows. 
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Figure 3.4 Location of dipwells on Dawlish Warren. 
(Exploratory boreholes refer to Section 3.2.7) 
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Greenland Lake. Early installation of the dipwells was essential to monitor the rise in 

the water table through the autumn and winter months of 1993/1994. Also, the low 

water table elevations at the start of the research in September 1993 were beneficial 

when manually installing the dipwells. The dipwells were installed to a depth of between 

1.2-2.5 m, with the primary aim of positioning them below the lower limit of any annual 

cyclical water table fluctuations. The liquid nature of saturated sand made hand 

augering below the water table impossible. To build up a detailed picture of the 

temporal hydrological characteristics of these systems water levels were monitored 

weekly. 

The dipwells at both Northam and Dawlish (Figures 3.3 and 3.4) were located with 

consideration to the following points; 

1. spatially distributed to evaluate any intra-site variability in the annual cyclical 

response of the water table and also to build up a picture of the shape and 

elevation of the groundwater system. 

2. to identify possible factors influencing annual/seasonal water table fluctuations, 

such as artificial drainage or scrub encroachment. 

3. to monitor the sites where the rare plant species are most threatened by the 

changing hydrological regime, such as in the Inland Sea at Northam Burrows and 

within Greenland Lake at Dawlish Warren. 

4. accessible for regular monitoring. 

5. out of direct view of the public, to avoid vandalism and the subsequent loss of 

valuable weekly water table readings. 
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Also at Dawlish Warren in the main pond to the east of the interpretation centre (Figure 

2.3) a stage board was installed and levelled to OD to record weekly water level 

fluctuations. 

3.2.4 Surveying 

At each study site the dipwells, piezometers and observation pits, were levelled to OD 

(Newlyn) using an electronic distance measurer (EDM). Principally, the EDM measures 

the time difference between a transmitted and reflected laser beam of radiation (Gordon 

et al., 1992). The target is a reflective surface. The EDM was used in this research to 

measure distances between monitoring sites and their elevation differences. By 

converting water table measurements to metres above OD the water table data collected 

from individual observation wells could be related to each other to describe the 

hydrological characteristics of each system. 

At Northam and Dawlish additional spot height measurements were taken to build up 

topographical maps of the sites. A detailed land surface contour map was published for 

Bravmton Burrows by the Nature Conservancy Coimcil in 1990. 

The maintenance and management of West Boundary Drain, located along the eastern 

margin of the dune system, was identified by English Nature as a possible contributing 

cause for the perceived lower water levels on Braimton Burrows. An EDM survey of 

this drain was therefore undertaken to describe the geometry of the channel and 

ultimately from a management perspective to evaluate the potential for raising seasonal 

water levels within this ditch without causing widespread flooding of the surrounding 

agricultural land (Section 5.3.3). Cross-sections of West Boundary Drain similar to 

those shown in Figure 3.5 were drawn up for each of the survey points shown on Figure 
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3.6. These data were also used to simulate the drain when modelling the Braunton 

groundwater system (Chapter 7). 

Top of bank 

A - F EDM survey points 

Channel bed elevations were measured equidistantly across channel width 

Figure 3.5 West Boundary Drain cross-section measurements 

3.2.5 The tidal cycle 

The literature reviewed in Section 1.4.3 clearly stated that there was no relationship 

between water table fluctuations and the height of the tide at Braunton (Willis et al., 

1959a), Newborough Warren (Ranwell, 1959) or Ainsdale (Clarke, 1980). However, 

the literature does not describe the method of observation, or the degree of accuracy. 

Therefore, it was thought necessary to substantiate these results with the use of highly 

sensitive water level recorders. Any tidal influence would need to be taken into 

consideration when describing spatial and temporal differences in annual cyclical water 

table fluctuations. 

At Braunton water table fluctuations were monitored over a 24 hr period, during a 

spring tide, in dipwell 6N (Figure 3.1), which was located in a slack 250 m inland from 
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the seaward edge of the fore dune ridge. The monitoring equipment included a Druck 

pressure transducer, connected to a 21X Campbell data logger. The pressure transducer, 

designed to measure water level changes according to the head above it, was secured in 

the dipwell, at a point below the elevation of the water table. The data logger was 

programmed to monitor changes in head every 10 minutes. 

A similar experiment was carried out at Northam Burrows on dipwells 11 and 12 

(Figure 3.3), which were within 150 m of the High Water Mark (HWM), situated in a 

former area of saltmarsh. Preliminary analysis of the water table data from dipwell 11 

displayed irregular weekly fluctuations throughout the period of monitoring (October 

1993-March 1996), which was possibly a tidal influence (Section 6.7). Dipwells 11 and 

12 were monitored simultaneously for an initial period of 8 hrs. Dipwell 11 was 

monitored in total for 72 hrs, with the loan of an additional data logger and pressure 

transducer from Devon County Council. Insurance problems with university equipment 

meant that the data logger on dipwell 12 had to be removed after the initial 8 hrs. 

To determine whether the tide was influencing water table fluctuations at Dawlish 

Warren the main pond next to the interpretation centre (Figure 2.3) was monitored for 

a period of 72 hrs, during which time a high spring tide occurred. A dipwell was 

temporarily installed in the cenfre of the pond and was monitored every ten minutes with 

the use of the data logger and pressure transducer. 
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Figure 3.6 Survey points on Braunton Marsh. 
(Discharge measurement sites refer to Section 3.2.10.) 
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3.2.6 Saturated hydraulic conductivity (K̂ a,) 

Kja, measures the ease of water movement through the dune sands, as defined in Section 

1.5. This hydraulic property was considered when describing intra and inter-site 

variability in the annual cyclical functioning of the groundwater systems. 

a) K ,̂ below the water table 

There are a number of well documented field methods which will give a representative 

measurement of K^^ below the water table. The auger hole method developed by 

Hooghoudt (1936) and described in Luthin and Kirkham (1949) involved augering holes 

of a known dimension and then adding water and observing water table fluctuations. 

This method was impractical in this research because of the non-cohesive nature of the 

dune sands. The auger hole method was later improved by Kirkham (1945), Kirkham 

and Van Bavel (1948) and Van Beers (1958) and the hole was lined with an open ended 

cylinder. However, Bonell (1972) and Jones (1993) both working in a sandy medium 

had major problems with removing upwelling saturated sand, which quickly filled the 

liner. 

An alternative method, described by Cooper et d. (1967), Papadopulus et al. (1973), 

Bouwer and Jackson (1974), Bouwer and Rice, (1976), Van der Kamp (1976) and Black 

(1978) was the slug test. A slug test calculates K^ fi-om the rate of rise of a water level 

in a lined and capped auger hole after a certain volume or 'slug' of water has been 

removed or added to the well (Bouwer and Rice, 1976). This was thought to be the most 

appropriate method for the determination of K^ in saturated dune sands and was 

successfully employed at Kenfig by Jones (1993). 

At Braunton, slug tests were carried out on the nested piezometers installed in the 
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detailed experimental sites (Section 3.1). K̂ ,̂ was measured at a depth of 0.70-1.0 m, 

2.70-3.0 m and 5.50-6.0 m from the ground surface. At Northam screened piezometers 

were temporarily installed within 3 m distance of each dipwell in the monitoring 

network, measuring K^^ at various depths from the ground surface, to a maximum of 

2.50 m. Similarly at Dawlish screened piezometers were also temporarily installed within 

3 m distance of dipwells 1, 2, 3A, 5, 6 and 8 to facilitate measuring K^^ at various 

depths to a maximum of 0.95-1.25 m. Again the liquid nature of saturated sand limited 

the depth to which the piezometers could be installed. 

To avoid non-representative K̂ ,̂ measurements the piezometers were flushed to remove 

any sediment accumulating in the bottom of the pipe and to minimise smearing around 

the outer wall of the piezometer. A pressure transducer was then lowered into the 

piezometer and secured at a point that would be below the water level after the slug was 

removed. The steady head in the piezometer was recorded before the slug of water was 

removed. The pressure transducer was cormected to a Campbell data logger and 

programmed to measure the recovery of the water table on a ten second interval. A 

slug of water was then rapidly removed using a bailer and the progressive recovery 

recorded. A problem faced in this experiment was that the removal of the slug did not 

sufficiently lower the water table, because of the high permeability of the dune sands. 

A stirrup pump was therefore used to remove 30-50 cm depth of water, pumping for 

approximately 20 seconds. 

An experimental design consideration was the number of slug tests to be carried out on 

each well to ensure a representative value of K̂ ,̂. As recommended by Van Beers 

(1958), Boersma (1965a) and Bonell (1972) it was more important to gain a 

representative spatial value for K̂ g, carrying out tests on more holes, rather than 
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repeating the test numerous times on the same hole. If human error was suspected, or 

if the data logger water table recovery measurements were irregular then the slug test 

was repeated on the same auger hole. 

At a later stage the water table recovery data were down loaded from the data logger 

and used to determine values of K^^ using the computer package AQTESOLV, 

developed by Geraghty and Miller Inc. (1991). A full description of the analysis method 

is provided in Section 4.8.3. 

b) Kj3t above tbe water table (well penneameter) 

The determination of K^ above the water table was only determined at Braunton. The 

purpose of this experiment was to determine the degree of K̂ ,̂ variability within the 

system and also to compare the well permeameter K̂ g, results with those measured in 

the slug test experiments. 

Ks3, above the water table can be determined by either field or laboratory based methods. 

However, it is well documented in the literature that laboratory determination of K̂ ,̂ 

often incurs considerable error (Christiansen, 1944; Kirkham, 1945; Sillanpaa, 1959; 

Jones, 1993). Transportation of a sediment core from the field to the laboratory may 

considerably alter the properties of the sample and was a particular problem with non-

cohesive dune sands. 

Field methods for determining K̂ ,̂ are based on the measurement of the rate of flow of 

water from a lined, or unlined auger hole. However, there £ire a number of limitations 

to many of these methods. The double-tube method, the shallow-well pump in method 

and the cylinder permeameter methods, described by Boersma (1965b), are all time 
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consuming, require large quantities of water, considerable manpower, specialised 

equipment and have been used with varying degrees of success. 

For these reasons, it was therefore decided to use an alternative method known as the 

simplified well permeameter technique, which required less water and could easily be 

operated by one person. The technique was developed by Talsma and Hallam (1980) 

and was essentially a refinement of the shallow-well pump in method for determining 

Kja, above the water table. The simplified well permeameter technique calculated K^^ 

by measuring the rate of flow from an unlined auger hole, whilst maintaining a constant 

head (Bonell et al., 1983). The principal problem with this method was that because of 

the non-cohesive nature of the dune sands a liner was required. Liners, perforated the 

length of the hole and open ended, but screened with a fine netting to avoid blockage 

were installed for the measurements. Bonell (1972), stated that if the liner was 

sufficiently perforated (30 to 40 % of its circumference) its use should not cause any 

restriction of flow during the recovery and may therefore successfully be used to support 

the hole in the simplified well permeameter experiment. 

The simplified well permeameter consists of two concentric acrylic tubes and adjustable 

legs, as illustrated in Figure 3.7. The principle of this experiment was to measure the 

rate of water infiltration fi-om the permeameter in order to maintain a constant head (H 

in Figure 3.7) in the lined auger hole. A pre-wetting phase of a minimum of twenty 

minutes was required in an attempt to saturate the area immediately around the auger 

hole and to develop a constant head within the liner. The formulae used to analyse the 

well permeeuneter data are described in Appendix B. 
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Auger hole 

Figure 3.7. The simplified well permeameter 
Source: Adapted from Chappell (1990). 

The well permeemieter experiment was carried out on dimes adjoining four of the 

detailed experimental sites, namely Cotton Slack, Round Slack, Horse Breakers Slack 

and J-Lane Slack (Figure 3.1). K̂ g, was calculated at the base of the dune, mid-slope 

and at the top of the dune. At each of these locations the well permeameter test was 

carried out on three separate augur holes to ensure a representative K̂ ,̂ value for the 

site. The lined auger holes were 0.5 m deep and the base of the well permeameter was 

set at 0.4 m. Therefore the constant head (H) and the determination of K^^ were 

determined for the depth 0.4-0.5 m (Figure 3.7). 

3.2.7 Depth to bedrock or an impeimeable layer - seismic hammer and drilling rig 

To calculate the depth of the salt water, fresh water interface (Sections 4.6, 6.6 and 

6.14) and to parameterise the groundwater model (Chapter 7), data on the depth to 

bedrock or an impermeable layer that would form the lower boundary of the 

groimdwater systems were required. 
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The most economic method for the determination of the depth to a consolidated 

underlying substrate, such as clay, or rock was the seismic hammer. This technique 

worked on the principle that energy being passed into the ground would be reflected 

when it encountered a less penetrable layer. The deflected signal was detected by a 

series of geophones connected to a seismograph. The time interval between the original 

and reflected energy wave was a function of the depth to a less penetrable layer. 

However, when using the seismic hammer at Braunton Burrows, up over Warble Fly 

Hill and down into Horse Breakers Slack (Figure 3.1), inconclusive results were 

obtained. The high sensitivity of the seismograph in the sandy medium detected a 

wetting front 2-4 m from the ground surface (Figure 3.8). 

An alternative method was to drill down through the sand dune profile to bedrock, or 

a continuous impermeable layer. In unconsolidated material, such as dune sands, Todd 

(1959) suggested that the most appropriate drilling technique was the rotary method. 

With the use of the Squirrel Drilling Rig fi-om the Department of Geological Sciences, 

University of Plymouth, this method was employed on both Braunton Burrows and 

Northam Burrows (Plate 3.1). Auger flights were rotated vertically into the ground, 

coiling up the excavated material. A total of 15 auger flights were available allowing 

a maximum drilling depth of 13.50 m. 
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Figure 3.8 Seismic profile up over Warble Fly Hill and down into Horse Breakers Slack. 



Plate 3. The drilling rig. 

At Braunton depth to bedrock or an impermeable clay layer was quantified at five sites, 

(labelled Ptl-Pt5 on Figure 3.1). As described in Section 2.4, Northam Burrows forms 

an alluvial plain overlain by wind blown sand. The depth to the silt and clay material 

was investigated at six locations within the dune system (Figure 3.9). The sheer size 

of the Braunton and Northam systems, economic constraints and problems of 

accessibility limited the number of sites where depth to bedrock or an impermeable layer 

could be investigated. Therefore, the data presented in Sections 4.5 and 6.5 should only 

be taken as a probable indicator of the depth and continuity of the lower basal layers of 

the groundwater systems. 
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Figure 3.9 Locations on Northam Burrows where depth to bedrock or an 
impermeable layer were determined. 
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Limited access to the Warren golf course, infilling of parts of Greenland Lake with 

boulders and rubble from the sea defence works and financial constraints, prevented a 

detailed geological survey of the Warren. However, geological surveys of the site have 

been carried out by Kidson (1950) and Durrance (1969;1980) and will be reviewed in 

Section 6.13. Also eight exploratory boreholes were hand angered on the golf course to 

a maximum depth of 2 m (Figure 3.4), to describe the characteristics of the underlying 

sediment. 

3.2.8 Particle size sampling 

Variations in the average grain size will ultimately influence water movement in both 

the saturated and unsaturated zones. At Braunton to determine the homogeneity of the 

dune sands with depth samples were collected fi-om four profiles on Warble Fly Hill 

(coded DR Profile I-IV on Figure 3.1), sampling every 0.90 m to a maximum depth of 

12.60 m with the use of the drilling rig. Before each additional auger flight (0.90 m in 

length) was added to the drill the hydraulic pressure was released and the drill was 

allowed to rotate on the spot. Material fi-om the lowest auger flight was coiled to the 

surface for sampling and returned to the laboratory for the determination of particle size 

distribution (Section 3.3.1). Using this sampling method the depth from which the 

samples were excavated was only an approximation. Taylor (pers. comm.) stated that 

with this sampling method there could be a 10 % error in the calculated depth from 

which the sediment was taken. Dune sands were not sampled beneath the water table, 

because the liquid nature of saturated sand made even an approximation of the sample 

excavation depth impossible. To evaluate spatial variability in particle size characteristics 

within the Braunton system samples were taken at 0.90 m depths above the water table 

at the sites where the drilling rig was used to determine depth to bedrock or an 

impermeable layer (coded Ptl-Pt5 on Figure 3.1) and during the installation of the 
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nested piezometers in the detailed experimental sites (Figure 3.1). 

At both Northam and Dawlish samples for particle size analysis were collected by hand 

angering. At Northam, to evaluate the spatial variability in particle size characteristics 

the dune sands were sampled at 0.50 m depths above the water table within 2.5 m 

distance of each dipwell within the monitoring network (Figure 3.3). Preliminary 

analysis of the material on the golf course at Dawlish, during the installation of the 

dipwell network, identified a silty/clay layer less than one metre from the ground 

surface. Therefore, to build up a detailed picture of the complexity of the sediment 

properties in this part of the system sediment was sampled at 0.20 m depths above the 

water table next to dipwells 5, 6, 6A, 7 and 8 (Figure 3.4). At a more detailed scale of 

investigation sediment was sampled every 0.20 m above the water table, on a 30 m x 

30 m grid across Greenland Lake (Figure 3.10). The purpose of this exercise was to 

determine whether the functioning of the groundwater system in Greenland Lake, a 

former tidal creek, was influenced by vju-iable particle size characteristics. 

3.2.9 Bulk density sampling 

Bulk density is one of the main characteristics which describes the relative proportions 

of solid and void in a soil (Pitty, 1979). Bulk density was considered at Braunton 

Burrows, to identify compaction, or the presence of an impeding layer that would cause 

variability in the rate of groundwater recharge. 
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>1 Sampling sites for the determination of particle size distribution. 

Figure 3.10 Particle size sampling sites in Greenland Lake, Dawlish Warren. 

There are three basic methods for determining bulk density; the excavation method, the 

clod method and the coring method (Blake, 1965, Smith and Atkinson, 1975). The basic 

principle of these methods is weighing and drying a known volume of soil (Blake, 

1965). Working in dune sands measuring the volume of a soil clod was not possible 

because of the lack of structural stability. Excavation of a known volume also proved 

impossible because of the non-cohesive nature of the dune sands, with the side walls of 

a soil pit collapsing. The most practical method for obtaining a known volume sample 

was therefore coring. Sampling took place during the wetter winter months when the 
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surface 0-50 cm were more cohesive, but not saturated. A cylindrical metal sampler with 

a plastic liner was pressed into the groimd to the desired depth removing a known 

volume of sample in situ. No samples were taken below the water table, because of the 

lack of suitable equipment to remove a saturated sand sample of a known volume. Bulk 

density samples were successfully taken at depths of 0-5 cm and 45-50 cm, at the same 

locations as the simplified well permeameter experiments were carried out (Section 

3.2.6b). 

3.2.10 Dischaî ge calculatioiis 

Discharge is defined as the volume of water passing through a given cross-sectional area 

of the channel, during a given period of time (Rantz, 1982). An extensive survey of 

channel discharge was undertaken on Braunton Marsh, primarily because of concerns 

expressed by English Nature that the water level management of the drainage ditch 

network and in particular West Boundary Drain was influencing water levels on the 

Burrows. To compare and contrast summer and winter discharge characteristics and to 

ensure representative measurements discharge readings were taken during four separate 

hydro-metric surveys, July 1994, January 1995, July 1995 and January 1996. 

Also on ten separate occasions during the hydro-metric surveys of January 1995 and 

1996, discharge from the golf course drainage ditch, on its entrance into Braunton Marsh 

was quantified. The purpose of these measurements were to quantify net winter 

drainage losses from the northern part of the dune system. Drainage losses from the 

golf course are considered fiirther when evaluating the impact of the golf course 

drainage system on the elevation of the water table within the Burrows (Section 5.2.4). 

As described by Petts (1983), the mean velocity of a channel cross-section is determined 
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from a number of point measurements. The basic procedure is to select a series of 

verticals, spaced at known intervals across the channel and to determine the depth and 

velocity at each. According to Dingman (1984) the standard procedure for hydrologists 

is to use a minimum of 20 verticals per channel. However, Linsley et d. (1975) stated 

that if the purpose of the survey was to relate the discharge from one channel to another, 

then it was more important to complete the survey to an acceptable degree of accuracy 

within the shortest time possible, thus avoiding changes in the discharge caused by 

additional inputs to the system from precipitation. According to the size of the drainage 

ditch, the majority of which on Braunton Marsh were less than 2.5 m wide at water 

level, between 5 and 10 verticals were measured. At each vertical water depth (D) was 

recorded and the mean velocity (V) was measured at four tenths of the depth from the 

charmel bed, or six tenths below the surface (Ingle Smith and Stopp, 1978; Rantz, 1982), 

(Figure 3.11). This method of determining mean velocity is used by the USGS where 

the maximum depth of water in the charmel is less than 0.76 m, or if the scale of the 

survey is large and discharge characteristics within individual channels are to be related 

to each other (Rantz, 1982). Flow measurements were converted into discharge values 

using the simple mid-section method (Figure 3.11). Each vertical was viewed as being 

in the cenfre of a subsection; the discharge of each subsection is calculated and the total 

charmel cross-sectional discharge is the simi of the subsection discharges. 

Within each subsection velocity was calculated with the use of an electromagnetic 

current meter. The instrument works on the principle that a conducting fluid moving 

through a magnetic field would induce a voltage, providing a direct measurement of 

velocity (Gordon et cd., 1992). The electromagnetic current meter has a calibrated 

velocity range of 0.000 m s"' to 1.500 m s"'. The machine also has the capability of 

measuring velocity within a vegetated channel. 
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Figure 3.11 The mid-section method for calculating discharge. 
Source: Petts (1983). 

Locations within the marsh drainage ditch system where discharge measurements were 

taken are shown on Figure 3.6. Discharge measurements were made a minimum of 10 

m distance from the convergence or divergence of drainage ditches (Figure 3.6), to avoid 

measuring irregular flows that could ultimately lead to misinterpreting the seasonal 

drainage regime of the system. 

3.2.11 Hie pump drainage system at Dawlish Warren 

As described in Section 2.9 the golf course at Dawlish Warren is pump drained during 

the wetter winter months to avoid widespread flooding. During the winter of 1995/1996 

the green keeper was asked to keep a log of the times when the pump was switched on 

and off, so that effective losses from the system could be calculated. Unfortunately the 
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data supplied at the end of the winter season were unreliable. 

3.3 Laboratoiy procedures 

3.3.1 Particle size analysis 

As described in Section 3.2.8 samples were taken at each of the dune systems for 

particle size analysis. A traditional method of particle size analysis is by wet or dry 

sieving (BS 1796) (Allen, 1993). A representative sub-sample is passed through a stack 

of sieves, which become progressively finer, separating the particles into group sizes. 

The weight of the sample retained on each sieve is weighed and expressed as a 

percentage of the total sieved sample. This method can be time consuming and becomes 

difficult when measuring dry powders under 38 jim (Day, 1965). An alternative 

technique for determining the particle size characteristics of a silt and clay rich sample 

is the pipette method (BS 1377), (McCave and Syvitski, 1991). 

In this research, particle size distribution was determined by a combination of dry 

sieving (p2irticles> 1.7 mm) and laser diffraction (particles <1.7 mm). Organic matter was 

removed from the samples by adding hydrogen peroxide, which when heated oxidized 

a large part of the organic matter to carbon dioxide (Day, 1965). The modem method 

of particle size analysis by laser diffraction has been described by McCave et d. (1986) 

and McCave and Syvitski (1991). Particles of a given size diffract light through a given 

angle, which increases as the size of the particle decreases. The parallel beam of 

monochromatic light, when passed through the suspended sample, diffracts and focuses 

onto a detector. The detector then calculates the angular distribution of the scattered 

light intensity, from which a computerised output of particle size distribution is 

displayed. 
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This method of particle size analysis has numerous advantages, as outlined in the 

Malvern Instruments Ltd (1993) handbook; 

1. it is non-intrusive, using a low power laser beam to produce the 

particle size. 

2. typically each sample will take less than one minute to analyse. 

3. gives a high resolution size discrimination. 

4. there are a number of lens ranges, chosen to suit the size range of 

the sample. The overall measurement range of the machine is 

fi-om 0.1 Jim to 2000 nm (2 mm). 

5. no calibration is required. The instrument is based on fundamental 

physical properties. 

Research has been carried out by Hartley (pers. comm.) to determine the accuracy of the 

laser diffraction method of particle size analysis. When analysing beach sands, using the 

sieving and laser diffraction methods, very similar particle size fi-equency distribution 

curves were obtained. However, when analysing a predominantly silt and clay sample 

the laser diffraction method consistently imderestimated the percentage volume of 

particles less than 62nm compared with the pipette method. A correction calibration 

graph has been produced (Hartley, pers. comm.), which was used when analysing 

predominantly silt and clay samples in this study. 
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3.3.2 Bulk Density 

To calculate bulk density the samples were oven dried, at a constant temperature of 

105°C, for 24 hrs. Dry bulk density (BD) is the ratio of the mass of dry solids to the 

bulk volume (Rowell, 1994), expressed as; 

BD=M<jA^ (gcm^) 

(Equation 3.1) 

where M^ is the total mass of dry soil (g) and V is the total volume of soil (cm^). 

3.4 Groundwater modelling techniques 

3.4.1 Hie development of groundwater modelling 

A model is any device that represents an approximation of a field situation (Anderson 

and Woessner, 1992). The application of groundwater models to practical problems has 

inevitably been controlled by developments in modelling techniques and the increasing 

power and sophistication of computing systems (Ashley, 1994). Several types of models 

have been used to study groundwater flow systems, which can be divided into three 

broad categories. 

The first category are described as physical models, which include sand tank models, 

consisting of a tank filled with an imconsolidated porous medium through which water 

is induced to flow (Freeze and Cherry, 1979; Wang and Anderson 1982; Ashley 1994). 

A major drawback with this type of model is scaling down fi-om the field situation to 

the dimensions of the laboratory model. Phenomena measured at the scale of a sand 

tank model are often different fi-om conditions observed in the field. It is also difficult 

to modify boundary conditions and parameter values. Accordingly this type of model 

can only be applied to simple defined problems requiring little or no calibration, or 

groundwater flow problems in simple layered aquifers. 
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The second category are described as analogue models, which includes viscous flow 

models (the Hele Shaw model) and electrical models (Freeze and Cherry, 1979; Wang 

and Anderson, 1982; Ashley, 1994). This category of model was widely used in the 

1950s before high-speed computers were available. The Hele-Shaw model is based on 

viscous flow between parallel glass plates, and electrical analogue models work on the 

principle that groundwater flow is analogous to the flow of electricity around a circuit. 

Voltage changes in the electrical analogue model are analogous to changes in 

groundwater head. A drawback with this category of model is that each one is designed 

for a unique aquifer system and parameter values, and boundary conditions cannot be 

easily changed. 

The third category is the mathematical model, which can be either an analytical or 

numerical solution. As computing became more widely available during the 1970s most 

physical and analogue models became redundant, due to the power of the mathematical 

model (Ashley, 1994). Analytical models are based on analytical flow equations, which 

are solved by graphical means, whereas numerical models are based on niraierical flow 

equations and are solved by computers (Anderson and Woessner, 1992). A numerical 

model is a replica of a real-world system (National Resezirch Council, 1990). As 

described by Peters (1987), analytical models are more appropriate for aquifer test 

analysis, or prediction over short periods of time, in simple geologic settings and at a 

local scale (typically hectares to several square kilometres). Numerical models are used 

for long-term groundwater assessments of large areas, with a range of aquifer properties, 

boundary conditions and water budget fluxes (Mercer and Faust, 1980). Commercial 

numerical models were readily available from the late 1970s, however, the simplicity 

of their conceptual basis meant that in most situations it was preferable for a modeller 

to code a model from scratch, to suit the particular requirements of the groundwater 
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modelling problem (Freeze, 1971; Narasimhan and Witherspoon, 1976; Frind and Verge, 

1978). Since the 1970s there has been steady progress in the development of more 

sophisticated commercially available numerical groundwater models, designed to 

simulate confined, unconfined and semi-confined multi-aquifers in one, two, or three 

dimensions (Anderson and Woessner, 1992). These commercial model codes have been 

thoroughly tested and evaluated. Today the ease of use of commercial software makes 

numerical modelling a more routine tool for the analysis of groundwater resource 

management problems (Ashley, 1994; National Research Council, 1990). Numerical 

models can now readily be used to examine the behaviour of groundwater systems, 

which are too complex to examine by analytical methods (Walton, 1991; Wood, 1993). 

However, the basic problem remains that no matter how sophisticated the numerical 

model is, the ability to predict groimdwater behaviour depends on the initial 

conceptualisation of the problem. 

Prediction models, employing numerical simulation techniques and 

homogenous/heterogenous aquifer parameters, have been widely used in groundwater 

resource management problems, as reviewed by Bradley (1994; 1996). A numerical 

model of the Braunton groundwater system would be ideal for this purpose and would 

have three main objectives; 

1. to investigate whether it was possible to apply a commercial groundwater flow 

model to the Braunton aquifer and calibrate it satisfactorily to simulate the 

complex hydrogeology, and domed water table of the Burrows. 

2. to gain a better insight in the hydrological functioning of the Braunton 

groundwater system and, 
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3. if the model can be calibrated, use it to test a set of hydrological management 

scenarios to predict the hydro-ecological consequences of altering boundary 

conditions, or introducing new management practices into the system. 

At Braunton a numerical model of the groundwater system would help provide 

quantitative answers to water resource management questions, which could not easily 

be answered with analytical solutions. For example, the model could be used to 

evaluate the impact that an increase in scrub coverage, or the deepening of the drainage 

ditches on Braunton Marsh, would have on the elevation of the water table. Specific 

water resource management questions relating to the Braunton scenario are listed in 

Section 7.1. 

3.4.2 Model criteria for Braimton Buirows 

Today there are many well tested and developed commercial models, which can simulate 

many different hydrogeological scenarios and so numerical models are rarely, if ever, 

developed from scratch. However, the successful application of an 'off-the-shelf model 

is dependent upon the applicability of the selected model to the groundwater regime. At 

this stage in the modelling process it was therefore essential to set the Braunton scenario 

into basic context so that a suitable model could be chosen. As described in Sections 

2.3 and 2.4 the Braimton dune system is a multi-layered aquifer. The unconfined aeolian 

sands are imderlain by layers of silt, clay and sand. Also to the east of the Burrows is 

Braunton Marsh, which will need to be modelled as semi-confined, or confined aquifer 

layers. Detailed quantitative accounts of the site hydrogeology will be described in 

Chapter 4, before conceptualising the system for modelling in Chapter 7. The chosen 

groundwater model must therefore be capable of simulating all aquifer types, confined, 

unconfined and semi-confined. 
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As described by Aral (1990a) in such a multi-layered system the main aquifer layers 

may lose or gain water through either, or both of the geologic formations boimding the 

main aquifers. The leakage between layers cannot be ignored due to the large horizontal 

contact areas involved and the large piezometric head differences that may exist between 

the main aquifer layers. This pressure difference is the principle driving force for 

leakage. Thus in a typical layered geologic formation the overall flow picture is that 

of a three-dimensional coupled, interactive groundwater flow system (Aral, 1990b). In 

most cases proper analysis of such systems must reflect this nature of flow. In contrast 

two dimensional groundwater flow models assume the Dupuit Forchimer principle, that 

no vertical flow occurs between boundaries (Freeze and Cherry, 1979), which can 

introduce error into the modelling predictions. 

Furthermore, two dimensional areal models that use the Dupuit assumptions calculate 

the head at the water table (Anderson and Woessner, 1992), but in two dimensional 

profile and three dimensional simulations the water table forms part of the upper model 

boundary. Head is equal to the sum of pressure and elevation head (Freeze and Cherry, 

1979). At the water table pressure is equal to atmospheric pressure and pressure head 

is set to zero. The water table is the most difficult of all boundaries to simulate and 

often, as in the case of Braunton Burrows, is the very feature that needs to be calculated, 

in order to recommend future water level management options to prevent any further 

lowering of the water table. Therefore, to be of maximum benefit in the Braunton 

modelling scenario the selected model should calculate the water table elevation as part 

of the modelling solution. 

Fluctuations in the elevation of the Braunton water table, caused by changes in the 

drainage regime or the encroachment of hydrophilic species, is a time dependent 
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problem (Dowd, pers. comm). The selected model should therefore also be capable of 

handling transient simulations. 

From the outlined model criteria for the Braimton scenario, the most suitable type of 

groundwater flow model would be a three dimensional model, which would take into 

account vertical drainage between layers, calculate the elevation of the water table in the 

top model layer and simulate transient groundwater flow scenarios. The decision that a 

three dimensional groundwater flow model was the most appropriate type of numerical 

model to simulate the groundwater flow regime of the Braunton multi-layered aquifer 

was confirmed by discussion with experienced groundwater modellers fi-om the 

University of Georgia (Dowd, pers. comm.), the Amsterdam Water Supply (Olsthoom, 

pers. comm.) and the University of Birmingham (Mackay, pers. comm.). 

Other considerations when selecting a model include the need to check that the accuracy 

of the model code has been verified and to demonstrate that the numerical solution is 

relatively fi-ee of round-off and truncation errors, which if imcontroUed can lead to an 

unstable solution (National Research Council, 1990; Anderson and Woessner, 1992). It 

is also important to determine whether the code has been used in other case studies, thus 

establishing its track record in coping with various hydrogeological settings and water 

resource management problems. 

Sections 3.4.2a-e describe the features, capabilities and application of the most popular 

and well tested three dimensional groundwater flow models, which have been used 

worldwide in groimdwater resource management studies (Walton, 1991; Anderson and 

Woessner 1992; Olsthoom, pers. comm; Dowd pers. comm.). A critical evaluation of 

the suitability of each model in simulating the grovmdwater hydrology of Braunton 
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Burrows will follow in Section 3.4.2f 

a) MODFLOW and Visual MODFLOW 

As introduced in Section 1.7 MODFLOW is a three dimensional saturated groundwater 

flow model developed by the United States Geological Survey (USGS), (McDonald and 

Harbaugh, 1988). MODFLOW simulates steady-state and transient groundwater flow, 

in confined and unconfined aquifers with heterogeneous, anisotropic porous media and 

with variable layer thicknesses (Scientific Software Group, 1997). The groundwater flow 

equation is solved using the finite difference approximation (Wood, 1993; McDonald 

and Harbaugh, 1988) and the model domain is divided into blocks, in which the medium 

properties are assumed to be uniform . As described by Anderson and Woessner (1992) 

finite difference models are easier to program and in general fewer data Eire required to 

construct a finite difference grid. Finite difference models calculate a value for the head 

at the node, which also is the average head for the cell that surrounds the node (Wood, 

1993). 

Input parameters to be specified in MODFLOW include grid dimensions, layer 

elevations, vertical and horizontal hydraulic conductivity (K^gt), storage parameters, 

boundary conditions (constant head, no-flow or general head boundaries) and 

precipitation. There is also a package which takes into account losses fi-om the system 

through the process of evapotranspiration. The model has other optional modules, which 

simulate the hydrological fianctioning of rivers, drains and wells. Compatible 

preprocessors are available to help with data assembly and postprocessors can assist in 

viewing the model's output. MODFLOW is a public domain model and official versions 

of the USGS modelling software are available for electronic retrieval via the World 

Wide Web (http://water.usgs.gov/software/ground_water.html). 
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A valuable feature of MODFLOW is the ease with which the model can be integrated 

with a GIS system, as described in the groundwater modelling research carried out by 

Olsthoom et d. (1993), Stibitz et d. (1993), Kamps and Olsthoom (1996), Hardisly et 

d. (1996), Juan and Kolm (1996) and Michl (1996). The integration of MODFLOW 

and a GIS system reduces both data entry time and the post-processing of the modelling 

results. 

MODFLOW is described as one of the most widely used groundwater models in the 

world (McDonald and Harbaugh, 1988; Hake and Cuhadroglu, 1993). Its frequent usage 

comes from its modular nature, eeise of use, good documentation, and its verified open 

code, which can be modified by the modeller to suit the requirements of a particular 

modelling scenario. The USGS MODFLOW code has intemational recognition and 

support. 

MODFLOW is continually being developed and new packages added to the code, to 

increase its scope of applicability to different groundwater modelling scenarios. In 1996 

an updated version called MODFLOW-96 was released, which has the same 

computational methods, but is designed to be more user friendly (Harbaugh and 

McDonald 1996). Furthermore, in 1995, Waterloo Hydrogeologic Software released 

Visual MODFLOW 2.0 (hereafter referred to as VMODFLOW), which is a fully 

integrated pre and post processor for the official USGS MODFLOW code. 

VMODFLOW is often described as a graphical interface for MODFLOW (Guiger, 

1995). In VMODFLOW when the modeller has finished preparing the input, the 

preprocessor prepares the MODFLOW input files, calls up the MODFLOW executable 

program emd runs the model, before returning the modeller to the postprocessor to 

visualize the results. The VMODFLOW output module allows the modeller to contour 
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the modelling results to show heads, drawdown, water table elevations, head differences 

between layers, flow pathlines and the flux between layers (Guiger, 1995). 

VMODFLOW also allows the modeller to graphically assign the input parameters, run 

the analysis, calibrate the model and visualise the results in either plan view, or full 

cross-sections. The ability to quickly switch between plan and cross-section display of 

the model is a powerful feature of VMODFLOW that allows the modeller to gain a 

better perspective on three dimensional groundwater modelling (Winston, 1996). Guiger 

(1995) described VMODFLOW as a user friendly modelling package, that even an 

intermediate modeller would fmd easy to use, performing simulations of a professional 

quality and using the world's most widely used USGS MODFLOW code. The fully 

integrated VMODFLOW modelling package, with its powerful and intuitive graphical 

interface, allows individual model runs and the overall modelling project to be 

completed much faster than if using MODFLOW with a separate pre and post processor. 

There are many more examples in the literature describing the use of the MODFLOW 

code in groundwater resource management scenarios than with any other model in the 

world (Olsthoom, pers. comm). Rojstaczer (1994) stated that MODFLOW has been 

applied so frequently that the model has near brand-name recognition. MODFLOW has 

been used in a range of environments, evaluating grovmdwater resource management 

problems at both a local scale (1.5 ha) and regional scale (1,300 km^), (Table 3.2). 

The modelling studies listed in Table 3.2 describe the process of model design, 

calibration, validation and prediction, and are valuable sources of reference when setting 

up a new groimdwater modelling study. However, these modelling examples fail to 

describe any problems with the model's capabilities, or the stability and sensitivity of 

the final calibrated model. As described by Rojstaczer (1994) the danger with using 
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predictive numerical groundwater models is to interpret the models results and 

recommend future water resource management strategies without taking into 

consideration the assumptions made, or the sensitivity of the model. 

Table 3.2 Examples of the use of MODFLOW in groundwater resource management 
investigations. 

Author of study 

Ishemo (pers. comm). 

Juan and Kolrn 
(1996) 

Michl (1996) 

Bromley and 
Robinson (1995) 

Ashley (1994) 

Bradley (1994; 1996) 

Gilvear et al. (1993) 

Olsthoom et al. 
(1993) 

Mayo and Slosson 
(1992) 

McNamara el al. 
(1992) 

Hensel and Miller 
(1991) 

Transient or 
steady-state 
simulations 

Steady-state and 
transient 

Steady-state 

Steady-state and 
transient 

Steady-state and 
transient 

Transient 

Steady-state and 
transient 

Steady-state 

Steady-state and 
transient 

Steady-state and 
transient 

Steady-state 

Steady-state 

Area 
modelled 

500 ha 

1,300 km' 

4,500 ha 

58 ha 

1.5 ha 

5.4 ha 

1,050 ha 

3,500 ha 

2,238 km' 

12 ha 

58 ha 

Discretisation of 
model cells 

50 m X 50 m 

500 m X 500 m 

Ranging from 
25m X 25 m to 
250 m X 250 m 

50 m X 50 m 

Ranging from; 
10 m to 50 m side 
length 

10 m X 10 m 

i) 250 m X 250 m 
ii) 125 m X 125 m 

100 m X 100 m 

1,600m X 1,600m 

Not stated 

28 m X 28 m 

Purpose of modelling 

Modelling the water table response to 
changing evapotranspiration rates and 
drainage on Goss Moor, Cornwall. 

To more fully understand the 
groundwater functioning of the 
Jackson Hole aquifer, Wyoming. 

To determine future management 
strategies for groundwater withdrawal 
in the lower River Sieg, near Bonn, 
Germany. 

Modelling the effects of peat cutting 
on water levels at Tyhome Moore, 
National Nature Reserve, South 
Yorkshire 

Modelling the impact of excavation 
works for road construction, on 
groundwater levels at West Bromwich. 

Modelling the water table response of 
Narborough Bog, Leicestershire, 
(wetland habitat) 

Modelling the groundwater 
contribution to a small wetland. 

The effects of water abstraction on the 
elevation of the water table within a 
sand dune system. 

Modelling to predict water table 
elevation changes resulting &om 
groundwater abstractions from Fish 
Springs Ranch, Nevada. 

Modelling groundwater flow through a 
wetland in a small kettle hole. New 
York, USA 

Modelling the wetlands on the 
floodplain of the Des Plaines River, 
Illinois, to evaluate the effect of 
wetland creation on groundwater 
flows 
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For all of the above reasons MODFLOW is the main numerical groundwater flow model 

used by the 'Amsterdam Water Supply Company', hydrological consultants and 

government agencies, to simulate the hydrology of sand dune systems in the Netherlands 

(Olsthoom, pers. comm.). As described in Section 1.7, MODFLOW was used with a 

compatible pre and post processor to model a 35 km^ area of sand dunes along the 

North-Sea coast, to the south of Zandvoort. The aim of the modelling exercise was to 

optimise the interests of both groundwater abstractions and nature conservation 

(Olsthoom, et al. 1993). Again any problems encountered when using this model were 

not described in the published paper. However, Olsthoom (pers. comm.) stated that the 

main problem with this regional scale finite difference model, consisting of 64 x 128 

rectangular cells, each measuring 100 m x 100 m, was that it was difficult to accurately 

simulate the scale of individual recharge features and drainage channels. To solve this 

problem a smaller scale model was created, which was then embedded into the regional 

model. This was a time consuming procedure. 

The description of the features and capabilities of the MODFLOW code and the 

VMODFLOW modelling package appear to fulfil the modelling criteria set out for the 

Braunton groundwater modelling scenario (Section 3.4.2). The MODFLOW code will 

be critically compared with the other models reviewed in Sections 3.4.2b to 3.4.2e, to 

determine whether it is the most suitable model for the Braimton groundwater resource 

management investigation (Section 3.4.3). 

b) Micro-Fem 

As briefly outlined in Section 1.7, Micro-Fem is a three dimensional, finite element, 

saturated groimdwater flow model, based on a computer code initially written for a 

regional groundwater research project in the Netherlands in 1986/1987 (Hemker and 

118 



Nijsten, 1998). The model is primarily used in the Netherlands by government agencies, 

consultants and universities to optimise groundwater abstraction rates from the Dutch 

dune systems, and to evaluate the possible long-term effects on water table elevations, 

and the dune habitat ecology. Micro-Fem can model, confined, semi-confined, phreatic 

and leaky multiple-aquifer systems (Scientific Software Group, 1997). The model can 

handle both steady-state and transient simulations. Micro-Fem is based on the finite 

element method, which is mathematically described in Wood (1993). The modelling 

domain is discretised into a triangular irregular network, with variable spacing. Finite 

element models are better able to approximate irregularly shaped boundaries than finite 

difference models and it is also easier to adjust the size of individual elements, as well 

as the location of boundaries (Wood, 1993). As described by Anderson and Woessner 

(1992) finite element models precisely define the variation in head within an element 

by means of interpolation (basis) fiinctions. Heads are calculated at the nodes for 

convenience, but head is defined everywhere by means of basis fiinctions. 

Micro-Fem is a set of eleven programs, which lead the modeller through the whole 

process of groundwater modelling from the generation of a grid, preprocessing, 

groundwater calculations, postprocessing, graphical interpretation and the plotting of the 

results. Input parameters include transmissivity, vertical hydraulic resistance of the 

aquitard, discharge (if not zero), storativity, areal precipitation £md evapotranspiration. 

Boundaries can be assigned as either fixed head, no-flow or fixed flow (by injection) 

boundaries. The model can also simulate rivers and drains. 

Although Micro-Fem has been used in the Netherlands there was an apparent lack of 

published research which evaluated the limitations and merits of the model, and its value 

as a predictive groundwater management tool. The only published research described 
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how interface programs have been developed to integrate Micro-Fem and GIS 

(Biesheuvel and Hemker, 1993). The integration of these two systems makes pre and 

post processing of the modelling data easier and quicker and reduces the possibility of 

human input error. The lack of Micro-Fem groundwater modelling examples makes it 

extremely difficult for a modeller to find solutions to problems encountered whilst using 

the model and also to evaluate the relative successfiilness of Micro-Fem in past 

modelling studies of sand dune systems. Furthermore, Micro-Fem has only been used 

to model the Dutch dune systems, where aquifers are typically 500-600 m deep and 

cover thousands of hectares of the coastline (Stuyfzand and Bruggeman, 1994). It is 

therefore not known whether Micro-Fem could model the scale of the Braunton dune 

system, where the saturated zone is a maximum of 10-12 m deep, 2.5 km wide and 5 

km in length. 

Micro-Fem is not a public domain model and the code is only supplied in an executable 

format, which prevents the modeller fi-om altering the model set-up to suit the 

requirements of a particular modelling scenario. Many modellers are apprehensive about 

using such 'closed' model codes (Olsthoom. pers. comm). 

The physical features and capabilities of Micro-Fem appear to fulfil the criteria of a 

suitable model to simulate the hydrology and behaviour of the Braunton groundwater 

system. However, Micro-Fem will be critically compared against the other models in 

Section 3.4.3, before deciding on the most appropriate model for the Braunton 

groundwater resource management investigation. 
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c) AQUIFEM-N 

AQUIFEM-N, a multi-layered quasi-three dimensional finite element groundwater flow 

model, was developed by Townley (1990). AQUIFEM-N uses linear triangular finite 

elements to represent the geometry of an aquifer. The model can be used to simulate 

steady-state and transient groundwater flow in unconfined, confined and semi-confined 

aquifers. A quasi-three dimensional model can simulate a sequence of aquifers with 

intervening confining layers, however the confining layers are not explicitly represented, 

nor are the heads in the confining beds calculated. In a quasi-three dimensional model 

the effect of a confining bed is simulated by means of a leakage term representing 

vertical flow between two aquifers (Aral, 1990a; Anderson and Woessner, 1992). 

AQUIFEM-N input parameters include areal precipitation, aquifer bottom elevation, 

aquifer thickness, hydraulic conductivities or tranmissivities, specific yield, an aquifer 

storage coefficient and a leakage coefficient to and fi-om adjacent aquitards. Boundary 

conditions are of three types, prescribed head, prescribed flux, or mixed and can vary 

in space and time. AQUIFEM-N can also represent rivers, streams, lakes, ponds, 

pumping wells, flowing artesian wells, distributed recharge and evapotranspiration. 

AQUIFEM-N is supplied together with a number of ancillary programs for grid 

generation and graphical output, although they are not as easy to use as most model 

graphical interfaces (Scientific Software Group, 1997; Anderson and Woessner, 1992). 

AQUIFEM-N is only available in an executable form, thus allowing the integrity of the 

model to be maintained, but preventing the modeller firom adapting the FORTRAN code 

to accommodate specific requirements of individual modelling case studies. 

Despite this model being described as a well used and popular three dimensional 

groundwater flow model (Anderson and Woessner, 1992; Dowd, pers. comm.), again 
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there was an apparent lack of published research in scientific journals and texts, 

describing scenarios where the model has been used and its limitations. This makes it 

more difficult for the modeller to evaluate what problems may be encountered when 

modelling the Braunton groundwater system. 

From the description of the features and capabilities of AQUIFEM-N (Townley, 1990), 

this model would appear to fulfil the criteria of a model suitable for simulating the 

groundwater hydrology of Braunton Burrows. However, the relative merits and 

limitations of the configuration and application of this model in groundwater resource 

management studies must be compared with the other three dimensional models 

reviewed (Sections 3.4.2a, 3.4.2b, 3.4.2d, 3.4.2e), to ensure that the most appropriate 

model is selected (Section 3.4.3). 

d) AQUA3D 

AQUA3D is described as a popular three dimensional finite element groundwater flow 

model (Scientific Software Group, 1997). First released in 1983 as a two dimensional 

model, AQUA has been continuously updated and has been used worldwide in 

groundwater resource management investigations. Up until four years ago AQUA3D 

was only a single layer model, but can now handle multi-layered systems, solving both 

steady state and transient groundwater flow problems, with heterogeneous and 

anisotropic flow conditions. Compared with the other models reviewed in this section, 

the multi-layered version of AQUA3D is a relatively new addition to the range of 

commercially available three dimensional groundwater flow models. This explains the 

apparent lack of published modelling examples describing groundwater resource 

management scenarios where AQUA3D has been used to simulate multi-layered systems. 

This model has never been used by consultants or government agencies in the 
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Netherlands to model sand dune systems (Olsthoom, pers. comm). Furthermore, 

AQUA3D is not public domain and is therefore only available at considerable cost. 

e) 3DFEMFAT 

3DFEMFAT is a finite element model of flow and solute transport through saturated and 

unsaturated heterogeneous and anisotropic media. Although this model can simulate 

three dimensional flow only, the model has often been used for solute and pollutant 

transport modelling (Scientific Software Group, 1997). The 3DFEMFAT input module 

therefore required detailed quantitative accounts of a wide range of soil characteristics 

for each soil type, or geologic unit, as described in fiill by the Scientific Software 

Group, (1997). The complex parameterisation of this model made it much less suitable 

for modelling the Braunton system. 

3.4.3 Model selection 

Having described the capabilities and applications of the most popular and well tested 

three dimensional groundwater flow models, the most suitable models for fulfilling the 

objectives of the Braunton groundwater modelling exercise, are MODFLOW and the 

VMODFLOW package, Micro-Fem and AQUIFEM-N. These models each have their 

own merits and limitations, relating to their features and capabilities, as summarised in 

Table 3.3. Table 3.3 reviews the USGS MODFLOW code as part of the VMODFLOW 

modelling package. 

Although all three models appeared suitable for modelling the Braunton domain, 

VMODFLOW, incorporating the original MODFLOW code with a fiilly integrated and 

graphically controlled pre and post processor, appeared to be the latest in a line of 

developments in three dimensional groundwater modelling. This fiilly integrated 
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Table 3.3 A comparison of the features and capabilities of VMODFLOW, Micro-
Fem and AQUIFEM-N. 

Model 

Type 

Analysis capabilities 

Model code 

Preprocessor 

Postprocessor 

Model application 

Documentation of use 

VMODFLOW 

3D finite difference 
(less data required to 
construct a finite difference 
grid. More difficult to 
simulate irregularly shaped 
boundaries) 

Simulates steady-state and 
transient saturated 
groundwater flow in confined. 
semi-confined, unconfined 
multi layered aquifers 

Verified 'open' code, which 
can be altered by the 
modellers to suit the specific 
requirements of individual 
model case studies. 

The VMODFLOW modelling 
package comes with a fiiUy 
integrated preprocessor with 
interactive graphics input. 

The VMODFLOW package 
comes with a fully integrated 
postprocessor with graphical 
output of model results. 

The MODFLOW code has 
been used worldwide to 
simulate a range of 
environments, including dune 
systems in the Netherlands. 

A wide range of modelling 
examples describing scenarios 
where MODFLOW has been 
used. 

International support. 

Micro-Fem 

3D finite element 
(better able to approximate 
irregularly shaped boundaries. 
easier to adjust the size of 
individual elements and 
boundary locations). 

Simulates steady-state and 
transient saturated 
groundwater flow in confined. 
semi-confined, unconfined 
multi layered aquifers 

Available in executable 
format only. 

Micro-Fem is supplied with 
own its own preprocessor 
which allows the graphical 
interactive input of model 
parameters. 

Model supplied with a built 
in post processor which 
graphically displays the 
model simulations 

Used in the Netherlands. 

Used primarily by Dutch 
government agencies. 
consultants and universities. 
Lack of published Micro-Fem 
modelling examples. 

AQUIFEM-N 

Quasi 3D finite 
element 
(better able to 
approximate 
irregularly shaped 
boundaries, easier to 
adjust the size of 
individual elements 
and boundary 
locations). 

Simulates steady-state 
and transient 
saturated groundwater 
flow in confined. 
semi-confined, 
unconfined multi 
layered aquifers 

Available in 
executable format 
only. 

Model supplied with 
a preprocessor which 
is not as easy to use 
as most. Input to 
preprocessor in the 
form of ASCII text 
files. 

ASCII text output 
files from 
AQUIFEM-N are 
imported into a 
separate 
postprocessor. Not as 
easy to use as most 
postprocessors. 

Described as a 
popular model used 
worldwide in 
groundwater 
management 
scenarios (Anderson 
and Woessner, 1992). 

Technical information 
about the models 
capabilities limited. 
Also a lack of 
modelling examples 
describing scenarios 
where AQUIFEM-N 
has been used. 

modelling package, with a powerful graphical interface, allows model runs and 

modelling projects to be completed much quicker than if using the original USGS 
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MODFLOW code with a separate pre and post processor. MODFLOW was by far the 

best documented model, which has been used worldwide to model a range of 

environments. It is also the preferred groundwater model used by hydrogeologists and 

consultants to model sand dune systems in the Netherlands. Modellers using 

MODFLOW are described as being part of an international community, because of the 

model's worldwide recognition and support (Dowd pers. comm). Also the existing 

MODFLOW examples (Table 3.2) would be an excellent source of reference when 

modelling Braunton Burrows, providing guidance on model design, overcoming 

calibration and validation problems and assisting in the presentation and interpretation 

of the model's predictions. 

With Micro-Fem and AQUIFEM-N, there was an apparent lack of published modelling 

examples. The user manuals were the primary source of reference, merely guiding the 

modeller through each stage of the modelling protocol. It would therefore be more 

difficult when modelling Braunton to evaluate the relative successes and failures of these 

models in past water resource management scenarios, and in particular establishing how 

valuable Micro-Fem had been as a predictive management tool when modelling the 

Dutch sand dune systems. Also the graphically controlled pre and post processors 

attached to AQUIFEM-N are known to be more difficult to use than those incorporated 

in VMODFLOW (Anderson and Woessner, 1992). 

Furthermore, at the time of modelling the Braunton groundwater system unlimited 

technical support and advise on the use of VMODFLOW was readily available. 

For all of the positive reasons identified in this critical review VMODFLOW, 

incorporating the USGS MODFLOW code was selected to evaluate whether a model of 
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the Braunton groimdwater system could be successfully calibrated and used as a 

predictive management tool to recommend future water level management strategies for 

the Burrows. The advantages of VMODFLOW over the other models reviewed in this 

section (Table 3.3) would help ensure that the final model predictions were of a 

professional standard. 

3.5 Data handling and analysis 

At Braunton Burrows monthly water table data (from 1972-1995), for each observation 

well in the monitoring network, along with corresponding monthly precipitation totals 

and actual evapotranspiration rates were collated in an Excel spreadsheet. The 

meterological data were supplied in the required format by the Environment Agency. 

Quality control of these data had already been undertaken by the Meteorological Office, 

Bracknell. The water table elevation readings collected by the NC, the NCC and EN 

were comprehensive and consistent. Data from all of the observation wells in the 

monitoring network were used in the hydrological description of Braunton Burrows 

(Chapters 4 and 5). When the elevation of the water table fell beneath the bottom of an 

observation well measurements were recorded as 'dry' and missing data were recorded 

as 'not measured', rather than extrapolating average values and introducing false trends 

into the time series. To describe armual and seasonal, spatial and temporal characteristics 

of the groundwater system (Chapters 4 and 5), the meteorological data and the water 

table elevation data were statistically analysed in Excel, or Minitab, using descriptive 

statistics (mean standard deviation), times series analysis, Mann-Whitney significance 

tests, and correlation. The statistical analysis tools used to analyse the data will be 

described in full as they are used in the results chapters (Chapter 4 and 5). K̂ ,̂ values 

were calculated from the slug test data using the automated package of AQTESOLV 

(Section 4.8.3). These data, along with hydraulic conductivity values calculated from the 
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well permeameter experiment, bulk density measurements, particle size characteristics 

and the geological data were collated in an Excel spreadsheet. Characteristics of the 

dune sands were graphically presented, or statistically analysed using descriptive 

statistics (mean and standard deviation). These data were not transformed in any way. 

Careful consideration to the experimental design ensured that the data were accurate, 

representative and applicable to the hydrological interpretation of the system. 

At both Northam and Dawlish water table elevation data, the meterological variables, 

and the data describing the physical properties of the dune sands were organised and 

managed in the same way as at Braunton (Chapter 6). 

At Braunton and Northam to construct seasonal water table contour plots and flow nets 

the required monthly water table elevation data were imported into the mapping package 

SURFER (described in Section 4.2). The comprehensive data sets collected at Braunton 

were also confidently used to parameterise and calibrate a three dimensional model of 

the groundwater system (Chapter 7). 

3.6 Conclusion 

The field and laboratory techniques used in this research and the sampling strategy 

adopted, in order to collect the data required to fulfil the aims of the research, are 

summarized in Tables 3.4 and 3.5. Throughout this chapter particular consideration was 

given to the experimental design to ensure that the data collected were spatially 

representative and of a high degree of accuracy. 

The experimental design chapter also included a detailed section on groundwater 

modelling techniques. The history and development of groundwater modelling was 

described, from the physical models of the 1950s (sand tank and analogue models), to 
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the more sophisticated modem day analytical and numerical groundwater flow models. 

There were three objectives to the Braunton groundwater modelling exercise; to 

determine whether a commercial model could be successfully calibrated to simulate the 

Braunton groundwater hydrology; to gain a better understanding of the hydrological 

fiinctioning of the system and ultimately to use the model to test a set of water level 

management scenarios, to predict the hydro-ecological consequences of altering 

boundary conditions, or introducing new management practices into the system. 

Section 3.4 demonstrated that the best tool available to meet the needs of prediction was 

a numerical groundwater flow model. The model criteria for the Braimton scenario 

included a model which would handle transient simulations for imconfined, confined and 

semi-confined aquifers. The chosen model would also need to simulate vertical leakage 

between layers and calculate the elevation of the water table in the top model layer, 

rather than groundwater head. A three dimensional model would fulfil all of these 

criteria. A range of the most popular and well tested commercial three dimensional 

models were therefore critically evaluated, including MODFLOWA^MODFLOW, Micro-

Fem, AQUIFEM-N, AQUA3D and 3DFEMFAT. VMODFLOW was selected as the 

most suitable model for simulating the Braunton groimdwater system. VMODFLOW is 

a finite difference model and is the latest in a line of developments in three dimensional 

groundwater modelling. Incorporating the USGS MODFLOW code with a fiiUy 

integrated pre and post processor, VMODFLOW formed a complete, user fiiendly, 

modelling package. In this study MODFLOW was preferred to other models because of 

its international recognition and support, and its world wide documented use in a range 

of environments, including sand dune systems. In the Braunton scenario the existing 

MODFLOW modelling examples would provide valuable information on model design, 

parameteristion, calibration and the interpretation of the model's predictions. 
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Table 3.4 Summary of field procedures. 

Field data 
acquisition 

Water table 
elevations. 

Land and water 
table elevation, 
above OD. 

Tidal fluctuations. 

K^ below the 
water table . 

K„ above the 
water table. 

Aquifer 
characteristics. 

Particle size 
sampling. 

Bulk density. 

Discharge 
calculations. 

Experimental technique 

Dipwells and observation pits 
(Figures 3.2-3.4). 

Electronic distance measurer. 

Druck pressure transducer, 
connected to a data logger and 
then secured to a dipwell to 
measure water level 
fluctuations. 

Slug test - using the data 
logger and Druck pressure 
transducer to monitor water 
level recovery. 

Well permeameter - measures 
the TsXe of flow from a lined 
auger hole whilst maintaining a 
constant head. 

Drilling rig. 

Samples collected with the aid 
of the drilling rig and by hand 
augering. 

Coring method. 

Electromagnetic current meter. 

Observation period/sampling 
procedures 

Braunton: monthly measurements from June 1972-
December 1995. 
Northam and Dawlish: weekly measurements from 
October 1993-April 1996. 

At all three sites water table monitoring sites were 
levelled to OD. Spot height measurement were 
taken at Northam and Dawlish to build up 
topographical maps. 
The geometry of West Boundary Drain, Braunton 
Marsh was surveyed. 

Braunton: dipwell 6N was monitored for 24 hrs. 
Northam; dipwell 11 was monitored for 72 hrs and 
dipwell 12 for 8 hrs. 
Dawlish: water levels in the main pond were 
monitored for 72 hrs. 

Braunton: 15 slug tests were carried out on the 
nested piezometers in the detailed experimental sites 
(Figure 3.3). 
Northam: 14 slug tests were carried out on the 
piezometers temporarily installed next to each 
dipwell in the monitoring network (Figure 3.4). 
Dawlish: 6 slug tests were carried out next to 
dipwells 1, 2, 3A, 5, 6, and 8 (Figure 3.5). 

Braunton: one off observations. Carried out on 
dunes adjoining four of the detailed experimental 
sites (Figure 3.1). Three K^ tests at base of dune, 
three mid slop>e and three at the top of dune. 

Depth to bedrock or an impenetrable layer was 
investigated at 5 sites on Braunton (Figure 3.1) and 
6 sites at Northam (Figure 3.9). 

Sampling above the saturated zone. 
firaun<on:sampiing every 0.90 m in four profiles on 
Warble Fly Hill, during the installation of the nested 
piezometers and the sites where depth to bedrock 
was determined (Figure 3.1). 
A/ort/wOT :sampling every 0.50 m , next to each 
dipwell in the monitoring network (Figure 3.3). 
Dan"/w/i:sampling every 0.20 m next to dipwells 5, 
6, 6A, 7 and 8 (Figure 3.4) At a more detailed 
scale sampling at 0.20 m depths on a 30 x 30 m 
grid within part of Greenland Lake (Figure 3.10). 

Braun/on:sampling at 0-5 cm and 45-50 cm at the 
site of each well permeameter experiment, in the 
detailed experimental sites. 

Braunton Marsh: detailed survey to determine 
seasonal drainage characteristics (January 1995 and 
1996 and July 1994 and 1995). 
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Table 3.5 Summary of laboratory procedures. 

Laboratory procedures 

Bulk density 

Particle size analysis 

Equipment 

Oven. 

Malvern Mastersizer and a nest of 
sieves. 

Analysis technique 

Oven drying to determine 
weight loss. 

Laser diffraction and dry 
sieving. 
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Chapter 4 

Hydrological characteristics and the functioning of the 

groundwater system at Braunton Burrows 

4.0 Introductioii 

As an introduction to the hydrology of Braunton Burrows the first part of Chapter 4 will 

begin by describing the spatial hydrological characteristics and functioning of the 

groundwater system. The spatial dimension will involve describing the hydrological regime 

at three investigative scales. The largest scale of investigation will evaluate the hydrology 

of the entire dune system, from the analysis of slack water table data and the construction 

of water table contour plots. At the second scale of investigation the shape, elevation and 

gradient of the water table will be described from cross-sections and flow nets. At the 

smallest investigative scale, individual observation wells will be considered, to determine 

whether geographical location within the dune system influences annual cyclical water table 

fluctuations. 

The hydrology of the groundwater system, described from the three investigative scales, 

may be influenced by annual and seasonal variability in effective precipitation, the 

underlying geology, saline intrusion, the tide and the physical properties of the dune sands. 

The influence of these parameters on the hydrological functioning of the Braunton system 

will also be considered in this chapter. 

4.1 General hydrological characteristics of the dune system 

At the largest scale of investigation the hydrological characteristics of the entire dune 

system were examined from two perspectives. The first perspective described both the long-

term (1972-1995) variability in the response of the water table and the flooding potential 

of inland and coastal slacks (Section 4.1.1). The slacks were considered first in the 
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hydrological description of Braunton Burrows for three reasons. Firstly, the slacks were the 

main water table observation sites, which have been monitored over the past 25 years to 

provide the water level data used throughout this research. Secondly, the water table data 

collected from the slacks were absolute rather than interpolated values extracted from the 

water table contour plots (Section 4.1.2). Thirdly, dune slacks are the sites of greatest 

ecological value and are the most susceptible to long-term hydrological change (Van 

Beckhoven, 1992). 

The second perspective of the hydrological investigation at this scale involved the 

construction of water table contour plots, using water level data from the observation well 

network (Section 3.2.3a). The contour plots were used to describe the shape and elevation 

of the water table and its response to effective precipitation. 

4.1.1 Hydrological characteristics of the groundwater system from slack water table 

elevations 

The diversity of the dune slack habitat is the primary reason why there is an urgent need 

to evaluate whether the dune system is drying out and if so, to determine the most probable 

causes. From field observations and the preliminary analysis of slack water table elevation 

data, collected from September 1994 through to the end of June 1995, there were noticeable 

spatial and temporal differences in the hydrological fimctioning of these areas. In part this 

appeared to be related to the geographical location of the slacks within the dune system. 

Slacks less than 750 m from Sandy Lane or the American Road appeared to flood before 

those within the high dune ridges, nearest the seaward margin of the system (Figure 4.1). 

Furthermore, the water table remained at or above the surface for a longer period in the 

inland slacks. After the winter of 1994/1995, which was described as the wettest winter 

on record for Britain since 1869 (Marsh and Turton, 1996), surface pools were still evident 
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in four of the inland slacks by the third week of June. 

Based on the field observations described above, the hydrological fianctioning of the wet 

dune slacks could be spatially divided into two categories; those associated with the high 

dune ridges along the western margin of the system and those closer to the inland margin 

of the system, within the Inland Plain. The system was therefore divided long ways through 

the geographical centre (Figure 4.1), to determine whether the observed spatial variations 

in groundwater levels were statistically different on an annual basis and were not just a one 

off occurrence. For the purpose of this exercise the American Road was taken as the inland 

boundary of the dune system and the fore dune ridge as the seaward limit of the dune 

complex. Water table elevations measured within eight observation wells sited in slacks 

closest to the seaward margin of the dune system were compared with water levels 

measured in eight observation wells closest to the inland boundary of the system (Figure 

4.1). Water levels in these two groups of slacks were statistically compared for the 

beginning of January and the beginning of July from 1972 to 1995. The analysis of slack 

water table elevation differences was limited to the southern half of the dune system, where 

the Nature Conservancy, the Nature Conservancy Council and English Nature (NC, NCC 

and EN) have monitored water levels since 1972 (Figure 4.1). Maim-Whitney significance 

tests were carried out on the data. This is a non-parametric test making no assumptions 

about the distribution of the sample populations and determines whether the populations 

are significantly different (Hammond and McCullagh, 1975). 
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Figure 4.1 Distribution of slacks within the Braunton dune system. 
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The results from the Mann-Whitney tests showed that with the exception of 1975 and 1976, 

between 1972 and 1995 water table elevations at the beginning of January and July were 

significantly higher at a 95 % confidence level in the inland slacks. A feasible explanation 

was that the adjoining marsh system was less permeable than the dune sands, consequently 

restricting lateral drainage from the eastern margin of the dune system and causing the 

groundwater to mound. Willis et al. (1959a) also arrived at the same explanation that 

Braunton Marsh was controlling the long-term functioning of the Burrows groundwater 

system. By contrast groundwater outflow from the seaward side of the system drained 

through dune sands of a relatively higher permeability (Section 4.8.3), which in part 

accounted for the lower water table elevations recorded in the seaward slacks. The higher 

water table elevations along the eastern side of the dune system will be examined fiirther 

when describing the water table contour plots (Section 4.1.2) and cross-sections of the 

groundwater system (Section 4.2.1). 

In the exceptionally dry years of 1975 and 1976 there was no significant difference 

between inland and seaward slack water table elevations. The drought of 1975/1976 

possibly caused the groundwater mound to decay more than usual and hence water table 

elevation differences were less apparent. 

Slacks are described by Ranwell (1959) to represent the approximate elevation of the water 

table. Reference to Figure 4.1 shows that generally the ground surface elevation of the 

inland slacks are higher than those on the seaward side of the dune system. This suggests 

that since the formation of the dune system the water table along the eastern margin of the 

system has always been higher, probably as a result of the adjoining marsh system 

restricting the inland lateral drainage regime and causing the groundwater to mound. 
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4.1,2 Shoit-tenn hydrological characteristics of the groundwater system; based on 

seasonal water table contour plots 

Except for the extreme northern part of the system, which is possibly receiving a secondary 

source of groundwater from the higher lying land of Saunton, Braunton Burrows is an 

isolated catchment dependent upon precipitation for recharge (Willis et al., 1959a). Water 

table contour plots were constructed for September 1994, February 1995, September 1995 

and January 1996, using water table elevation data from the revised observation well 

network (Section 3.2.3a). The revised observation well network incorporated a wider 

distribution of monitoring sites, including a northern transect of observation wells (Figure 

3.2), which assisted in the construction of more accurate contour plots. The dates of the 

contour plots would also demonstrate the variable response of the groundwater system to 

extreme and average conditions in terms of long-term average (LTA) effective precipitation. 

Effective precipitation was calculated as precipitation minus losses through 

evapotranspiration, which were taken from MORECS data. Throughout this chapter LTA 

refers to the years of 1972-1995, which covers the period of water table monitoring at 

Braunton by the NC, the NCC and EN. 

The water table contour plot for the beginning of September 1994 represented average 

summer recharge characteristics (Figure 4.2). In the summer months evapotranspiration 

losses exceeded precipitation inputs to give negative values of effective precipitation. From 

May to August preceding the September 1994 water table contour plot, total effective 

precipitation (-91.2 mm) was only 2.5 % greater than the LTA for the site. In comparison. 

May to August preceding the September 1995 plot (Figure 4.4) were exceptionally hot and 

dry months. Total effective precipitation for this summer period was -310.6 mm, which 

was 232 % less than the LTA. Although the summer of 1995 was extremely dry, the 

previous winter (1994/1995) was the wettest winter in Britain since 1869 (Marsh and 
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Turton, 1996). From October 1994 to January 1995 Braunton Burrows received 43 % more 

effective precipitation (418.4 mm) than the LTA. In fact water levels recorded on the 

Burrows during the winter of 1994/1995 were the highest on record. The contour plot for 

February 1995 (Figure 4.3) was therefore constructed to illustrate the effect on the elevation 

of the water table of this exceptionally wet winter. By contrast the three months preceding 

the January 1996 contour plot (Figure 4.5) were exceptionally dry and Braunton Burrows 

received only 68.3% (145.8 mm) of the seasonal LTA effective precipitation. The January 

1996 plot also followed the dry and warm summer months of 1995. 

The water table was mapped in the form of a two dimensional contour plot, using the 

computer package SURFER (SURFER, 1987). The program creates a regular grid of 

spatial coordinates, from the supplied X and Y national grid coordinates of known water 

table elevations (Jones, 1993). The interpolation method of kriging was used to interpolate 

the height of the water table for each node of the grid. In the kriging technique data carry 

different weights based on their position, both in relation to the estimated point and to one 

another (Oliver and Webster, 1991). Kriging only uses those data that are spatially related 

to the kriging location, which includes those samples within the range of spatial 

dependence, as determined through the use of a variogram (Trangmar et d., 1985). Data 

points occurring in clusters will carry less weight in the kriging equation than lone points 

and data points lying between kriging points (Trangmar et d., 1985). The interpolation 

technique of kriging has been widely used in hydrological research (de Marsily, 1986; 

Pucci and Murashige, 1987; Jones, 1993). 

The contour plots (Figures 4.2-4.6) extend from the northerly observation well transect, 

south to Crow Point, as shown on Figure 4.2. It was not possible to accurately interpolate 

the water table contours to the north of this transect, because of the absence of known 
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water table elevations. 

Mean sea level Newlyn, denoted by the 0 m surface elevation contour on the Braunton 

Burrows habitat map (Nature Conservancy Council, 1990), was used as a datum taken to 

represent approximately zero water table elevation. A similar assumption was also made 

in the calculation of a water balance for the Ainsdale dune system (Clarke, 1980). 

Furthermore, Ordnance Survey, Southampton, stated that mean sea level was probably the 

best datum from which to build up a contour map of the water table surface (Lamb, pers. 

comm). Taking mean sea level as zero water table elevation is only an approximation, 

which in fact may either over or under exaggerate the elevation of the water table at this 

point as the system is not in steady-state. Therefore, the contour plots (Figures 4.2-4.6) 

should only be taken as an indication of the possible seasonal differences in the shape and 

elevation of the Braunton groundwater system. 

Inteipretation of the contour plots 

Both the summer (February 1995 and January 1996) and winter (February 1994 and 

February 1995) plots of the water table show a similar contour pattern (Figures 4.2-4.6). 

For these particular dates the contours run parallel to the seaward boundary of the system, 

curving south-eastwards aroimd the southern part of the dime complex before running 

parallel to West Boundary Drain, which forms the inland boundary between the dime and 

marsh systems. A similar contour pattern was also interpolated in the earlier hydrological 

study of Braunton Burrows by Willis et d. (1959a), as illustrated in Figure 4.6. 
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Figure 4.2 Contour plot of the water table at Braunton Burrows, September 1994. 
(Contour elevations are in metres above OD. Cross-sections refer to Section 
4.2.1 and Figures 4.7-4.10.) 
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Figure 4.3 Contour plot of the water table at Braunton Burrows, February 1995. 
(Contour elevations are in metres above OD. Cross-sections refer to Section 
4.2.1 and Figures 4.7-4.10.) 

140 



, 1 1 1 ( / / ' - s 

. 1 1 ' ' ' , ' ^ 

' , , , , / ' ^ - ^ \ < ' ' ' , ' ' , - ~^ \ r ' ' ' ' # ' ' - ^ \ 
1 ' ' ' ' . ' ' ^ ' ^ 

' • ' / ' . ' / 
1 1 1 1 ' 1 ' ' ' ^ \ , 

. 1 1 1 ' > ' ' ' ^ s 1 

1 1 1 V ' ', > 1 ; , Round ^̂  > 1 

I ' — 
1 ' 
1 1 

1 ' 
I ' 
t ' 

\ ' 
1 ' 
1 / 

. / 
/ ' 

', ', 'i ', 'i ' 'i ' 1 ' Slack V \ CROSS-SECTION C ' 

^ r; ;T "'" ^ \ ~ ^ \ " " 
•' : - '. ^ '> \ ^ '. ' 
' 1 > . > CP ^ ' . ' 

O N ) ^ 1 S ' V " ~ - 1 > 
b ' b ! 8 > ° > ^ ~ - ' > ' 
O ' O ' 1 ' > V , \ 

; ! ' ' . ' . ' \ ' \ ^ ' 1 1 1 1 1 1 \ ^ \ 
1 1 1 1 V 1 \ "̂  

I I V 

\ ', ' ; . ' 1 \ V Hog Wood 
> ' 'i ' ; '. \ \ \ Plain 

' ' > ' • 1 . > 1 1 1 1 < 1 ' 
1 1 ' 1 1 ' 1 1 1 

1 . 1 • . ' 
1 1 1 1 , 1 1 , 1 
1 1 1 1 1 1 1 

1 1 1 
1 1 1 1 1 1 1 
1 1 X > 1 1 1 

\ l 1 ^ " ^ 
' • 1 ' ' 1 ' ' 1 ' 1 ' 
1 • 1 1 ' 1 1 ' 1 1 

1 » \ > > ', 1 1 \ - - - ' 1 

» » 1 \ \ _ 1 ' CROSS-SECTION B i 

1 1 \ ' > \ 1 > \ 1 
1 \ , > 1 ' 1 » V / 

% ^ \ \ ^ ^ \ \ \ \ o 1 / 

* £ V 1 ' > V V V « 1 1 

1 X » » ^ . ^ . X - . . , ' 

V \ ^ v " - \ CROSS-SECTION A J j 

" " • - • " - > : - : ; - - : : ; • ' - ' ; ; 

T s 

- r- - f -
1 ' 

1 ' ^ ^ 

'. .' '' 1 1 V, V 1 2 
» \ "• 1 c 
\ \ \ 1 O-
. ' * 1 1 /= 

' 1 ' 1 I £ , S 
> ' 1 ' , I e ,'m 

; ' ' \ D 
. ' ' 1 I S' 

1 1 , 1 B> 
' . 1 ' 1 • o 

. ' l i e ' 1 1 . 1 3 
1 . 1 ' I O 
1 ' , ' l " " 

1 1 1 ' 1 ^ . 1 1 1 O 

1 ' , 1 5 
' 1 ' i l l 
' 1 ' 1 1 , 

' ' ' 1\\ 
•"•' ' \ \ : ' I 1 I ' 

-' ' ; • \ 
' : , ' \ 1 ' ! 1 \ . 

b ; ' / 
<o ' ' 1 
' • 1 . 
I ' l l / 
1 ' 1 1 / 
I ' 1 , ' .. 

/ / , , ' . 

- _ ' ' 0-
Crow / 
Point ' 

Water table contours 
(0.50m intervals). 

Figure 4.4 Contour plot of the water table at Braunton Burrows, September 1995. 
(Contour elevations are in metres above OD. Cross-sections refer to Section 
4.2.1 and Figures 4.7-4.10.) 

141 



1—I 1—n—1—J—7 ^^ ; - 1 
1 ' / / / ' -' •*• . 

/ • ^ * ' 
' ' ' ' ' / • ^ - — -> •* I 1 

' ' ' ' ' / ' - ' " - ". ^ • i . j / / ^ ^ 
1 ' 1 ' / . ^ ^ N I 1 
• 1 1 1 ' / ' ' - ^ \ . 
• ' ' , ' ( / ^ ^ - ^ ^ , > 1 
• ' ' ' 1 , 1 ^ - - - ^ 1 , 
r 1 1 1 ' 1 , / ^ ^ . * • 

1 1 ' ' ' 1 . 1 ' * ^ r 

; ; ; 1 : > ' -'̂ ^ ^^^- ^̂  « 
' , ' ! * , V * ^ ^ I ' ' 

', ', 1 'i ' ^ ' ^ ' ^ ' '^^ " " " - ^ " ^ \ CROSS-SECTION C^ 

1 ' 1 ' ' ' ', \ * \ ^ ^ - ^ 1 ' / ' ' 
1 ' 1 1 > > , . \ \ Round -x \ . ; / 
, r 1 1 ' , , , cP \ olac^ , ' 1 ' / _ ' ^^ 

' ' ' ' 1 en 1 o V > \ > '. ' ' . / ^ ^ 

1 > 1 1 > , , < \ \ ' ^ ' \ ' \ 1 
l i l l . ' l ' V , ' v ^ ^ ^ ^ l C 

' ' , ' 1 > ^ . ._ - \ \ ^ ^ ^ l O 
', . ', 'i 1 ' \ ' - - » ' \ ^̂  t . £ •S 
\ . . ' ' ; \ ' \ HogWood / ^ « \ \ v̂  Vs g 

. i i " • ' f I ' l ' l n i 
" ' ' I ' l l ' 1 , ' / 1 1 • > I 'S 

' . ' I , ' , ' ' ( 1 , 1 1 3 
' ' 1 ' ' 1 1 ' > ' / 1 1 1 I O 
' ' 1 ' ' . . > 1 / ' , 1 r l * " 
I I . t i l ' ' l l * -' ' 1 ^ * 1 1 » \ , 1 • I f 1 f ' > ' 
1 1 I I ^ . * 1 * - V ' • . 1 a> / 

' ' ' > " > . ' > , ' 1 ' ' l ^ ' 
1 1 \ > ' \ 1 1 ' 1 ' ' 1 1 ' 

i ' » \ I ' . ' i ^ 
' ' * ' \ > I \ > V ' 1 > . ' ' 1 ' 
\ \ \ \ > , > ^ /• • ' 1 ' 1 , 
X \ > X > , CROSS-SECTION B •• - - ' ' , ' ' I 

» I \ \ \ , » \ , ' 1 , \ 

> ' ^ > ^ \ \ ' ^ 1 / / ' ' A 

•&• 1 ' , 1 ^^ ^^ \ ^ O 1 / , ' ' ' ' 
• f ' v i v ' . ^ x v ^ ^ - . K , ^ , i ' ' ' 

v \ v ^ ^ X V ^^ o i - - ' , i ' ^ > 
-^" ' - CROSS-SECTION A-^^ , , ' ' ' \ ^ 

^ - ^ ^ x ^ ^ N v X 1 ' / 1 , 

JL %> ^^Jc---- - ' - ' 0.00--' 
"̂"iffl̂ ^ -̂ ^̂ °* / y \ Point / 

s 

Water table contours 
(0.50m intervals). 

Figure 4.5 Contour plot of the water table at Braunton Burrows, January 1996. 
(Contour elevations are in metres above OD. Cross-sections refer to Section 
4.2.1 and Figures 4.7-4.10.) 
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