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Summary

This research project developed a New M ethod o f vulnerability mapping for the protection 

of karst aquifers in England and Wales alongside the COST Action 620 project, w^hich 

developed a framework for a European Approach to karst vulnerability mapping (Daly et 

ai,  2000). The New Method was applied to six test sites in different karst aquifers in 

England and Wales.

(Carst hydrogeology and pre-existing vulnerability methods were reviewed, three o f which 

were chosen (DRASTIC, Irish Method, EPIK) and applied to six o f  the test sites and 

subsequently analysed to identify deficiencies. Field work was designed to gather data 

absent from published sources. The New M ethod was developed incorporating two 

parameters: the protective cover and flow concentration, which are overlain to form the 

vulnerability map. The protective cover param eter divides deposits overlying the aquifer 

into travel time categories (based on thickness, permeability and specific yield/effective 

porosity). The flow concentration parameter delineates zones o f extreme vulnerability 

iround dolines and sinking streams. Dolines and sinking streams concentrate recharge 

before it enters the aquifer, and potential pollutants may be entrained in sinking streams 

ind rapidly flushed into the aquifer. Following a literature review o f hydrological research 

it was decided that vulnerability zones around dolines and sinking streams should be based 

Dn slopes and soils, and default buffer zones. Electrical conductivity data were collected 

at four sites) to compare the changes in conductivity in springs with the vulnerability 

maps o f  the New Method.

The New Method represents an improvement on previous methods. Specifically it uses 

Dnly two maps to form the vulnerability map, it doesn’t use a numerical index and is 

flexible, as it can cope with methods o f estimating source areas o f runoff to karst features 

)r travel time through the protective cover other than those presented in this thesis.
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Vulnerability Mapping for the Protection of 

Karst Aquifers in England and Wales

Suzanne Dunne 

Abstract

A new karst vulnerability mapping method has been developed for the Environment 
Agency (E.A.), for use on aquifers in England and Wales, which takes into account the 
peculiarities o f karst. Three existing vulnerability mapping methods (EPIK, Irish Method 
and DRASTIC) were applied to six test sites in different karst aquifers throughout England 
and Wales. These methods were found to be deficient in a number o f ways, for example; 
DRASTIC ignored karst features, EPIK failed to include allogenic recharge, while in the 
Irish Method, the local hydrology around swallow holes and dolines was ignored. Two 
parameters have been used to form the New Method; protective cover and flow 
concentration both o f  which are in map format and are overlain to form the vulnerability 
map.

The protective cover map classifies deposits above the karst aquifer with respect to travel 
times o f infiltrating recharge, under saturated conditions. This is a more quantitative or 
physically based approach to vulnerability mapping than the previous methods. Once the 
thickness and saturated hydraulic conductivity of the overlying deposits are known, then 
the travel time may be read from a spreadsheet (designed by the author). The travel times 
are divided into one o f  six vulnerability classes, with longer travel times reflecting lower 
vulnerabilities.

The flow concentration parameter in the New Method delineates extreme vulnerability 
zones around dolines and sinking streams. At dolines and sinking streams, pollutants may 
be funnelled into the underground karst network, bypassing the protective cover as they 
recharge the aquifer. W here slopes o f greater than 10 degrees are connected to sinking 
streams and have a soil cover o f  50% standard percentage runoff (SPR) or more, they are 
classed as areas o f flow concentration. On more gentle slopes a default buffer zone o f 10m 
wide is applied around sinking streams and sinkholes. For dolines located on slopes, with 
recharge areas up-hill o f  the doline, both the dolines and recharge area are classed as areas 
o f flow concentration. For dolines located on ground with lower relief, a default buffer 
zone o f  50m is applied around the doline. The width o f the default buffer zones 
approximates to those used in previous vulnerability methods. If  there is supporting field 
evidence that parts o f the catchment o f sinking streams or dolines generate runoff and are 
connected to the sinking stream then these areas should also be included as areas o f flow 
concentration.

Electrical conductivity can be used as an external check on the vulnerability map, where 
the full groundwater catchment area o f the spring has been defined and mapped using the 
New Method. In summary, there is greater flexibility in the New Method than in any o f 
the pre-existing methods and the delineation o f vulnerability zones around karst features is 
more closely linked to hydrology and runoff generation.
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Chapter 1

Introduction to Vulnerability Mapping for the 

Protection of Karst Aquifers in England and Wales

1,1 Aim of the Thesis

The aim o f the tliesis is to develop a new vulnerability mapping method for the karst 

aquifers in England and Wales and to highlight the advantages o f this method over existing 

methods by comparing the techniques on a number o f different sites. This research was 

initiated because the Environment Agency’s (E.A.) method for groundwater vulnerability 

mapping (Palmer et a i ,  1995) fails to take account o f the unique geomorphological and 

hydrogeological characteristics o f karst settings. Even if  karst features were to be included 

in the E.A .’s existing method, the maps are at a scale o f 1:100 000, which is unsuitable for 

assessing small catchment areas o f sinking streams and dolines. This project focused upon 

the Carboniferous and Jurassic limestones and excluded the Permian limestones because 

karst features are not extensively developed (Gunn & Lowe, 1994). The chalk aquifer was 

not included in the E.A .’s remit.

Objectives o f  the Research

The objectives o f this research were to develop a method o f vulnerability mapping that;

(i) Took account o f the characteristics o f karst settings;

(ii) Was relatively simple and easy to use;

(iii) Was flexible enough to cope with the range o f English and W elsh karst setting?;

(iv) Was able to cope with new and varied sources o f base data.

Context o f  the Research

The research outlined in this thesis has been carried out alongside the COST (Co- 

O peration o f Science and Technology) Action 620 program, which aimed to develop a 

European Approach to karst vulnerability mapping. The “COST Action 620” meetings 

began in 1997 and were attended by delegates from European countries who met on a six- 

monthly basis. The meetings took the form o f a discussion forum and were attended by 

hydrogeologists and karst specialists from universities, government agencies and private
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research institutions. There were three working groups within COST Action 620, each 

concerned with different aspects o f karst vulnerability mapping; intrinsic vulnerability 

(working group 1), specific vulnerability (working group 2) and GIS (working group 3). 

Working group 1, aimed to develop a broad-based approach to karst vulnerability mapping, 

which was applicable to karst settings throughout Europe. The author participated in the 

working group 1 meetings upon commencement o f this research project in A utum n 1998 

and also took part in field work in Ireland in 1999, and Switzerland and Austria in 2000. 

These trips helped to inform the author o f the application o f the EPIK (Swiss 

methodology) and the Irish Method to a variety o f karst settings outside o f  England and 

Wales and also to meet and discuss vulnerability mapping with other European 

hydrogeologists.

1.2 Introduction to Groundwater Vulnerability Mapping

Just as definitions o f vulnerability have varied through time, so have vulnerability 

methods. Vulnerability mapping began in the 1960s in France (Vrba & Zaporozec, 1994), 

with hydrogeological complex and setting methods (see Section 1.3). Vulnerability maps 

continued to be made in France in the 1970s and also in the Czech Republic (Vrba & 

Zaporozec, 1994). An account o f vulnerability maps produced up to the late 1980s is given 

by Vrba & Zaporozec (1994). In the 1980s the use o f vulnerability maps spread 

throughout the western world and various methods were developed in the U.S., Italy, the 

Netherlands, Germany, the UK and Sweden (Vrba & Zaporozec, 1994).

Vulnerability mapping methods divide aquifers into different categories o f  relative 

vulnerability. The target at risk to pollution may be defined as either the water table, the 

top o f the aquifer or the spring/borehole. In this study the water table is taken to be the 

target at risk to pollution. Vulnerability assessment is based upon the concept that layers 

such as the soil, unconsolidated deposits and bedrock may have some ability to purify 

infiltrating contaminated recharge or groundwater. Where the attenuation capacity o f  these 

layers is high the groundwater is better protected and vice versa. M aterials that are 

particularly suitable for purifying groundwater are clays in soils and drift deposits, as their 

atomic structure and ionic chaf-ge have the ability to trap large cations, thus cleansing 

recharging water as it flows through the groundwater system (National Research C ouncil’,

' The National Research Council refers to the U .S. organisation.
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1993). According to Foster (1998) the vadose (unsaturated) zone environment is most 

favourable for pollutant attenuation and elimination. The degree o f contaminant 

attenuation will largely be dependent on vadose zone pollutant pathways and residence 

times (Foster, 1998). The longer a pollutant stays in the unsaturated zone the greater the 

chance it will be attenuated. The vulnerability concept has been linked to recharge by 

Foster (1998): "Assessing aquifer pollution vulnerability is inextricably linked with 

understanding groundwater recharge mechanisms Vulnerability and recharge processes 

are intimately related to each other and where recharge rapidly enters the aquifer, 

vulnerability is maximised (Daly, pers com., 1999). In summary intrinsic vulnerability 

mapping attempts to characterise the ease with which recharge enters the aquifer.

While all groundwater (particularly karst groundwater) is vulnerable to some degree the 

aim of vulnerability mapping is to distinguish areas that are more vulnerable than others. 

A more precise vulnerability method will distinguish areas that are slightly more 

vulnerable than others. Vulnerability is not something that can be measured with one 

instrument yielding an accurate result or a clear error reading (National Research Council, 

1993). There are three “Laws” of groundwater vulnerability given in the US publication 

(National Research Council, 1993):

(i) All groundwater is vulnerable;

(ii) Uncertainty is inherent in all vulnerability assessments;

(iii) The obvious may be obscured and the subtle indistinguishable.

The laws of groundwater vulnerability are guidelines for scientists involved in the 

construction of groundwater vulnerability maps. The parameters that are included within a 

vulnerability assessment are subjective and are highly dependent upon the author(s). There 

are two general forms of vulnerability maps: resource and source protection maps. For 

resource mapping, usually the target is the water table, and for source protection zones, the 

target is a public water supply such as a spring or borehole. Resource vulnerability 

mapping methods are drawn using maps of 1:50 000 scale or less, while source protection 

zones are constructed on maps of 1:10 000 scale.

Intrinsic vulnerability is where vulnerability is considered independent of contaminant 

type, and is deemed the most unbiased approach to assessing vulnerability or delineating
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protection zones (Doerfliger, 1996). Some o f the main definitions o f  intrinsic vulnerability 

are listed below:

(i) Vulnerability represents the intrinsic geological and hydrogeological

characteristics which determine the ease with which groundwater may be 

contaminated by human activities (Daly & Warren, 1998);

(ii) Aquifer pollution vulnerability represents the intrinsic characteristics, which

determine the sensitivity o f various parts o f an aquifer to being adversely 

affected by an imposed contaminant load (Foster, 1987);

(iii) Vulnerability is an intrinsic property o f a groundwater system that depends on

the sensitivity o f that system to human and/or natural impacts (Vrba &

Zaporozec, 1994);

(iv) Vulnerability is the tendency or likelihood for contaminants to reach a

specified position in the groundwater system after introduction at some 

location above the uppermost aquifer (National Research Council, 1993).

The definition o f vulnerability used in this research is based on Daly and W arren’s 

definition above:

Vulnerability is the term used to define the vulnerability o f  groundwater to contaminants 

generated by human activities. It represents the intrinsic geological and hydrogeological 

characteristics which determine the ease with which groundwater may be contaminated by 

human activities (Drew, 1998).

A specific vulnerability approach refers to the consideration o f the type and characteristics 

o f a pollutant within the vulnerability assessment. If the properties o f  the pollutant such as 

density or viscosity differ greatly from water, then this approach may be deemed 

appropriate. When a variety o f contaminants is present with varying characteristics this 

method becomes complicated and less applicable.

1.3 Classification of Vulnerability Mapping Methods

A range o f vulnerability mapping methods exists. In the following section a classification 

is presented. A similar summary may be found in Goldscheider (2002), Gogu and 

Dassargues (2000) and Vrba and Zaporozec (1994).
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Hydrogeological Complex and Setting Methods

These methods are a qualitative approach to vulnerability mapping (Gogu and Dassargues, 

2000). They are generally used on small scales and formed some o f  the earlier 

vulnerability mapping methods (Vrba & Zaporozec, 1994; Goldscheider, 2002). 

Hydrogeological complex and setting methods are based on the concept that areas of 

similar hydrogeological and geomorphological characteristics exhibit a similar 

vulnerability rating (Gogu and Dassargues, 2000; Goldscheider, 2002).

Parametric System Models

Parametric system models, classify parameters such as soil thickness, texture, slope and 

depth to water table that are deemed to represent the vulnerability, and combine these 

parameters to form a vulnerability index or classification. There are three types o f 

parametric system models:

(i) Matrix System Models: an example o f a matrix system model is the Irish Method 

described in Chapter 3. Within the protective cover two parameters are chosen to 

reflect vulnerability: thickness and texture o f subsoils. These are combined in a 

matrix and a relative vulnerability score is derived.

(ii) Rating System Models: within rating system models each parameter is divided into 

intervals and a numerical score is attached to each interval. The scores are summed 

for each parameter, resulting in a vulnerability index. The index is divided into 

vulnerability categories. GOD (Groundwater occurrence. Overlying layers and 

Depth to water table) and AVI (Aquifer Vulnerability Index) are examples o f rating 

system models.

(iii) Point Count System Models: these follow the same process as rating system 

models, but each parameter is weighted and subsequently summed to form a 

vulnerability index. Examples include: DRASTIC (Depth to water table, net 

Recharge, Aquifer media. Soil media. Topography, Impact o f vadose media, 

hydraulic Conductivity o f the aquifer), EPIK (Epikarst, Protective cover, 

Infiltration conditions, degree o f Karstification), SINTACS (uses the same 

parameters as DRASTIC), REKS (Rocks, Epikarst, Karstification, Soil), which are 

discussed in Chapter 3. There are no quantitative criteria for evaluating whether 

the ratings and weightings are correct. The representation o f soils and hydrological 

features as a numerical score is entirely subjective to the methodology.
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Numerical/Mathematical Models

Mathematical models use equations to calculate flow and concentration o f contaminants 

through the overlying layers of an aquifer to the water table. The Environment Agency in 

England and Wales currently uses such a system for the regulation of the spreading of 

pesticides (Neale, pen ' com., 2002). In Switzerland a similar model, known as VULK, was 

developed at Neuchatel University (Jeannin et a i, 2001). Models such as these can be 

used as a check on parametric system models (Goldscheider, 2002).

Statistical Methods

Statistical methods look at the relationship between physical parameters (e.g. soil type) and 

the concentration of a contaminant (Goldscheider, 2002). This method may be more 

applicable for non-karst settings where the change in contaminant concentrations would be 

more gradual and spatially uniform (Goldscheider, 2002).

1.4 Limitations of Groundwater Vulnerability Mapping

The final vulnerability map must be at a scale that best reflects the spread and variation of 

data that are contained within the map. The usefulness of a vulnerability assessment is 

highly dependent upon the scale at which it is conducted. Errors may exist within the data 

used and this results in uncertainty in the final output. According to the National Research 

Council (1993): “Uncertainty is pervasive in both spatial databases and computational 

schemes: as a result, all vulnerability assessments are inherently uncertain. ” When a 

vulnerability map is produced it is a reflection of the data that were available to the makers 

at the time of assemblage. It is helpful if the map is produced using GIS, so that newly 

acquired information may be added, and the map may be easily reproduced at any stage in 

the future. GIS is also useful for overlaying data from different sources, e.g. scanned maps 

or vector maps.

Parametric methods (rating and point count system models) attempt to evaluate three- 

dimensional information and convert it into a unitless numerical value. Some methods 

attempt to incorporate the aspect of time, a fourth dimension in addition to three- 

dimensional spatial data. The resulting numerical index, however becomes more difficult 

to understand as the number of parameters and complexity of their derivation increases. 

Some of the methods are considered as being standardised such as DRASTIC (Aller et a i, 

1987), but when they are used in different environments from those they were originally
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intended, they are frequently altered (De Katelaere et al, 1997). It was therefore difficult 

to compare results obtained from the “same” method employed by different scientists as 

the vulnerability categories may no longer be consistent.

1.5 Outline of the Thesis

The thesis structure is outlined in Figure 1.1. In this opening chapter vulnerability 

mapping is introduced and explained (Section 1.2). The link between travel time of 

infiltrating recharge and the vulnerability concept is described (Section 1.2), and this theme 

is re-visited in Chapter 7. A brief history of vulnerability mapping is presented and a 

means of classifying vulnerability mapping methods is outlined. In Chapter 2 karst and 

karstification are explained, together with a description of the hydraulic behaviour o f karst 

aquifers and an illustration of how karst aquifers are classified. The implications of the 

hydraulic behaviour o f karst ibr vulnerability mapping are also discussed. Chapter 3 

reviews the three vulnerability mapping methods, DRASTIC, the Irish Method and EPIK 

which were subsequently chosen to apply to the test sites. Other karst vulnerability 

mapping methods are described and references are provided to general vulnerability 

methods that were reviewed. The decision-making process for the selection of the three 

methods is presented. Chapter 4 describes how data were collected for the compilation of 

the vulnerability maps. The fieldwork design and the use o f GIS in the compilation of the 

various maps are also described.

Chapter 5 reviews the geomorphology, geology and hydrogeology of five karst regions, 

South Wales, Yorkshire Dales, Mendip Hills, Lincolnshire and the Cotswolds. A total of 

six test sites were selected from the five regions in order to apply pre-existing methods. 

The six test sites are each described in Chapter 5. In Chapter 6, three vulnerability 

mapping methods were applied to six test sites. Some problems with the pre-existing 

methods were encountered during this process and this helped to identify areas where 

improvements on the existing methods were needed. In Chapter 7 the proposed new 

method for England and Wales’ karst aquifers is outlined. Chapter 8 is a qualitative 

evaluation of the New Method in which the new maps are compared to the maps of the 

previous methods. Limitations of the vulnerability maps are discussed. In Chapter 9 the 

conductivity data, which are used as an external check to validate the vulnerability maps, 

are presented. Chapter 10 is the final chapter, drawing together the whole thesis. 

Conclusions are drawn and potential follow-up work is suggested.
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Research Program Thesis Structure

Conclusions drawn and areas of 
further work investigated

Gathered more detailed 
literature about the test sites

Reviewed groundwater 
vulnerability mapping methods

Reviewed literature o f  karst and 
karst hydrogeology

Having identified deficiencies 
in previous methods, designed 
and applied the New Method

Selected groundwater 
vulnerability methods for 

application

C hap ter 2: Overview o f karst

C h ap te r 5: Regions and test site descriptions

C hap ter 4: Research design

C hap ter 7: The New Method

Familiarisation with Maplnfo, 
compiled and compared 
vulnerability maps (three 

methods) from six test sites.

Reviewed karst regions in 
England and Wales from 
literature and field work, 

selection o f  test sites

C hap ter 6: Application o f three vulnerability 
mapping methods

C hap ter 10: Conclusions

C hap ter 3: Review and selection o f vulnerability 
mapping methods

C hap ter 1: Introduction to vulnerability mapping for 
the protection o f karst aquifers in England and Wales

C hap ter 8: Application o f the New Method to the test 
sites and comparison with the pre-existing methods

C hap ter 9: Conductivity data as a means o f 
validating the new method

Literature review of 
conductivity data, installed 

conductivity meters at springs 
draining six o f the test sites and 

regularly downloaded data, 
analysed data.

Completed additional field 
work to collect protective cover 

data, incorporated data into 
maps in Chapters 6 & 8. 

Compared New Method to 
EPIK, DRASTIC and Irish 

Method maps

Figure I .l  Research program  and thesis struc tu re



1.6 Summary of Chapter 1

As stated at the outset of this chapter the primary aim of this research is to produce a 

vulnerability mapping method that is suitable for the karst settings of England and Wales, 

excluding the chalk aquifer. Vulnerability maps may be produced based on varied 

definitions of vulnerability and using either the water table or the aquifer as the target. 

Over the past 40 years vulnerability definitions have evolved and the one used in this 

research project is that of Daly fk. Warren (1998), Section 1.2.

Any variety of parameters and combination o f those parameters that are deemed to affect 

vulnerability may form the basis for a vulnerability mapping method. Various types of 

vulnerability mapping methods exist:

(i) Hydrogeological complex and setting methods;

(ii) Parametric system models;

(iii) Numerical/mathematical models.

The methods reviewed in Chapter 3 are all parametric system models. However some may 

use parameters that are based around numerical or mathematical models. The scale at 

which vulnerability maps are produced range from 1:10 000 to 1: 1 000 000. They are 

usually produced by governnicnt agencies such as geological surveys (e.g. Ireland, 

Slovakia) or environment agencies.
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Chapter 2 

Overview of Karst

2.1 Introduction

This chapter describes karst and karst aquifers as defined in previous studies and 

introduces classification systems and conceptual models for karst systems. Aspects o f 

karst aquifers pertinent to vulnerability are discussed, such as the role o f different types o f 

porosity and the function o f the epikarst. The implications o f the special characteristics o f 

karst systems with respect to vulnerability mapping are discussed in the concluding 

section.

2.2 Karstification

Karst is a geomorphological setting with “distinctive hydrology and landforms arising 

from a combination o f high rock solubility and well developed secondary porosity” (Ford 

& W illiams, 1989). This definition, however omits the role o f water, which through 

dissolution provides the key ingredient necessary for the evolution o f a carbonate terrain 

into karst (Ford & Williams, 1989). Rainfall combines with carbon dioxide to produce 

carbonic acid and attacks the limestone described by the following chemical reaction;

CaCOs + H2O + CO2 ^  2 HCO3 + Ca^^ 

calcium carbonate water carbon dioxide bicarbonate calcium

Further details o f these reactions may be found in Drew (1985) and Ford & Williams 

(1989). Karst is not restricted to limestone and may form in halites or gypsum (Drew, 

1985). While a common characteristic o f karst regions is the absence o f surface w ater in a 

wet climate, other lithologies such as sands, gravels and basalts may also exhibit an 

absence o f  surface water (Drew, 1985). The presence o f  limestone and a plentiful supply 

o f recharge, however, does not always result in karstification. Sasowsky (2000) stresses 

that while carbonate rocks imply karstification, the nature o f the karst development may 

vary widely from one region to another.
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2.3 Karst Aquifers

Karst aquifers are defined by the integrated systems o f pipelike conduits (generated by 

dissolution) that form underground drains and transport highly localised groundwater 

(W hite, 1988; 1999). The flow is often turbulent and the presence o f  conduits 

differentiates them from other aquifers (White, 1988; 1999). Quinlan et al. (1991) define 

karst aquifers as those in which joints, faults, bedding planes and cavities became enlarged 

by dissolution o f bedrock and at some stage in their development have carried water.

There is a degree o f organisation to the flow paths within karst aquifers and frequently a 

small number o f highly conductive pathways may transport the vast majority o f 

groundwater flow (Sasowsky, 2000). It has also been emphasised by Bakalowicz and 

Mangin (1980) that karst aquifers are not a random set o f voids, but are organised in a 

hierarchical manner around a drainage axis around which the aquifer is structured. 

W orthington et al. (2000) state that channel networks in carbonate aquifers, resemble to 

some extent the flow patterns o f surface rivers.

The basic concept o f  this organisation o f the karst system ' is that features on the surface 

such as dolines and swallow holes are connected via solutionally enlarged fractures to the 

underground network o f conduits. Hence recharge may be funnelled rapidly through the 

karst system. However this is dependent on many factors such as: the size o f the recharge 

event, the pre-event state o f the aquifer and the ability o f the aquifer to transm it the 

recharge pulse.

While the structure o f karst aquifers is highly variable, most karst aquifers have an upper 

weathered zone, termed the epikarst. This zone has specific temporal and spatial 

hydrological characteristics which control the distribution o f recharge within the aquifer. 

As vulnerability is concerned with the ease o f recharge reaching the target (water table) the 

epikarst should be considered in karst vulnerability mapping.

' The karst system  includes the recharge area o f  the karst aquifer, the epikarst (Section 2 .3), the unsaturated 
and saturated zones and also the discharge point(s), which usually take the form o f  springs.



The epikarst is the upper layer (0-5m thiclc) o f  weathered limestone o f  a karst aquifer with 

increased Assuring and dissolution compared to the limestone below it (W illiams, 1983). 

There is a contrast in permeability between the epikarst and the vadose zone , that results 

in the epikarst behaving as a storage area for recharge which, at a timescale o f  weeks to 

months, is considered to be hydrologically important (Tyc, 1996; Klimchouk, 1995). 

W ater storage is typically found to occur after storm events when the intensity o f recharge 

is at its greatest (Williams, 1983). Ford and Williams (1989) refer to the epikarstic 

hydrological behaviour as a “bottleneck effect” which is particularly prevalent after heavy 

rainfall events. The epikarstic zone influences the recharge o f the karstic aquifer by 

delaying the rate o f  recharge (Williams, 1983). The subsequent discharge from the 

epikarst may provide the baseflow from springs (Williams, 1983).

The epikarst is also important for localising recharge, also termed “flow concentration”, 

particularly at its base, where the permeability pattern converges flow into enlarged major 

fissures (Klimchouk, 1995). These act as leakage paths to the underlying vadose zone, 

resulting in recharge becoming spatially organised, as illustrated in Figure 2.1 (Williams, 

1983; Klimchouk, 1995; Tyc, 1996). The nature o f epikarst is highly variable as seen for 

example at the Schwyll test site where there is no visible epikarst development in the 

Ewenny Quarry exposures despite, 50m away, one outcrop (SS 9018 7692) showing a well 

developed epikarst present (Plate 2.1). Surface features, such as dolines, result from 

subsurface flow concentration and corrosion occurring at the base o f the epikarstic zone 

(Klimchouk, 1995). Dolines are exokarst (surface karst) depression features that form in 

the epikarst part o f the karst aquifer and a variety o f forms exist resulting from the effects 

o f  solution, collapse, suffosion and subsidence (Ford & Williams, 1989). Epikarst may be 

well developed, but difficult to map due to a cover o f soil.

 ̂V adose zone lies above the water table and below  the epikarst and its pore spaces are filled with both air 
and water (H ancock & Skinner, 2000)
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Recharge may take various pathways through the karst aquifer: along fractures or conduits 

and somewhat more tortuously through the matrix of the bedrock itself White (1999) 

gives the following definitions for each of these pathways:

(i) Conduits are pipelike openings with apertures from 1cm to a few tens o f metres.

(ii) Fractures are mechanical joints, joint swarms and bedding plane partings all of 

which may be enlarged by solution.

(iii) The matrix is defined as intergranular unfractured bedrock, through which the 

groundwater may move via interconnected pore spaces.

Worthington et al. (2000) term karst aquifers as triple porosity aquifers (as there are three 

forms o f porosity; matrix, fractures and conduits). Channels are used to describe 

dissolutional enlargements along joints, faults, bedding planes, such as features with 

apertures 1mm to several metres (Worthington et a l, 2000). Turbulent flow may 

commence in apertures as narrow as 1mm and turbulent flow is often a typical feature of 

karstic aquifers (White, 1999). Channel networks may develop in both low and high 

porosity carbonates (Worthington et al., 2000). Almost all of the groundwater flow takes 

place through the channels, yet they occupy a very minor fraction o f the aquifer volume 

(Worthington et a l, 2000). These openings and the modes o f recharge and discharge 

determine the overall hydraulic behaviour of the aquifer (Sasowsky, 2000). The 

interaction between pore spaces (low permeability zones) o f the aquifer and conduits (high 

permeability zones) has been studied by Jeannin & Grasso (1997) under different flow 

conditions. They postulated that under high water conditions the pore spaces of the aquifer 

are recharged and under low water conditions, the conduits drain the low permeability 

zones.

2.4 Karst Springs

Spring outflow and hydrochemistry represent a composite of everything that has happened 

upstream and spring flow behaviour, turbidity and chemistry may be analysed (Jeannin & 

Sauter, 1998; White, 1999). Interpretations of these data may be used to develop a 

conceptual model of the karst system. Due to the nature o f karst aquifers, the springs and 

boreholes may exhibit some of the following characteristics:

(i) A rapid response to rainfall events may be seen in boreholes and springs with 

short residence times of infiltrating recharge (COST Action 65, 1995);
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(ii) High velocities o f flow in the aquifer have been documented by tracings 

(250m/hr is discussed by Doerfliger (1996) and lOOOm/hr (COST Action 65, 

1995);

(iii) The peak o f  a discharge curve o f  a spring may be many times the size o f  the 

base flow (White, 1988);

(iv) Discharge o f springs may mirror changes in the delivery o f recharge. Storm 

events may be identified from, for example water chemistry, turbidity, or 

bacteriological measurements (Ford & Williams, 1989; Kresic et a l ,  1992);

(v) Varying groundwater levels in boreholes that are in close proximity to each 

other (Quinlan et al,  1991; COST Action 65, 1995; Jeannin & Grasso, 1997).

Karst systems can be said to possess an advantage over other types o f groundwater in 

terms o f  monitoring because the total flow o f the whole catchment may be focussed on a 

single spring (Jeannin & Sauter, 1998). However, the rainfall frequency and the size o f  the 

catchment may greatly affect hydrographs o f different karst systems, and a com parison o f 

hydrographs o f  different systems is known as cross correlation (Jeannin & Sauter, 1998). 

The responses o f the systems are likely to differ because two identical rainfall events in 

different catchments would be rare. Small catchments would be expected to have a 

quicker response to rainfall events and a lower memory effect compared to larger basins, 

because recharging rainfall has a shorter lateral pathway to the outlet. Short response 

times and high discharge ratios are indicators o f conduit systems for small basins only 

(White, 1988). The basic principle o f cross correlation o f  karst spring hydrographs is that 

any system that has a transfer function similar to that o f another karst system will also have 

a similar structure (Mangin, 1984; Jeannin & Sauter, 1998). W ell-drained systems have a 

low storage, low memory effect, a short regulation time and a high transfer time; for poorly 

drained systems the reverse is true (Jeannin & Sauter, 1998). Similarly M angin (1984) 

differentiated between two types o f karst systems, the first being where strong rainfall 

events produce strong peaked hydrographs and little storage. The second type occurs 

where the same strong rainfall event does not produce peaks in the spring discharge, but 

produces a notable increase in the reserves.

Kresic et al. (1992) recommend the use o f cross-correlograms to determine which o f  the 

openings provide the dominant effective porosity in a karst aquifer. The main differences 

between the Bucje (western Serbia karst) and the Buna (Dinaric karst) drainage systems

15



which the authors refer to is that Bucje is a slow draining system with matrix or fissure 

flow, and predominantly non-channel porosity, while Buna exhibits faster drainage, (with a 

duration o f 15 days as opposed to 80 for Bucje) with conduit flow being predominant. It is 

also worth stating that Bucje is a semi-covered karst while Buna is a holokarst^ (Kresic et 

ai. 1992).

2.5 Classification of Karst Aquifers

Quinlan et al. (1991) present a classification system of carbonate aquifers that combines 

characteristics such as the flow type, storage and recharge into a cube and relates these 

characteristics to the vulnerability o f the aquifer (Figure 2.2). The description o f the flow 

type is related to the hydraulics o f the aquifer and not to the aquifer type.

CLASSIFICATION OF CARBONATE AQUIFERS

V U L N E R A B I L I T Y

HYPERSENSITIVE
KARST AQUIFERS

VERY SENSITIVE
KARST AQUIFERS

MODERATELY SENSITIVE
KARST AQUIFERS

SUGHTLY SENSITIVE 
NON-KARST AQ UIFERS 
(In F ractu red  Rock)

NON-AQUIFERS

Figure 2.2 C lassif ication o f  carbonate  aquifers (Q uinlan et a l . y  1991)

COST 620 (Zwahlen, in press) designed a carbonate aquifer classification system (Table 

2.1) which is a function o f  the matrix porosity o f the aquifer and the nature o f the network 

that has resulted from karstification processes. An older and more simplistic classification 

o f karst aquifers is presented by Atkinson (1985), Figure 2.3. Atkinson (1985) highlights

 ̂ H olokarst d escr ib es a lan d scap e w h ere all the landform s are understandable in term s o f  karstic p ro cesses  
(H a n co ck  &. Sk inner, 2 0 0 0 )
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the difficulty o f measuring or even estimating the proportions o f flow transmitted through 

the different types o f void systems.

Table 2.1 Classification o f carbonate aquifers (Zwahlen, in press)

Network Intergranular
Porosity

Type o f Carbonate  
 Aquifer______

Absent

Absent

Fractures

Solutionally 
Enlarged Fractures

Slow Active Conduit 
N etw ork

Fast Active Conduit Network

No

Low-High

High
Low
No

High
Low
No

High
Low
No

High
Low
No

(no aquifer) 

Intergranular Aquifer 

Fractured Aquifer

Karst Aquifer

o
o
3o
ft)
t3

O
3

5 ‘

ST
fti
S3

XI
c_
ni

100%  NETWORK 
FISSURE

7 5  / f i s s u r e VV

50

F -C -D
25

d i f f u s eCONDUIT

C O N D U IT-D IFFU SI

% F i s s u r e
100%  DIFFUSE 100%  LINEAR

CONDUIT

Figure 2.3 Conceptual classification o f karst aquifers (Atkinson, 1985)
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A llo g en ic
Streams

Internal
R unoff

Epikarst

Surface Stream

D iffuse
Infiltration

Figure 2.4 Conceptual model o f a karst aquifer proposed by W hite (1999)

Another conceptual model is presented by White (1999) in Figure 2.4. In this model there 

are three types o f aquifer systems with respect to their carrying capacity;

(i) The aquifer can cope with all o f the allogenic runoff, Qc > Qa (max), where Qc = 

carrying capacity, Qa = allogenic recharge

(ii) Baseflows will reach the aquifer, storm flows will flow on the karst as surface 

water, Qa(max) > Qc> Qa (base)

(iii) Baseflow flows as surface water and therefore it is not accommodated as 

groundwater, Qc < Qa (min)

The illustration by Gunn (1986), Figure 2.5, is a useful one for describing a binary karst 

system (one that receives allogenic and autogenic recharge). Concentrated recharge can be 

seen flowing off caprock and entering the aquifer at a swallow hole. Diffuse recharge 

percolates downwards through soil or caprock to the surface o f the aquifer and is 

subsequently concentrated in vadose shafts o f the karst aquifer. The model also illustrates 

(in the inset) different flow paths o f recharge flowing into a shaft in the vadose zone. As 

one goes deeper into the cave system it becomes saturated. Many o f the typical attributes 

o f karst systems are shown in this diagram; closed depressions (dolines), a sinking stream, 

limestone pavement and an undergound network.
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Figure 2.5 Conceptual model of a karst system (Gunn, 1986)

2.6 The Consequences of the Hydraulic Characteristics of Karst Aquifers for 

Vulnerability Mapping

The openings in the aquifer determine the flux o f  recharge or potential contaminants 

through the system as Field (1990) explains: “the problems associated with transport, 

storage and attenuation o f  contaminants in a karst aquifer are a consequence o f  specific 

attributes o f  it Karst aquifers are notoriously effective in transmitting rather than treating 

pollutants (Ford & Williams, 1989). The various attenuation processes such as adsorption, 

dispersion, ion exchange and precipitation are much reduced (Quinlan et a l,  1991; Kresic 

et a l,  1992), partly due to the reduced water-rock interaction caused by a low matrix 

porosity o f  some karst aquifers, and partly due to the speed o f  recharge and the lack o f time 

available for such processes to occur. Karst aquifers may rapidly convey infiltrating 

recharge to the outlet and in doing so they possess one advantage in that they may 

discharge the contaminants relatively quickly as they get flushed out in storm events. 

Their ability to store recharge is often poor and so contamination events may only affect
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the aquifer for short periods o f  time. Dilution may be the only form o f attenuation possible 

in karst (Field, 1990).

Using the classification system proposed by Quinlan et al. (1991) (Figure 2.2), the aquifer 

may be assessed in terms o f  vulnerability. The carrying capacity and the hydraulics o f  the 

aquifer could also be used as indicators o f vulnerability o f  the aquifer. Where the aquifer 

accepts all o f the surface flow then this aquifer is more vulnerable than one which only 

accepts a smaller proportion o f that potential recharge. Therefore the carrying capacity 

could be used as a global parameter to differentiate between different karst systems, the 

most vulnerable being the karst system that can cope with all allogenic runoff, where the 

carrying capacity is greater than the recharge. The extent o f cave systems or the frequency 

o f dolines are examples o f parameters which could also be used as global indicators o f the 

vulnerability o f the karst system.

Where openings in the karst system are clearly linked to the surface they may take the form 

o f dolines, swallow holes or karrenfields. These areas are much more vulnerable than 

areas where there is no evidence o f a likely connection to the underground drainage 

network. Therefore dolines or swallow holes should be highlighted as being more 

vulnerable than the surrounding land devoid o f karst features.
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Chapter 3

Review and Selection of Vulnerability Mapping Methods

3.1 Introduction

In this study twelve vulnerability mapping methods which have been published in the 

scientific literature are reviewed. O f these twelve a small sample (three in all) was selected 

to be applied to test sites. The three methods are summarised, along with four other karst 

vulnerability mapping methods, and the reasons why those particular methods were selected 

are discussed.

3.2 The Selection o f Vulnerability Mapping Methods

Key references for the vulnerability mapping methods that were reviewed may be found in 

Table 3.1. Five o f the methods; EPIK, DIVERSITY, PI Method, REKS, KARSTIC, were 

specifically developed for karst aquifers; however, for reasons discussed later in this 

section, only one o f these methods was applied in the test sites.

Ideally all o f the vulnerability methods that were published at the time o f this research 

project should have been applied to the test sites. However though this may have been the 

most unbiased approach to developing a new method, there were time constraints within 

the project. As a result, a sample o f methods was chosen from those listed in Table 3.1. 

The reasons for selecting those particular methods are discussed below and summarised in 

Figure 3.1.

EPIK was chosen because it had been developed specifically for karst settings (the Jura in 

Switzerland) by leading karst researchers at Neuchatel University. The Irish Method 

incorporates karst and was designed to cope with glaciokarst settings such as the Burren 

(Ireland) which is akin to the Yorkshire Dales in England. DRASTIC is a widely 

published method and one o f the most established. It was an early weighting and rating 

method, and later methods such as SINTACS were based on DRASTIC.
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T able 3.1 The vulnerability mapping m ethods that were reviewed during this research and the key 

references to them

V ulnerability M apping Method

SINTACS 

Irish Method 

AVI

Hungarian Method 

Swedish Case Study 

GOD 

DRASTIC 

German Method 

DIVERSITY 

PI Method 

EPIK

REKS

KARSTIC

Key References

Civita & De Maio (1998)

Daly & Warren (1998); GSl (1999)

Van Stemport et al. (1993)

Fule & Madl-Szony (1998)

Johansson & Maxe (1998)

Foster (1987)

Aller etal. (1987)

Von Hoyer & Sofner (1998)

Ray & O ’Dell (1993) .

Goldscheider et al. (2000)

Doerfliger & Zwahlen (1995); Doerfliger (1996); Doerfliger & 

Zwahlen (1997); Doerfliger e /a /. (1999)

M alik& Svasta (1999)

Davis et al. (2002)

O f the remaining methods that were reviewed, many could not be applied due to 

insufficient detail in the published papers. These included: SINTACS, REKS, Hungarian 

Method and DIVERSITY. In AVI, GOD, Swedish Case Study and the German Method 

the inclusion o f karst for vulnerability mapping was only briefly referred to. W hile they 

could have been applied for comparison, it was thought to be more useful to apply methods 

which placed a greater emphasis upon karst. KARSTIC and the PI M ethod are included in 

this chapter, though they were not published at the time when this review was originally 

undertaken. The PI Method (developed alongside COST Action 620) and KARSTIC are 

summarised as they are groundwater vulnerability mapping methods which take karst into 

consideration.
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YesNo

None Only considered  
k karst

Som e

EPIKIrish M ethod  
DRASTIC

GOD

Swedish Case Study 
German 

AVI

Hungarian Method 

SINTACS 

REKS 

DIVERSITY

Did the vulnerability m ethod place any em phasis on karst?

W as there sufficient inform ation in publications for the author to apply the method?

Swedish Case Study 

German Method

Irish Method

DRASTIC

GOD

EPIK

AVI

Hungarian Method

SINTACS

REKS

DIVERSITY

Vulnerability m apping m ethods published at tim e o f study:

EPIK

DRASTIC

GOD

Irish Method

AVI

Swedish Case Study 

German Method

Figure 3.1 Flow diagram  illustrating som e o f  the reasons why EPIK, the Irish Method 

and DRASTIC were chosen
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3.3 Review of the Three Selected Methods and Four Other Methods Developed 

Specifically for Karst Aquifers 

3.3.1 EPIK

EPIK was developed at the University o f Neuchatel (Switzerland) by Doerfliger and her 

co-workers. Research began when the Swiss Water Agency commissioned it in the 1990s 

and it was developed alongside the COST Action 65 program (COST Action 65, 1995). 

The published explanation o f EPIK is found in Doerfliger’s PhD thesis (1996).

As stated in Chapter 1, EPIK is a parametric weighting and rating method that is used for 

assessing intrinsic vulnerability in a karst setting. A conceptual model o f the karst system 

is shown in Figure 3.2. The target in EPIK is the karst spring, although it may also be a 

borehole used for water supply. EPIK is a source protection method and is applied to the 

catchment area o f springs or boreholes (Doerfliger et al., 1999).

KarrenDoline

Unsaturated zoneRiver

Swallow.

Soil
Epil<arst

Saturated zone

Low permeatHlity layerSpnng

Slow flow

Figure 3.2 Conceptual model used in EPIK (Doerfliger & Zwahlen, 1998)

Four parameters chosen to reflect the groundwater vulnerability are explained below :

(i) Epikarst (E)

The epikarst parameter assesses the surface expression o f karst by classifying dolines, 

swallow holes, karrenfields, dry valleys and areas without karst features into three 

categories: E l ,  E2, E3 (as shown in Table 3.2).
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Table 3.2 Categories within the epikarst param eter (Doerfliger, 1996).

Presence or Absence o f Epikarst Description

Epikarst Classes

Karst m orphology related E! Swallow holes, sinkholes or dolines, karrenflelds, cuestas

to epikarst (E l or E2) E2 Intermediate zones between the aligned dolines, dry valleys

A bsence o f  a karst morphology E3 The rest o f  the groundwater catchm ent

(ii) Protective Cover (P)

Where soil overlies bedrock only the thickness o f  the soil is used to map this parameter. 

Where soil is above a low permeability deposit o f  at least Im deep, the categories are 

derived in the scenario B column o f  Table 3.3. There are four categories o f  protective 

cover, labelled: PI, P2, P3, P4.

Table 3.3 Categories o f protective cover (Doerfliger, 1996)

Protective Cover 

Classes

Absence o f

protective

cover

M ajor

protective

cover

P2

Description (Scenario A)

A. Soil lying directly on the aquifer 

lim estone layers or on some high 

perm eability detritus layers, e.g. rock 

debris, lateral glacial tills.

0-20cm o f  soil

2 0 -100cm o f  soil

P 3  > 100cm o f soil

P4

Description (Scenario B)

B. soil lying on low perm eability  

geological layers, e.g. lake silt, clay.

0-20cm o f  soil on layers that have a 

thickness < lm .

2 0 -100cm o f  soil on layers that have 

a thickness < lm .

> 100cm o f  soil or presence o f  low 

perm eability overlying geological 

layers

> 100cm o f  soil and thick detritus 

layers o f  very low hydraulic 

conductivity.
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(iii) Infiltration Conditions (I)

This parameter classifies the catchment o f  sinking streams, by constructing a series o f  

zones around them. The zones around sinking streams are dependent on the vegetation 

type and slope angle. The inner zone (II) is 10-50m wide and becomes wider where slopes 

are steep and vegetation is cultivated (Delporte, pers com., 2000). Areas outside o f the 

catchments are classed separately (14) irrespective o f the slope and vegetation (Table 3.4).

T able 3 .4  C ategories w ith in  the in filtration  con d ition s param eter  (D oerfliger , 1996)

In filtration

T ype

Concentrated

Infiltration

Diffuse

Infiltration

C lasses o f  

Infiltration  

C on ditions  

I 1

I 2

\ 3

I 4

D escrip tion

Perennial or temporary loss streams, perennial or temporary stream 

feeding a swallow hole or a sinkhole (doline), infiltrating surface 

stream, water catchment areas of the above mentioned streams 

(including the artificial drainage system)

Water catchment areas of the stream, mentioned under 11 (without 

artificial drainage system) whose slope is >10% for cultivated areas and 

25% for meadows and pastures.

Water catchment areas of the stream, mentioned under 11 (without 

artificial drainage system) whose slope is lower than 10% for cultivated 

areas and 25% for meadows and pastures -  low topographic zones 

collecting the runoff water and slopes feeding those low areas (slope 

higher than 10% for cultivated sectors and >25% for meadows and 

pastures).

The rest of the groundwater catchment

(iv) Karst Development (K)

The karst development parameter assesses the degree o f karstification o f the system and is 

also dependent on whether the outlet (spring or borehole) is in a porous media or is in the 

limestone itself The three karst development categories are described in Table 3.5.
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Table 3.5 Categories within the karst developm ent param eter (Doerfliger, 1996)

Karst Network Karst

Developm ent

Classes

High developed karst network K1

Low developed karst network K2

Joint karst network K3

Description

Karst network with m eter to decim eter sized conduits 

that are weakly plugged and well connected.

Karst network with drains or conduits that are badly 

connected or even partially plugged up, or also with a 

size in the decim eter range or even less.

Outlet in porous media with a possible filter effect -  

non-karst but fissured aquifer.

Each o f the parameters is weighted, stressing the importance o f one factor in relation to 

another. Intuitively it was considered the higher the weight the more important the 

parameter. The final index in EPIK is most sensitive to epikarst and infiltration conditions 

(ascribed a weighting o f 3) and least sensitive to the protective cover (weighting o f 1), see 

Table 3.6.

Table 3.6 The weights for each EPIK param eter (Doerfliger, 1996)

E P 1 K

3 1 3 2

For the geomorphological features (Tables 3.2-3.5) and within the groundwater catchment, 

numerical ratings (Table 3.7), are ascribed (this is best done using a Geographical 

Information System).

T able 3.7 Numerical scores that represent each subcategory o f the four param eters 

(Doerfliger, 1996)
^ _ _  __ ^  _ _

I ’ 3  4 1 2 3 4 1 2 ..........3.......... 4 .......... 1 2 ............ 3

The ratings are multiplied by the weights and the four layers are summed to give a final 

numerical value, known as the protection factor. The protection factor is subdivided into 

four categories, which correspond with protection zones (Table 3.8). The lower the 

numerical value the higher the protection allotted.
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Table 3.8 Protection factor and protection zone 

categories (Doerfliger, 1996)

Protection Zone Protection Factor F

________________________ (Total number of points)
51 9-19

52 20-25

53 >25

‘ <
E- S'
3  O  
-n n> 
O '

Rest o f  the catchm ent >25 with P4 & 13,14 ^  w

3.3.2 The Irish Method

The Groundwater Section o f the Geological Survey o f Ireland (GSI) has developed a 

method o f  intrinsic vulnerability mapping for Ireland (Daly & Drew, 1998; Daly & 

Warren, 1998; GSI, 1999). It is a parametric method that is based on a matrix o f thickness 

and texture o f protective cover (Table 3.9), the aquifer classification and karst features. 

Karst features are included by placing an extreme vulnerability zone around dolines that is 

30m wide and a 15m wide zone either side o f  a sinking stream.

Table 3.9 Vulnerability mapping matrix (adapted from Daly and Warren, (1998) Daly pers com., 

1999)

Hydrogeological Requirements

Subsoil permeability and thickness

Vulnerability

Rating

Extreme (E)

High (H)

M oderate (M ) N/A 

Low (L) N/A

High

permeability 

0-3 m

>3m

Moderate 

permeability 

0-3 m

3-lOm

>10m

N/A

Low

permeability 

0-3 m

3-5m

5-lOm

>10m

Unsaturated zone 

thickness

Sand & Gravel 

aquifers 

0-3 m

>3m

N/A

N/A

Karst feature

Doline 30m, 

sinking stream 

15m zone

The target is considered to be the top o f the bedrock aquifer. The unsaturated zones o f 

fissure flow aquifers are not deemed to protect the aquifer, hence this zone is excluded 

from the vulnerability assessment. For sand and gravel aquifers however the unsaturated 

zone is included. The aquifer type and importance are also included in the vulnerability
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mapping. The aquifer classification system is given in Table 3.10. Karstified aquifers may 

be further subdivided into Rkc, regionally important karstified aquifers where conduit flow 

is predominant or Rkf, regionally important karstified aquifers where diffust flow is 

predominant. The aquifer classifications are combined with the vulnerability rating into a 

matrix (Table 3.11).

Table 3.10 Aquifer classification system em ployed in the Irish M ethod (Daly & W arren, 1998)

Aquifer Type

Regionally im portant Aquifers (R) Karstified aquifers (Rk)

Fissured bedrock aquifers (Rf)

Extensive sand and gravel (Rg)

Locally Important Aquifers (L) Sand and gravel (Lg)

M oderately productive (Lm)

M oderately productive in local zones (Li)

Poor Aquifers (P) Generally unproductive except for local zones (PI)

Generally unproductive (Pu)

Table 3 .1 1 Matrix o f  groundwater protection schem es (Daly «& W arren, 1998)

Vulnerability
Rating

Extreme (E)

High (H) 

M oderate (M) 

Low (L)

Resource Protection  

Regionally Im portant Locally Im portant Poor Aquifers

Rk/E

Rk/H

Rk/M

Rk/L

Rf/E

Rf/H

Rf/M

Rf/L

Rg/E

Rg/H

Rg/M

Rg/L

Lm/E

Lm/H

Lm/M

Lm/L

Lg/E

Lg/H

Lg/M

Lg/L

Ll/E

Ll/H

Ll/M

Ll/L

Pl/E

Pl/H

Pl/M

Pl/L

Pu/E

Pu/H

Pu/M

Pu/L

The vulnerability maps for resource protection are at a 1 ;50 000 scale, although for source 

protection the same base information is used, but at a scale o f 1:10 000. Two source 

protection zones are mapped around public water supplies. One is the inner source 

protection zone (SI), based on a 100 day travel time, while the second delineates the zone 

o f contribution o f the supply, known as the outer source protection area (SO) (GSI, 1999). 

In karst areas the whole o f the catchment o f the source is classed as SI (GSI, 1999).

The vulnerability maps form a core part o f the groundwater protection scheme (Daly & 

Warren, 1998). This scheme prescribes the risk associated with potentially groundwater 

polluting activities to aid planners and decision-makers in deciding whether such activities
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should proceed or not throughout the Republic o f Ireland. For a potentially polluting 

activity the response depends on the risk posed by that activity, the aquifer classification 

and the vulnerability. The source-pathway-target model is illustrated in Figure 3.3. An 

example o f  how the aquifer classification is integrated with a hypothetical contaminant is 

given in Table 3.12, while the range o f outputs is shown in Table 3.13.

Source

V J

P athw ay

/ ’

Target

V

■\

H a z a rd
G ro u n d w ate r  v u ln e rab ility  to W e lls ,  s p r in g s .

co n tam in a tio n a q u i f e r s
\ ) - >

F igure 3 .3  S ou rce-p ath w ay-target m odel for en v iron m en ta l m an agem en t (G S l, 1999)

T ab le  3 .12  G rou n d w ater  protection  schem e m atrix for a h yp othetica l activ ity , the arrow s in d ica te  the  

d irection  o f  decreasin g  risk and h ence d ecreasin g  lik elihood  o f  con tam ination  (D a ly  & W arren , 1998)

V u ln erab ility  Sou rce  P rotection  R esource P rotection

R ating Site Inner Outer Regionally Locally Poor A quifers

Important Important

Extreme R4 R4 R4 R4 R4 R3 R2 R2*̂ R2*’

High R4 R4 R4 R4 R3™ R3 " R2 R2'’ R 2 “

M oderate R4 R4 R3"' R3™ R 2 '’ R2 R2 ’’ R 2 “ R1

Low R4 R3 R3 “ R 2 ‘‘ R2" R2 b R2 ^ R1 R1

►

T ab le  3 .13  V arious d egrees o f  response to p oten tia lly  pollu ting  activ ities, (D a ly  & W arren , 1998) 

C ategory  T he V ary in g  D egrees o f  R esponse

R1 Acceptable subject to normal good practice.

R2 A cceptable in principle, subject to conditions in note a, b, c .. .

R3 N ot acceptable in principle, som e exception may be allow ed subject to conditions in note a, b . ..

R4 N ot acceptable (D aly & Warren, 1998).
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3.3.3 DRASTIC Method

DRASTIC is a point count rating and weighting system that evaluates groundwater 

vulnerability. It was developed in the U.S.A. by the Environmental Protection Agency 

(E.P.A.) and National Ground Water Association in the late 1980s and may be applied to a 

whole spectrum of hydrogeological settings. DRASTIC was developed using the Delphi 

method (Aller et ai, 1987). This is a technique for structured communication which is 

used in the U.S.A. for the “gathering o f expert opinions among the nationwide advice 

community on which governmental decision-makers frequently rely” (Helmer, 1975; 

Lindstone & Turoff, 1975).

DRASTIC is an acronym for seven parameters (Table 3.14). These parameters are 

measured using a rating scale o f 1 to 10, with the higher numerical value representing 

conditions that are perceived to reflect an increase in the vulnerability (See Appendix 

3.3.3). The weightings are presented in Table 3.14, which are then multiplied by the rating 

value. The highest weights are given to depth to water table and to the impact o f the 

vadose zone media. The weighting scale ranges from 1 to 5 and combined ratings and 

weightings are summed to form a vulnerability index, which ranges from 24 to 260 points. 

This is a unitless scale and is divided into categories (Table 3.15). However, there are no 

descriptive vulnerability labels attached and only a description o f relative vulnerability can 

be derived from the result, as presented by Aller et al. (1987).

Table 3.14 DRASTIC param eters and weighting system (Aller et ai, 1987)

Parameter Weight

Depth to water table 5

Net recharge 4

Aquifer media 3

Soil media 2

Topography 1

Impact of vadose media 5

Hydraulic conductivity of the aquifer 3
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Table 3.15 The divisions o f the DRASTIC index (Aller e /a /.,  1987)

DRASTIC index range

>200 

180-199 

160-179 

140-159 

120-139 

100-119 

80-99 

<79

<
E 3 
3 O
—I CD
P  P  
O '  ^
—  5 ’

^ •ffQ

The area to be assessed using DRASTIC is divided into hydrogeological settings which are 

defined as: “a composite description of all the major geologic and hydrologic factors which 

control groundwater movement in and out of an area” (Aller et a l, 1987). DRASTIC is 

generally applied at a regional scale of 1 ;200 000. However, DRASTIC maps have also 

been compiled at a scale o f 1:25 000 (De Ketalaere et a l, 1997). While DRASTIC is a 

standardised approach to assessing vulnerability, the scale used to divide the final 

vulnerability index into vulnerability categories may vary from one application to another. 

In such instances the method is no longer standardised.

3.3.4 PI Method

The PI method was developed in Germany by Goldscheider et al. (2000). It is a 

combination of the Protective Cover from the existing German method, and the Infiltration 

Conditions which describe the degree to which the protective cover is by-passed, as a 

result of surface and near-surface concentration of flow. In the PI method the water table 

in the uppermost aquifer is the target.

At a swallow hole where there is maximum by-passing of the protective cover, the I-factor 

is zero. Where recharge is diffuse through the protective cover the I-factor is one. Within 

the catchment of a sinking stream I-values may lie between range of values between zero 

and one, dependent on the distance from the stream and also on the vegetation, slope and 

protective cover.
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There are four zones where the I factor are mapped:

(i) 10m buffer around the sinking stream and at the swallow hole;

(ii) 100m buffer on both sides o f  the stream;

(iii) The rest o f the catchment area;

(iv) Areas outside o f the catchment area.

The P factor is divided into five classes and is a modified version o f  the German method 

(Von Hoyer & Sofner, 1998). It describes the protectiveness o f  the cover material by 

assessing the thickness and hydraulic conductivity o f  all the strata between the ground 

surface and the groundwater table. The P and the I map are combined by multiplying the 

two parameters to get a vulnerability map.

Dolines are classed either as extremely or highly vulnerable. Dolines with no surface 

water flowing into them and with no infilling sediments are extreme vulnerability, whereas 

filled dolines are high vulnerability. Those with a perennial or intermittent sinking stream 

and their catchments can be classified using the I-factor.

There are three steps to determine the infiltration conditions parameters. First the 

thickness o f  a low permeability layer are combined to give a class o f  the protective cover 

(Tables (i) to (v), in Appendix 3.3.4). Vulnerability classes m ay be illustrated on both the 

P-factor and I-factor maps. These maps are then combined by multiplying the two 

numerical values together to form a vulnerability index (tt), which ranges from 0 to 5. 

Goldscheider et al. (2000) have prescribed colours for the various vulnerability classes as 

shown in Appendix 3.3.4 (p.208).

The merits o f  the PI method are that it assesses specific attributes o f the system, namely 

the hydraulic conductivity and thickness o f the overlying layers that are deemed to 

represent the vulnerability. However, the German approach to assessing the protective 

cover is a complex one. There is also no hydrological basis to the buffer zones in 

delineating the I factor.
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J . i .5  REKS

REKS is the title given to the Slovak adaptation o f the Swiss methodology known as EPIK. 

EPIK could not be applied in Slovakia due to the lack o f information for establishing K 

and the lack o f data concerning the I factor as there are few swallow holes in the Slovak 

karst areas (Malik & Svasta, 1999). REKS is a rating system using four parameters:

(i) Rocks (R)

This parameter was selected to describe the effect o f the geology upon the hydrogeology 

(M alik & Svasta 1999) and may be assessed in different ways depending upon the data 

available:

a. Lithology and permeability described and divided into categories;

b. Transmissivity values;

c. Groundwater discharge flow separation.

(ii) Epikarst (E)

From geomorphological studies surface and subsurface karst features are included (Malik 

& Svasta, 1999). A rating scale has been devised for these features and a buffer zone is 

placed around swallow holes and caves (Malik & Svasta, 1999).

(iii) Karstification (K)

Discharge hydrograph analysis may be used to describe the degree o f karstification o f an 

area (Malik & Svasta, 1999). Witkowski et al. (1997) developed the method, 

incorporating 10 categories, which are assigned a rating o f 1-10. The karstification may 

also be described using the ratio o f discharges over normal flow (as the ratio increases, so 

does the degree o f karstification). Five categories have been delineated.

(iv) Soil cover (S)

The soil cover is described using “resistivity” values which reflect the soil’s resistance to 

pollution. A composite o f grain size, plasticity, colour and organic matter content values 

were attached to the soil profiles, and these data were extrapolated (due to the low density 

o f point data available). The field area in Slovakia, where the method was applied, was 

divided into six geomorphological areas based upon the slope type and steepness. The 

slope and soil type data are combined and this is divided into 5 categories, with rating 

values attached (Malik & Svasta, 1999).
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REKS as yet has no linkages with protection zones or vulnerability classes. It falls into 

some o f  the same traps as other vulnerability methods, for example there is some degree o f 

overlapping between R and K factor. However, it takes account o f the hydrogeology o f the 

karst aquifer by discharge hydrographs and delineates zones around some karst features.

3.3.6 KARSTIC

KARSTIC was developed for the Black Hills, an upland region in Dakota in the U.S.A. 

(Davis et a l, 2002). KARSTIC uses the same parameters as DRASTIC but in addition 

includes active dolines, caves and fractures (Davis et al., 2002). Buffer zones are placed 

around caves and swallow holes, while geological fractures are protected as these are zones 

that are likely to be solutionally enlarged. Similarly to DRASTIC, KARSTIC is not a site 

specific method but one designed as a tool for planners as a screening method for the 

general public. The authors (Davis et al., 2002) emphasise the danger o f polluted recharge 

entering the aquifer through swallow holes by quoting from Rahn and others (1993):

‘I f  septic tank effluent in the upland areas o f  the Madison could be likened to possibly  

infectious material on the surface o f  one's skin, then these swallow holes, with their direct 

connection to the Madision aquifer, could be likened to hypodermic needles implanted  

within o n e ’s body. ’

3.3.7 DIVERSITY

DIVERSITY is an acronym for: Dispersion, VElocity-Rated, SensitivITY. The method 

was developed in the U.S.A. by Ray and O ’Dell (1993). It assesses three parameters: the 

recharge potential, flow velocity and flow directions. There are three stages involved in 

the methodology. Firstly, the hydrogeological setting is delineated, which is a function o f 

the geology and the recharge or discharge position within a terrain. Using the three 

parameters listed above a sensitivity envelope is derived (Figure 3.4). A score is obtained 

and this forms the sensitivity rating.

Ray and O ’Dell (1993) differentiate between vulnerability and sensitivity; the former 

represents an intrinsic susceptibility o f an aquifer to contaminant accumulation while the 

latter incorporates land use and other cultural activities. Figure 3.5 shows the widest 

sensitivity envelope is that o f the Missippian rocks. In contrast the fractured sandstone and
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shale aquifer results in a narrow envelope. Fractures result in a sensitivity o f 3 as opposed 

to 2.
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Figure 3.4 Hydrogeological sensitivity-rating graph combining the three parameters 

(Ray &  O ’Dell, 1993)
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Figure 3.5 Sensitivity envelopes for four hydrogeological settings in Kentucky 

(Ray i& O ’Dell, 1993)
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It is suggested by Ray & O ’Dell (1993) that the DIVERSITY method should be used for 

broad scale management, but not for detailed land-use planning by government agencies. 

This is due to the small scale at which the maps have been constructed. While 

DIVERSITY is more karst-orientated than DRASTIC, the Ray & O ’Dell paper reviewed 

contains insufficient detail to adequately describe how the three basic parameters are used 

in an application. Furthermore DIVERSITY merely differentiates aquifer settings from 

each other as opposed to distinguishing zones o f vulnerability within an aquifer type, 

which is the primary aim o f this thesis.

3.4 Summary

While it would have been ideal to apply a greater number o f  methods, time constraints 

resulted in only three being used. As the three selected methods incorporate karst to 

varying degrees o f detail, it was thought that a comparison between the vulnerability maps 

o f  test sites would determine the suitability o f the methods to the karst aquifers in England 

and Wales.
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Chapter 4

Research Design

4.1 Introduction

This chapter describes the rationale behind the choice o f regions and test sites. The range 

o f  data sources that were used to produce the vulnerability maps is described. M aplnfo 

(Geographical Information Systems (GIS) software) aided in the compilation o f  the 

vulnerability maps and was used to present the maps. Some o f  the functions available in 

M aplnfo that were utilised in this research project are explained in Section 4.4.

4.2 Test Site Selection

The major karst regions o f England and Wales were reviewed with respect to their 

geology, geomorphology and hydrogeology with the aim o f identifying small areas that 

would be suitable test sites. Site characteristics that were deemed suitable included;

(i) Sites located on a karstic aquifer or within the groundwater catchment o f a

karstic spring(s) or borehole(s);

(ii) Sites with some karst features such as dolines, sinking streams and

karrenfields;

(iii) Sites exhibiting variations in protective cover either within or between sites;

(iv) Test sites compact in area and accessible on foot (public paths).

Omissions from the project included the chalk aquifer as it was not in the original remit of 

the project, as determined by the Environment Agency England and Wales (Section 1.1) 

and the Peak District region, due to its complicated hydrogeology resulting from the effects 

o f mining (Ford, 1977; Gunn, 1992). In addition, the karstification o f the Permian 

Limestone is limited and while there are some caves, their origin is mainly tectonic rather 

than karstic and swallow holes are only found in one area o f  Yorkshire (Gunn & Lowe, 

1994).

The review o f the regions and visits to the Environment Agency’s offices (in order to 

consult with hydrogeologists and gather literature) enabled the author to choose test sites in 

the Yorkshire Dales, South Wales, the Cotswolds, the Mendips and Lincolnshire.
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Ideally the test sites would have encom passed the full groundw ater catchm ents o f  

regionally significant karst springs or boreholes. However, due to tim e constraints it was 

not possible to have such large test sites. In total six test sites were selected (Figure 4.1), 

all o f  w hich m et m ost or all o f  the characteristics listed in the preceding paragraph. The 

m ost im portant criterion was that the test site should be located on a karst aquifer. The 

second was that there should be karst features present and thirdly that there is inform ation 

available about the protective cover, particularly with respect to thicknesses o f 

deposits/soils.

A spreadsheet was com piled for each karst public w ater supply in W ales. The spreadsheet 

contained inform ation concerning; the existence o f  karst features, protective cover, source 

location and previous tracings in each o f  the catchm ents (see A ppendix 4.2). This 

technique allow ed two test sites (Schwyll and Great Spring) to be delineated. The choice 

o f  test sites in W ales was aided due to the wealth o f  inform ation available from the E.A. 

A lthough there was a range o f  potential sites in W ales that were not chosen (such as; 

M ilton, Pendine, Penderyn), suitable sites were selected in the vicinity o f  C ardiff to allow 

convenient and repeated access (Table 4.1).

A nother consideration was the data availability to produce the vulnerability maps. It was 

necessary to have access to the land in the test sites to collect prim ary data. Therefore the 

sites in the M endips and the Cotsw olds were chosen partly because o f  the proxim ity to 

public footpaths. The M endip test site was also chosen because o f  the karst features it 

contains and a hydrogeologist (W illie Stanton) who owned one o f  the fields o f  interest, 

gave the author access to some o f  the test sites. The geom orphology and karst features 

found in Castle Bytham and R ibblehead are typical o f the regions where they are found. 

Details o f  the locations o f the test sites are described in C hapter 5. In the following 

section b rie f descriptions o f  the relevant features o f  the test sites are presented in order to 

stress the suitability o f  these sites.
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Figure 4.1 Location o f the six test sites in England and W ales (source o f base map; G unn 1992)
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Table  4.1 C onsidera tions  for  the selection of two test sites in Wales

Karst Source Considerations Decision

B ig lis  W ells N o  k n ow n  karst features O m itted

V a lle y  Court N o  k now n karst features O m itted

L lygad  L lw ch w r N o  b oreh o le  data O m itted

F flyn n on  G isfaen N o  b oreh o le  data O m itted

Shon  S h effrey N o  b oreh o le  data O m itted

Parkm ill S tandby N o  b oreh ole  data O m itted

Ffynnon  A saph N o  b oreh o le  data O m itted

R h y m n ey  B rid ge P ossib ly  so m e  boreh o le  data, other site s  c lo se r  to C a rd iff O m itted

Park Sprin gs Standby S u ffic ien t data but other su itab le s ite s  are c lo ser  to  C a rd iff O m itted

M ilton S u ffic ien t data but other su itab le s ite s  are c lo ser  to  C a rd iff O m itted

P endine S u ffic ien t data but other su itab le s ite s  are c lo ser  to  C a rd iff O m itted

Penderyn S u ffic ien t data but other su itab le s ite s  are c lo ser  to  C a rd iff O m itted

S ch w y ll S u ffic ien t data and c lo se  to C a rd iff S elected

G reat Spring S u ffic ien t data w ith  E .A . a ss ista n ce  and c lo s e  to C a rd iff S elected

Schw yll Test Site in the Vale o f  G lam organ

The Schwyll test site was selected for a num ber o f  reasons, one being th a t the test site 

contains a spectrum  o f protective cover textures not seen at the other test sites. Tracings 

had been carried out within the Schwyll test site (Hobbs, 1993), confirm ing that the site 

was definitely w ithin the groundw ater catchm ent o f  the spring. There is also a variety o f 

karst features in the Schwyll test site: a stream -sink (swallet), a doline and a netw ork o f 

steep dry valleys. There is a large spring at Schwyll, which, although currently out o f use, 

is licensed to abstract 12.3 x 10^ M l/yr (Hobbs, 1993). There are also two large working 

quarries in the test site, which are in close proxim ity (<2km ) to Schwyll spring. The 

protective cover is significantly denuded in the quarries and groundw ater is likely to be 

m ore vulnerable to potential contam inants. As a result it was thought that these alterations 

to the landscape should be included in a vulnerability assessm ent and th a t it would be 

interesting to see if  the pre-existing m ethods highlighted the quarries as being particularly 

vulnerable.
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Great Spring Test Site north o f  Caerwent, near Chepstow

This test site Hes in the catchment o f the Great Spring and contains examples o f allogenic 

and autogenic recharge (Aldous & Clark, 1987). A stream (Cas Troggy Brook) flows off 

the Old Red Sandstone and sinks upon meeting the limestone. There are also some dolines 

and the protective cover ranges from soils to a recent terrace deposit overlying Triassic 

bedrock (marls and sandstones). Although the limestone aquifer is not confined it does 

have bedrock overlying it. The Great Spring supplies water to a brewery, a paper mill and 

an RAF base (Aldous & Clark, 1987).

Tormarton Test Site in the Cotswolds

The Cotswolds test site exhibits rolling hills and dry valleys, typical o f the region, and a 

number o f dolines. There is also a spring on the scarp side o f the hills, which is likely to 

drain part o f the test site and there are two sinking streams in the north o f the test site. The 

protective cover varies from a soil to alluvium cover over the Jurassic limestone aquifer.

Priddy Test Site in the Mendip Hills

The test site is located on the plateau o f the Mendips, consisting o f gently rolling dry 

valleys, numerous dolines and a varied protective cover, which ranges from thin soils to 

deep fine-grained deposits in some of the dolines. The boundary o f the Priddy site was 

defined primarily by public pathways.

Ribhlehead Test Site in the Yorkshire Dales

In the Yorkshire Dales the  test site contains a range o f karst features: sinking streams, 

shakeholes (small dolines) and karrenfields. The sinking streams are flowing off adjacent 

bedrock o f interbedded limestones and sandstones and one flowing over Carboniferous 

limestone. The boundary of the area was delimited by the inclusion o f Gauber Quarry to 

the northeast, sinking streams to the south and areas of shakeholes on higher ground to the 

west.

Castle Bytham Test Site in the Lincolnshire Wolds

With the exception of the chalk aquifer, the Lincolnshire limestone aquifer is one of the 

most important karst aquifers in England and W ales (Allen e;" al., 1997). The test site 

contains a range o f protective cover textures including sand and gravel and glacial drift, 

and karst features, such as dolines, dry valleys and sinking streams. The area was chosen
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for its variety o f features both with respect to karst and protective cover. The boundary 

was defined by the location o f sinking streams to the north and south west and a spring to 

the southeast. The Castle Bytham test site is significantly larger than the other test sites 

and was the final test site to be chosen. The area o f the test site roughly coincides with the 

full topographic catchment o f the spring at Castle Bytham village.

4.3 Data Collection

4.3.1 Overview

The data used in each o f the vulnerability mapping methods vary, but between the methods 

data relating to the following features include:

(i) Karst features; dolines, swallets, karrenfields, dry valleys;

(ii) Texture and thickness of the protective cover ;

(iii) Hydrogeology data; aquifer classification; depth to water table;

(iv) Vegetation;

(V) Topography;

(vi) Areas o f bedrock outcrop.

The data that were used in the compilation of the vulnerability maps were obtained from 

three main sources; pre-existing publications, unpublished reports and field work. Where 

data required for vulnerability mapping were not available from published sources or 

reports held by the Environment Agency, field work was carried out to gather new data.

Protective cover information ranged from details about the soils, to drift deposits and 

geology. Sources included:

(i) Soil information, sourced from the British Soil Survey for each o f the regions. 

This included soil maps at 1:63 360 or 1:100 000 scale and publications 

describing the characteristics of various soil series e.g. Findlay (1965; 1976);

(ii) The British Geological Survey (B.G.S.) geology and drift maps at 1:50 000 

scale and geology maps at 1:10 000 scale which provided the author with 

texture information for the deposits overlying the limestone aquifers;

(iii) Copies o f  borehole 1 ogs that existed fo r the  test sites and areas immediately 

surrounding them which were acquired from the B.G.S. The borehole logs 

gave an indication of the thickness o f soils and drift;

(iv) The 1:10 000 Ordnance Survey maps which illustrate areas o f outcrop in each 

of the test sites.
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Karst features and topography data were also obtained from a variety o f sources:

(i) Field observations: each o f the test sites was walked over by the author to gain 

a better impression and knowledge o f the landscape and karst features. Dolines, 

are normally not large or deep enough to appear on the Ordnance Survey maps 

and were mapped in the field in four o f the test sites. In the case o f Priddy and 

Ribblehead other sources were used as outlined below;

(ii) Digital 1:10 000 or paper 1:25 000 and 1: 50 000 Ordnance Survey maps 

illustrate the location o f topographical features (slopes, dry valleys, sinking 

streams);

(iii) Local reports or scientific papers on the  hydrogeology o f som e the test sites 

provide information on karst features;

Hydrogeological data were sourced from borehole logs for wells and investigative 

boreholes close to or within the test sites, (e.g. Schwyll test site: Wood, 1998b). For the 

Tormarton test site, water level data from wells surrounding the site were supplied by the 

E.A. However in many of the sites these data were absent. Simplistic information was 

required for vegetation (such as whether areas were cultivated) and was collected on field 

work and from 1:10 000 Ordnance Survey maps. Effective precipitation data were 

required for each o f the test sites for the DRASTIC method. This information was 

provided through the E.A. from the Meteorological Office Rainfall and Evaporation 

Calculation System (Morecs) database. The effective rainfall (mm/yr) was used as a 

surrogate for the net recharge. The Morecs data that were used were calculated from data 

collected over a 30-year period from 1961 -91, on a 50km grid over Britain.

Field work, involving targeted drilling or augering to determine the thickness and texture 

of specific protective cover deposits (Table 4.2), was carried out in the test sites. Two 

different forms o f assessment o f the texture o f unconsolidated deposits were used, 

incorporating both field and lab-based analysis. These data were subsequently 

incorporated into the vulnerability maps, so that the maps compiled using the New Method 

and the three pre-existing methods used the same base data. The tests performed in the 

field were designed by hydrogeologists from the Geological Survey o f Ireland (GSI) 

(Appendix 4.3.1).
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Test Site

Schwyll

Great  Spring 

T orm arton

Priddy

Table 4.2 Summ ary o f investigative protective cover field work

Protective Cover Field work E.A. assistance

Head deposits  and a lluvium sam pled  using hand auger  C arried  out by  the author

with  E.A. assistance

Deposits  overly ing the l im estone aquifer w ere  drilled using C arried  out by  the E.A.

a drill ing rig that goes  th rough  unconsolida ted  deposits

A lluvium  deposit (as show n on 1:50 000 Geological  Bath Carried out by  author, with

Sheet) and the area around it w as  sam pled  using a drill ing assistance o f  E.A.

rig (as described above)

Deposits  in dolines sam pled  Carried out by  the author

Due to foot and mouth restrictions o f 2001 (preventing access to agricultural land) field 

work was restricted to mapping karst features that were accessible by public tracks for the 

Castle Bytham site. In the Ribblehead site it was not possible to carry out any drilling, as 

the equipment (a small drilling rig) used could not have been easily transported from South 

Wales.

4.3.2 Data Collection for Each Test Site

Data Sources fo r  Vulnerability Mapping o f  Schwyll Test Site

Karst features such as dry valleys and the Tymaen sink were found on 1:10 000 Ordnance 

Survey maps, which were provided to the author by the E.A. Slope intervals required for 

the DRASTIC method were calculated from the 1:10 000 scale maps. The doline in the 

test site was not visible on the Ordnance Survey maps, was mapped independently while 

on field work. Published papers such as Hobbs (1993; 2000) and unpublished reports 

(Wood, 1998a; 1998b), Williams & Brown (1989), held by the E.A. contained 

hydrogeological information about the aquifer and were made available to the author.

The regional geology is as described by Wilson et al. (1990) and whilst some borehole 

information was available (e.g. for the area surrounding Ewenny Quarry), further 

investigations were necessary to compile more accurate vulnerability maps. The 1:10 000 

geology, 1:50 000 geology and drift (B.G.S.) maps and 1:100 000 soil maps were 

consulted to provide texture information needed to classify the protective cover in the 

vulnerability mapping methods. The head deposits and alluvium as marked on the geology 

and drift 1:50 000 scale map were sampled so as to know the textures and thickness’ o f the 

deposits. The results o f this field work are presented in Chapter 5.
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Data Sources fo r  Vulnerability Mapping o f  Great Spring Test Site

Two types o f karst features are found in the Great Spring test site, the diffuse sink and 

dolines. The Cas Troggy Brook sink is described in an unpublished report by Aldous & 

Clark (1987) and both the dolines and diffuse sink were mapped on field work. The slopes 

used in DRASTIC were calculated from the 1:10 000 digital Ordnance Survey maps 

supplied by the E.A.

Protective cover information was sourced from the 1:50 000 geology and drift map o f the 

area. The drilling in the test site was carried out by the E.A. to determine the thickness 

and texture o f the deposits overlying the limestone in the southern half o f the test site 

(Chapter 5). Hydrogeological data concerning the depth to water table in the test site were 

collected when the drilling was carried out by the E.A.

Data Sources fo r  Vulnerability Mapping ofTormarton Test Site

The dry valleys and sinking streams were clearly visible on the digital 1:10 000 Ordnance 

Survey maps. Dolines within the test site, were mapped on field work. Similarly to the 

other test sites, the slope intervals were calculated from  the 1 :10 0 00 Ordnance Survey 

maps. The B.G.S. geology and drift map at 1:50 000 scale, and the soil maps at 1: 100 000 

scale provided information on the cover overlying the limestone. The nature of the cover 

was further investigated during field work (Chapter 5). Local hydrogeological information 

in the form o f water table data for wells adjacent to the test site was provided by the E.A.

Data Sources fo r  Vulnerability Mapping o f Priddy Test Site

The dry valleys and closed basins could be delineated from the 1:10 000 Ordnance Survey 

maps. In the Priddy test site the dolines had been mapped previously by Stanton at 

1:25 000 scale. Stanton entrusted photocopies o f the maps to the author which were 

scanned and opened in Maplnfo (see Section 4.4) and the dolines were subsequently 

digitised. An additional digital source o f this data was also available from the 

Environment Agency’s Twerton Office in Bath, in the form o f LiDAR (Light Detection 

And Ranging). LiDAR is the name given to a laser method that collects spot height data 

using equipment on board an aeroplane (which has flown over the Mendips) and 

transforms it into detailed contour intervals of the land’s surface. In the Priddy test site 

LiDAR data identified the location o f depressions o f at least 0.5m depth.
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For the protective cover layers, the 1:50 000 (B.G.S.) geology maps and the 1:50 000 soil 

maps were used to gather relevant information. Willie Stanton gave the author an 

overview o f the texture and thickness o f  deposits found in the dolines which were also 

sampled in order for texture to be determined (see Chapter 5). A copy o f the groundwater 

protection zone (GPZ) report for Rodney Stoke Spring that had been compiled by the E.A. 

(Stanton, 1993) was also given to the author and contained a map o f the groundwater 

catchment area o f the spring. Information on tracings that had been carried out in the test 

site was found in Smith & D rew ’s (1975) publication.

Data Sources fo r  Vulnerability Mapping o f Ribblehead Test Site

The karst features (karrenfields, shakeholes and sinking streams) could all be mapped from 

the 1:10 000 Ordnance Survey maps. All o f the large areas o f  bedrock outcrop in the test 

site were identified as karrenfields through field work. The dolines were often small (less 

than 2 or 3m in radius) and too numerous for individual mapping. Therefore the areas o f 

shakeholes (small dolines) marked on the 1:10 000 Ordnance Survey maps were used in 

the vulnerability maps.

Areas where the protective cover was thin and consisted o f  a rendzina soil were mapped in 

the field, although the geology map at 1:50 000 scale was consulted to determine the 

lithology and geological boundaries in the test site. Borehole data were supplied by the 

B.G.S. for the test site and the surrounding area. These data are also referred to in Chapter 

5 and copies o f  the geological logs can be found in Appendix 5.3.2.

Data Sources fo r  Vulnerability Mapping o f Castle Bytham Test Site 

When the field work was completed on the test site, only the 1:50 000 Ordnance Survey 

map was available to the author. As a result not all o f the surface drainage shown on the 

1:10 000 map was investigated. The foot and mouth outbreak o f  2001 also prevented the 

author gaining access to land. Dry valleys were visible on the 1:50 000 and 1:10 000 

Ordnance Survey maps.

A copy o f a geology and drift map at 1:10 000 scale was obtained from the E.A. and 

details o f the geological formations in the test site were found in papers on the 

hydrogeology o f  the Lincolnshire Limestone (Rushton & Bradbury, 1998; Rushton &
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Tomlinson, 1999). Although a soil m ap was no t a vailable for the test site, soil texture 

information was found on a map entitled “Soil and Rock Characteristics Above 

Groundwater M ap” (Map 8, Rutland) obtained from in the map library in Trinity College 

Dublin. Borehole data were supplied from the B.G.S.; one borehole was located in the 

centre o f the test site and gave depth to bedrock information.

Additional F ield Data to Compare with the Vulnerability M aps

Electrical conductivity o f spring water was not required for the compilation o f 

vulnerability maps. However, following discussions in  the COST Action 620 meetings 

and i nformation i n D aly e / a /. (2002), it was decided that a c onductivity s urvey o f the 

springs o f the test sites would be a useful check on the new and pre-existing vulnerability 

method. By examining the conductivity o f a spring, one may see how rapidly the system 

responds to rainfall events. Conductivity meters that recorded data at 15-minute intervals 

were installed in five springs discharging from five o f the test sites (Schwyll, Tormarton, 

Priddy, Ribblehead and Castle Bytham). However, further discussion o f the basis for the 

conductivity survey and a literature review of previous related studies is presented at the 

beginning o f Chapter 9.

4.4 GIS and Vulnerability Mapping

As this research project involved intensive mapping o f different features o f the landscape, 

it seemed sensible to use a GIS package. Maplnfo (versions 5.5, 6.0, 6.5) was therefore 

employed for display purposes and spatial analysis in this study and by the E.A. Maplnfo 

was also used to compile and present the vulnerability maps using software which 

incorporated both vector and raster data (Maplnfo Corporation, 2000). Raster maps are 

base maps, such as the 1:10 000 digital Ordnance Survey maps and often occur in .TIFF 

format. Maplnfo like other GIS packages, works on the basis o f having layers that 

illustrate different features o f a map that may be created, edited and overlain on base maps. 

Some o f the functions in Maplnfo used for this research are described in the following 

paragraphs.

M aplnfo has the ability to store tabular data relating to map features in a “browser 

window” . It was possible to use Maplnfo to sum the numerical values attached to the map 

features which overlapped in space, to create a “thematic map” . In some instances 

thematic maps were used to produce final DRASTIC and EPIK maps. These final
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vulnerability maps were based upon numerical indexes and Maplnfo allowed the user to 

define the numerical intervals o f each category and to colour code these areas. This 

procedure required very accurate digitising o f the polygons (areas or regions on a map) 

using the  “snap” function, so  that borders o f polygons matched o r  were snapped to the 

borders o f adjacent polygons exactly.

Maplnfo also has other functions that were utilised as the vulnerability maps were drawn. 

Using the software one may generate buffers around point or linear objects (such as 

dolines, swallets or sinking streams). When drawing buffers the length o f the radius 

around the  object and the density or num ber o f nodes around objects is  defined. The 

number o f nodes that are used depends on the smoothness o f the boundary o f the buffer 

zone.

Point data such as the locafion o f  sample points fo r sam pling head, alluvium  or terrace 

deposits were also plotted. The data were entered firstly into Microsoft Excel and then 

opened in Maplnfo. The full six-figure grid references were used to plot the points over 

the 1:10 000 Ordnance Survey maps and the data relating to each point were stored in a 

tabular format in Maplnfo. The two methods o f displaying the data, as points on a map or 

in tabular form are linked, for example; when one highlights a row in the table, the 

matching point or symbol on the map is also highlighted.

One GIS function that was not available in the basic package o f Maplnfo and that was 

required by the author, was a means o f creating contours from point data in order to 

determine the depth to water table layer in DRASTIC. As a result the layer was generated 

using Surfer Version 8. In order to create the topography layer in DRASTIC the slope 

intervals were initially generated in Arcview. However, as this method resulted in an 

overly detailed layer, the topography layer was manually constructed by the author.

4.5 Concluding Summary of Research Design

The field work completed in this research enabled the author to become familiar with the 

test sites and regions, and also to gather data necessary for the generation of vulnerability 

maps in Maplnfo. A summary of the field work is described in Figure 4.2.
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Installed conductivity meters

Downloaded conductivity metres

Mapped dolines and walked over test sites again

Visited regions to familiarise author with regions

Visited test sites to familiarise author with test sites

Carried out drilling/augering investigations in four test sites

Figure 4.2 Flow diagram o f sequence of field work

The test sites were chosen partly as samples o f the karst regions in which they are found 

and also because they exhibit a range o f contrasting features. As such, the test sites have 

the potential to test in a qualitative way the robustness o f the three groundwater 

vulnerability methods. In Chapter 6 the author investigated whether the methods could be 

applied to some or all o f the sites and to identify any deficiencies in these methods.

Basic geological and geomorphological data were available for all o f  the test sites, which 

are presented in the following chapter. More detailed data such as the thickness and 

precise texture o f the deposits overlying the karst aquifers or the location o f dolines, were 

sourced fi'om field work, local knowledge and both published and unpublished reports or 

papers and are also discussed in Chapter 5. GIS was used to assist in the compilation o f 

the vulnerability maps.
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Chapter 5

Region and Test Site Descriptions

5.1 Introduction

This chapter is a review o f the main geological, geomorphological and hydrogeological 

features o f the karst regions where the test sites were located. The same level o f detail for the 

above topics was not available for all o f  the regions; as a result the headings o f  the sections 

and subsections differ slightly in this chapter.

5.2 Descriptions of Carboniferous Limestone Regions and Test Sites in Wales

5.2.1 Carboniferous Limestones in Wales

Limestone outcrops are found throughout Wales. In the north they form the Clwydian Hills 

and in the south the primary outcrop is around the South Wales coalfield. However limestones 

are also found on the Gower, in the Forest o f Dean and in Pembrokeshire (see Figure 4.1). 

The southern crop around the South Wales Coalfield is discussed in more detail than the other 

limestone outcrops, due to the number of karst public water supplies found in the area.

Geology

Lower Carboniferous limestones outcrop around the northern and southern rim o f the South 

Wales Coalfield, as shown in Figure 5.1. The North Crop forms a thin strip l-5km wide 

around a regional syncline (Atkinson & Smart, 1977) and dips gently to the south (10-15 

degrees) (Waltham et ai, 1997). In the east o f South Wales some o f  the Dinantian Limestones 

have been dolomitized (Lowe, 1989)

Geomorphology

Black Mountain, the Brecon Beacons and Forest Fawr form the mountains north o f the South 

Wales Coalfield and are comprised of Old Red Sandstones (Simms, 1998). The limestones o f 

the North Crop lie at 300-550m above sea level. From these mountains extend north-south 

trending glaciated valleys which drain the Old Red Sandstones (Crowther, 1989). The South 

Crop lies at about 200m in altitude.
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Figure 5.1 The Carboniferous Limestone surrounding the South Wales Coalfield, 

the black triangle indicates the location of the Schwyll test site, south of Bridgend 

CWaltham eta!.. 1997)

Glacial Features

Wales is thought to have been glaciated at least twice, during the Devensian and possibly 

during the Ipswichian (Crowther, 1989). During the last glaciation. South W ales endured 

periglacial conditions. The valleys o f  the South Wales Coalfield are U-shaped in cross- 

section, with thick glacial deposits found in these hollows. Both Gunn & Lowe (1994) and 

Crowther (1989) describe the glacial deposits as providing a local cover over the rocks, as well 

as being inwashed into caves by streams such as O gof Ffynnon Ddu and O gof y Ci.

Drainage

The drainage o f  South Wales coalfield limestone outcrop is intimately connected with the 

hydrogeology with perennial rivers such as the Tawe at Dan Yr Ogof, Ffynnon Ddu and the 

Clydach gaining additional flow from resurgences (Gunn & Lowe, 1994). Gunn (1992) states 

that m ajor conduit developm ent has taken place where there has been a large point input from 

an allogenic stream. M ost o f  the rivers in South Wales sink at some stage over their course or 

receive inputs from risings such as the Nedd Fechan, Mellte, Hepste, and T af Fawr (Gunn &
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Lowe, 1994).

Soil Development

While a complete review o f the soils overlying limestones is to be found in Crowther (1989), a 

summary o f this literature is presented in the following section. The soils that overlie 

limestones include thin (<30cm) dark, loamy soils with humose A-horizons which become 

stony towards the base. On the summit o f the cliffs o f the Gower the fine earth fraction is 

calcareous and the soil tends to be more alkaline. At the western end o f the north crop soils 

are often non-calcareous and acidic. Soil series such as Ston Easton, Lulsgate and Radyr are 

found on the Gower and on Mesozoic and Carboniferous limestones o f the Vale o f 

Glamorgan, with most o f the soil cover having developed above and from till deposits. Deep 

blanket peat deposits are also present, for example within the Dan yr Ogof catchment at Waen 

Fignen Felen.

Karst Geomorphology

Dry valleys are widely found across the Carboniferous limestone, on the Gower, the Mellte 

near Ystradfelte, above Dan yr Ogof and in the Schwyll catchment (Crowther, 1989). South 

Wales is not known for its limestone pavement development. However between the Mellte 

and Hepste valleys on some o f the massive limestone lithologies, pavements are found. The 

joint spacing averages 88cm and subsequently the d in t blocks occupy only a small part o f the 

surface area (Crowther, 1989).

Dolines on the limestone are small and numerous, such as on the Tawe-Upper Neath 

interfluve, whereas larger dolines are found in the limestone nearer to the boundary with the 

Namurian (Crowther, 1989). With respect to the mode o f formation o f these dolines, some are 

related to cave development (collapse dolines), while others appear to have formed at joint 

intersections (solution dolines) (Crowther, 1989).

Cave passages in South Wales commonly exhibit wide low passages due to their initiation on 

gently sloping bedding planes (Simms, 1998). The overall gradient o f the caves is less than 

the dip o f the beds. Many o f the streams sink at the stratigraphic base o f the limestones in the 

north and flow through progressively younger rocks (Waltham et a l, 1997). The deepest cave
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system in Britain is found in the Swansea Valley, O gof Ffynnon Ddu and 75% o f  South 

W ales’ caves are found in the North Crop (Gunn & Lowe, 1994).

Interstratal karst is seen in the Nam urian strata and large dolines are found where the 

Nam urian rock overlies the limestone, as for example at Myndd Llangynid. Collapsed dolines 

are found most frequently where the Nam urian is less than 30m thick (Thomas, 1974). 

Dolines are also found where the Carboniferous limestone has a cover o f  80-200m o f  Grits 

(Thomas, 1974). These features are thought to operate similarly to limestone dolines, by 

funnelling recharge into underlying limestone. W ater is believed to travel along features o f 

structural weaknesses such as faults or joints (Thomas, 1974).

Hydrogeology

The Carboniferous limestones o f Britain are characterised by having a low primary porosity 

and perm eability (Hobbs, 2000). The high secondary perm eability in the form o f  dissolution 

along bedding planes, fractures and joints ensures that these aquifers are highly heterogeneous. 

Allen et al. (1997) divided South Wales into five hydrogeological units; N orth Crop, Cardiff- 

Porthcawl, Gower, South Pembrokeshire and Chepstow. The two W elsh test sites are found in 

the Cardiff-Porthcawl and Chepstow hydrogeological units. There are three distinct areas 

within the Cardiff-Porthcawl unit;

i) Llanharry-M achon Aquifer Unit: several springs are associated with faults, including

the thermal spring, T a f f  s Well. Pwllwy Spring is used for a public water supply;

ii) Cowbridge: an area with many springs, but none are used for public water supplies. 

The area contains a particularly thick (1,000m) Dinantian sequence;

iii) Porthcawl-Schwyll: Schwyll spring complex is the most important o f  a series o f

springs, as detailed by Hobbs (1993).

The hydrogeology o f  the Chepstow unit which hosts the catchment o f  the Great Spring, is 

described in Section 5.3.2

Pollution Threats

Pollution threats vary across Wales but predominantly stem from industrial and agricultural 

sources. Road drainage and septic tanks can also create pollution problem s in areas
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surrounding the public water supplies. An oil spillage is noted by Hobbs (2000), which 

occurred in 1985, affecting the Ewenny River, which is influent inside the catchment o f 

Schywll spring.

Groundwater Usage

Groundwater accounts for 1% o f the water supply in Wales. There are 3,500 abstraction 

licences for groundwater sources (Neale, pers com., 1999). Thus, surface water is the 

dominant component o f water supply and large surface reservoirs accumulate an excess of 

water, which is exported to urban areas in England such as Liverpool, Manchester and 

Birmingham. Although groundwater accounts for a small percentage o f the public supply, 

remedial action resulting from contamination would be costly involving the construction of 

pipes to transport water safely ( N e a l e , com., 1999).

There were two test sites in Wales, both o f which are in catchments o f large karst sources. 

Additional test sites could equally have been chosen in Wales. A discussion o f the reasons 

why Schwyll and the Great Spring test sites were selected may be found in Section 4.2.

5.2.2 Sch wyll Test Site

Location

Schwyll is located on the southern side o f the limestone that surrounds the South Wales 

Coalfield (Figure 5.1). The Schwyll spring is located at SS 8879 7709, approximately 3.3km 

southwest o f Bridgend in the south o f Wales (Figure 5.2). The test site is 6.2km^ in area.

Geology

The geological formations found in the Schwyll test site are described in Table 5.1. The 

bedrock is composed o f Carboniferous limestones and dolomite and a thin (l-2m ) mudstone 

formation. Each formation is described in detail on the 1:10 000 B.G.S. geology map. The 

bedrock has been folded and faulted and dips gently (5-15 degrees) to the south, forming the 

southern limb o f a regional anticline (Hobbs, 2000).
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Figure 5.2 Location of Schwyll test site in Wales

Table 5.1 Geological formations in Schwyll test site (source: 1:10 000 (BGS) Geology map) 

Formations_________________________________________Descriptions_____________________
High T or L im estone (c .l4 0 m )

W hite T or L im estone (lOm )
Fairy C ave M udstone (l-2 m )
Pant L im estone (l-2 m )

G ully O olite (c.40m )

O gw r Lim estone (8m )

Friars Point L im estone, D olom itic

Friars Point L im estone (70m )

D ark, fine to coarse, flaggy and m assive shelly crinoidal lim estones w ith 
thin argillaceous lim estones tow ards the base.
Pale, m edium  to coarse, richly fossiliferous lim estones.
G reyish brow n red m ottled dolom itised  calcareous m udstone.
Pale m edium  to coarse shelly lim estones w ith w ell-defined bedding 
surfaces
Pale, m edium  to coarse, m assive, cross-bedded oolitic  and pelloidal 
lim estones.
D ark, fine to coarse flaggy and cross-bedded locally dolom itised crinoidal 
lim estones.
F laggy and m assive crinoidal lim estones w eathering b u ff to earthy brow n. 
V ariably re-crystallised (dolom itised) especially  tow ards the top.
D ark grey to black, m assive, foetid , coarsely crinoidal lim estones._________

Topography, Geomorphology, Karst Features and Unconsolidated Deposits 

The landscape o f  the test site consists o f  a plateau area dissected by a network o f  dry valleys 

(Hobbs, 2000), which are clearly visible on 1:10 000 Ordnance Survey maps and in the field. 

It is possible that the landscape was not affected by ice during the last glaciation. The plateau 

stands high above (80m A bove Ordnance Datum (A O D )) the topographically lower land to the 

north. One doline was mapped by the author on field work and is located to the east o f  the 

spring at Schwyll (at SS 8918 7711),  while buried dolines south o f  Ewenny Quarry were
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intercepted during drilling and are documented by Wood (1998b). Sinking streams are found 

in the fonn of a diffuse sink along the River Alun (in summer) and a discrete sink known as 

Tymaen (SS 8943 7710), which becomes active when the River Alun floods. Tracings from 

these sinks are discussed in the following section “Hydrogeology”.

Outwash glacial deposits of sands and gravels are found just north of the Ewenny river and 

before the village o f Ewenny. Head deposits are found on the lower slopes of the dry valleys. 

Their composition reflects the parent material upslope and can range from consolidated, 

cohesive, brown silty and sandy clays with a variable stone content, to non-cohesive, poorly 

sorted sands and gravels (Wilson & Smith, 1985; Wilson et al,  1990). Alluvium deposits 

comprise of consolidated silts and soft laminated clays, interbedded with non-cohesive, loose 

sands and gravels and locally contain peat intercalations (Wilson & Smith, 1985). These 

deposits form wide, flat tracts in the Ogmore and Ewenny valleys (Wilson et al,  1990). A 

summary of the published information on soils found in the Schwyll test site is shown in Table 

5.2.

T ab le  5.2 Soils groups and texture descrip tion s for S ch w yll test site (R u d eforth  et al., 1984) 

Soil Series______________________ Soil G roup__________________________________ T exture___________
Ston Easton (Sg) Brown earths

(sols lessives and sols bruns calcimorphes) 
Liilsgate (Ld) Brown earths

(sols lessives and sols bruns calcimorphes) 
N ordrach (Nb) Brown earths

(sols lessives and sols bruns calcimorphes) 
Radyr (Rp) Brown earths (sols bruns acides)

M iskin (Mu) Gleyed brown earths (undifferentiated)

C layey or fine silty over Lower Lias 
Limestone.
Silty or loam y over Carboniferous

Silty soil on drift over Carboniferous 
Lim estone or Lower Lias Limestone 
Coarse loamy, locally gravely soil on 
brownish fiuvioglacial drift mainly 
from  Carboniferous rocks 
Loam y brownish drift mainly from 
Carboniferous rocks.

Table 5.3 summarises results from laboratory work undertaken by the author and the results of 

a series of field tests developed by the Geological Survey of Ireland (GSI) to classify head 

deposits, alluvium or any unconsolidated deposit (field tests are described in Appendix 4.3.1). 

The location of the sample points (Figure 5.3) reflects the different unconsolidated deposits 

shown on the 1:50 000 BGS Geology map.
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Table 5.3 Locations and descriptions of protective cover samples investigated during field work in the 

Schwyll test site

SS Easting 
Northing

Label Location Depth
of

Sample

G si
Name

Lab
Description

SS9071 7613 L I A lluv ium , south o f  Ford 0.8m Clay Brown silty SAND, some 
fine gravels

SS 9083 7618 L2 Head deposit, base o f  dry valley 2.0m Clay Brown silty SAND
SS 9090 7620 L3 Head deposit, further east than L3 

in dry valley
< lm Clay Brown very silty SAND, 

some fine gravels
SS 8984 7678 L4 Soil sample 0.07m Clay Brown silty SAND, some 

fine gravels
SS 8997 7681 L5 High nettles, close to River Alun Very

shallow
Clay No sample taken

SS 8992 7679 L6 River Alun, alluvium 0.4m Clay Grey slightly silty SAND
SS 8892 7697 L7 Top o f dry valley, Ogmore Down 0.4m Sandy

Clay
Brown silty SAND, some 
fine gravels

SS 8888 1769 L8 Top o f dry valley, Ogmore Down 0.3m Sand Brown slightly silty SAND
SS 8900 1757 L9 Centre o f  Ogmore Down, head 

deposit on 1:50 000 geology &  
d rift map

0.4m Clay Brown sandy SILT, some 
fine gravels

Schwyll Test Site
Protective Cover Samples

kilometers
■ « I Based upon Ordnance Survey digttal

» • ! data maps, with the permission of the
Controller of Her Majesty's Stationary

□  Sam ple point and location number 1 office, crown copyright (c). Environrnent
I Agency 1996-1999 (c) Licence no. 

01377G008

Figure 5.3 Location of protective cover samples in Schwyll test site
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Hydrogeology

The aquifer unit consists o f  karstified Carboniferous Limestones. The catchm ent area (see 

Figure 9.2) o f  Schwyll Spring was calculated by Hobbs (2000) to be 23km^, based on a water 

balance calculation. The major hydrogeological features o f  the Schwyll catchm ent are 

reviewed in Hobbs (2000) and Simpson (1999). The following paragraphs describe the main 

hydrogeological features o f  the test site.

Three rivers cross the test site: the Ogmore, the Ewenny and the Alun. Only the River Alun is 

influent inside the test site. A swallet known as Tym aen sink (as mentioned earlier), is 0.6km 

due east o f  Schwyll spring and is 10m AOD. As Schwyll spring is at 5m AOD, there is a 

gentle gradient between the sink and spring. Successful tracings using fluorescent dye and 

bacteriophages have been carried out between the Tym aen sink and Schwyll spring, with a 

recovery rate o f  20%  for the bacteriophage and <1%  for the dye (Aldous, 1988; W illiams & 

Brown, 1989). Though tracings from the ford on the River Alun (SS 9100 7505) to Schwyll 

spring have been unsuccessful, Simpson (1999) recommends that these tracings should be 

repeated to help to define the south east o f the catchment. Sporadic tracing recovery has also 

occurred outside o f  the test site and Hobbs (2000) concludes that such results do not indicate a 

well developed conduit system from the influent rivers to the spring. The Tym aen sink and 

influent stretches o f  the River Alun are some o f  the main potential sources o f  spring 

contam ination (Hobbs, 2000).

Four m onitoring wells were abandoned around Ewenny and Lithaulan Quarries (W ood, 

1998b). The second spring (discharge o f  3-5 1/s) flows into the River Alun at SS 9027 7577 

(Aspinwall & Co. Consultants in Environmental M anagement, 1993). W ater level data were 

collected from three successful boreholes close to Lithalun Quarry and were combined with 

elevation data o f  the two springs in the test site to form the depth to water table layer o f  the 

DRASTIC vulnerability maps (W ood, 1998b). Hobbs (2000) postulates that there m ay be 

more submarine springs in the Bristol Channel form ing outlets from the Schwyll area that 

have not yet been discovered
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5.2.3 Great Spring Test Site

Location

The Great Spring is located in the Caerwent Basin (30km^ in area), where the Severn Rail 

Tunnel intersects the western side o f the Severn Estuary. The test site is situated to the 

northw est o f  this basin, 0.7km north west o f  the village o f  Caerwent, Figure 5.4. The test site 

is 2.3km^ in area and its center point is at ST 4567 9311.

Ĥ ^̂ jsfcijofpeters

Figure 5.4 Location o f Great Spring test site in Wales

Geology

The bedrock in the northern tip o f  the test site is Old Red Sandstone (ORS), which dips steeply 

to the south and is overlain by Carboniferous Limestones, Lower Limestone Shales and a 

dolomite. The full sequence o f  the Carboniferous Limestone Series is described by Aldous & 

Clark (1987). The limestones are overlain and confined by the Triassic Keuper Series and the 

recent Pleistocene terrace deposits. The Great Spring itself is located in the Drybrook 

Limestone formation. The Drybrook Limestone is described as being massively-bedded and
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o f dense re-crystallised carbonate rock (Aldous & Clark, 1987). Bedding planes are 

continuous over large areas and solutionally developed conduits are visible in Ifton Quarry.

Geomorphology, Karst Features and Unconsolidated Deposits

The ORS forms higher ground and is drained by a southerly flowing stream, the Cas Troggy 

Brook, which sinks over 5-lOm upon meeting the limestone. Flow in the Cas Troggy Brook 

has been estimated by four different authors in Aldous and Clark’s report, the most reliable (as 

it was measured over one year; 1980-1981) being that o f Welsh W ater at 354 1/s. Evidence of 

a paleokarst is seen where these reddish-brown sediments have filled in an irregular 

Carboniferous limestone surface. There is one doline in the south o f the test site and an area 

o f shakeholes is found just south o f the swallet.

The texture and thickness o f the terrace deposits were not evident from published reports or 

the geological map for the test site, hence drilling was carried out for this research project. 

The location o f the drilling points is shown in Figure 5.5. A summary of the borehole logs is 

shown in Table 5.4 and a copy o f each o f the geological logs is in Appendix 5.2.3.

Table 5.4 Locations and descriptions o f borehole logs (the location number relates to Figure 5.5)

ST Easting Northing Thickness (m) Texture Location Number

ST 46025 92252 4 2.5m clay, 1.5m gravel 5

ST 45822 92336 5 1.5m sand, 2.5m gravel 6

ST 45786 92521 5 2.5m gravel, 2.5m sand 7

ST 45860 92530 2 2m gravel 8

ST 45775 92501 7 0.75m clay, 6m gravel, limestone at 7m 9

ST 45526 92492 1 0.5m sand, 0.5m clay 10

ST 45524 92600 1 1 m sand 11

ST 45580 92420 4 3.25m sand, 1.25m gravel 12

ST 45899 92692 5 Im sand, 3m gravel, 1.75m clay, hit limestone 13

ST 45874 92660 4 2m clay, 2m gravel 14
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Great Spring Test Site 
Location of Protective Cover Samples

V \ ,

^13:

0.25 10.5

Ikilomete rs

Based upon Ordnance Sixvey digrtal ctata ra p e , 
w th the permiBicn of the Controlar of HarKey

' Sam ple point an d  location num ber
Majesty's Stationary Ofnce. Crown Copyright 

(c) Envronment Agerwy (c) 1996-19% 
Licertceno 013770006

F igure 5.5 Location o f  drilling points in the G reat Spring test site

Hydrogeology

The whole Carboniferous Limestone Series is considered to behave as a single aquifer (Aldous 

& Clark, 1987). The matrix porosity and perm eability o f  the limestones and dolomites are 

thought to be zero, hence groundwater travels along routes o f  secondary permeability. The 

Old Red Sandstone supplies the baseflow to the Cas Troggy Brook (Aldous & Clark, 1987). 

The Cas Troggy Brook was traced to the Great Spring using fluorescein, details o f which may 

be found and Aldous and Clarke’s (1987) report.

A water balance was calculated by Aldous and Clark (1987), and is presented in Table 5.5. 

From these figures it is clear that a large proportion o f  the recharge takes the form o f  

concentrated recharge from sinking streams in the Caerwent Basin. This re-enforces the need 

for their protection from potential pollution.
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Table 5.5 W ater balance for the Great Spring (Aldous & Clark, 1987)

V olum e o f  w ater

Recharge from rainfall: 15 X 10 m 7 a

Recharge from streams; 1 1 x 1 0®m /̂a

Discharge at Great Spring: 20 X lO V /a

5.3 Descriptions of Two of England’s Carboniferous Limestone Regions and their 

Test Sites

5. J. 1 Yorkshire Dales

Location

The Yorkshire Dales are an upland region in the Central Pennines, (see Figure 4.1), known for 

their scenic beauty (Waltham & Davies, 1987).

Geology

The Southern Dales are underlain by Dinantian Limestones and contain over 50% of Britain’s 

caves (Waltham et a i, 1997). Bound to the west and south by faults, to the north lie younger 

Carboniferous rocks and to the east the Carboniferous Limestones dip below Namurian 

Millstone Grit, shown as the “Cover Rocks” in Figure 5.6. The cover o f limestones is broken 

by the exposure o f basement in north-south trending valley floors (Gunn, 1992) and by 

younger rocks above 400m AOD (Waltham et a l, 1997).

The unit o f primary importance for karst development is the Great Scar Limestone. It ranges 

from 160-220m in thickness and contains very pure, cream to pale grey, thickly bedded, 

bioclastic sparites and micrites. Comformably overlying the Great Scar Limestone are 

limestone deposits, laterally variable up to 300m thick containing cyclothems o f clastic 

deposits and impure limestones. These are known as the Yoredale Facies and form upland 

areas (over 400m in altitude) of the Yorkshire Dales.
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Figure 5.6 Geological map of the Yorkshire Dales K arst, the cross indicates the location of the Ribblehead 

test site (W altham et a l,  1997, p. 27)

Geomorphology, Glacial Deposits and Erosion

The Yorkshire Dales are a glaciokarst landscape having undergone numerous glacial episodes. 

During the last glaciation the area was covered extensively with ice, which flowed from the 

north. With the exception o f  Malham Cove and Ease Gill, all o f  the valleys have been 

deepened by ice resulting in the exposure o f  underlying basement in valley floors. Glacial 

deposits such as till and m oraines may be found in the valley floors, whilst an extensive 

drumlin field is located at the head o f  Ribblesdale (W altham & Davies, 1987).

Soil Development

Over glacial drift, poorly drained and acidic soils known as m esotropic brown earths occur. 

Directly over limestones, rendzinas have formed. On the summits o f  the m ountains, bogs 

have developed.
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Karst Geomorphology

There are a few dry valleys in the region. Some, such as Goredale gorge, formed due to 

glacial meltwater. During warmer periglacial periods o f the last glaciation dry valleys 

originated (Waltham et a l, 1997). Due to the extensive glacial erosion in the area, limestone 

pavements have been exposed. The most notable limestone pavements are found south east o f 

Ingleborough and north east of Malham (Waltham et a l, 1997). Dolines are particularly 

common in the Yorkshire Dale^, especially where glacial till overlies the limestone. The 

dolines are mainly small, are termed “shakeholes” and have formed due to subsidence (Gunn 

& Lowe, 1994).

The Hawes Limestone (underlying the base of the Yoredale Facies) contains the 

commencement o f many o f the major caves in the region (Gunn & Lowe, 1994). The 

structure, gently inclined bedding planes, geological setting and lithology o f the limestones 

combine to make conditions ideal for cave formation. Typically the vadose zone consists of 

water flowing vertically down shafts or faults. Vadose canyons follow the bedding plane dip 

and upon reaching the phreatic zone, looping cave sections may form, but generally water 

flows up-dip towards resurgences. One purely vadose streamway is mentioned by Waltham et 

al. (1997), and it is found between White Scar Cave and Chapel-le-Dale.

Successive periods o f cavern formation and rejuvenation are seen in the Yorkshire Dales. 

Higher level cave networks existed under different geomorphological conditions in the past, 

when the impermeable cover rocks had a wider extent. Some o f these ancient cave systems 

may be re-used today by modern streams such as Sleets Gill. The occurrence o f large 

dendritic systems o f active caves and intercepted networks o f abandoned passages combine to 

yield very long cave networks (Waltham et al., 1997). White Scar Caves are unusual in that 

the resurgences occur at the contact o f the impermeable basement. More commonly, 

resurgences are found where inception horizons are located, for example Leek Beck Head and 

Keld Head (Gunn & Lowe, 1994).
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Hydrogeology

Recharge commonly occurs at limestone-shale boundaries where runoff sinks upon meeting 

the limestone (Hydrogeological Services International Ltd., 1997). The water chemistry as it 

enters the limestone is therefore aggressive. Sinking streams are believed to contribute a 

significant amount o f recharge to the aquifer (Hydrogeological Services International Ltd., 

1997). Sinks are also found at the Brigantian-Asbian contact. Concentrated recharge occurs 

in the many dolines. Diffuse recharge is common on the limestone pavement, where 

solutionally enlarged joints are found. Flow within the limestones is generally rapid as is 

inferred from low calcium carbonate concentrations (Gunn & Lowe, 1994). The overall 

regional direction o f groundwater flow is to the south up-dip in the limestones (Gunn, 1992). 

The impermeable basement forms the local base level for drainage (Gunn, 1992). The 

basement influences the hydrogeology and where it outcrops in valley floors there are more 

risings and shorter phreatic zones such as Chapel-le-Dale (Gunn, 1992).

Groundwater Usage

The Yorkshire Dales has a low population density with groundwater usage being in the form 

of springs, which are tapped for public water supplies serving small towns. The recharge 

areas for the source protection areas of public water supply are small, and they account for 5% 

of the total supply. There are considerable numbers o f private water supplies.

Sources o f  Potential Groundwater Contamination

Sources o f potential groundwater contamination are predominantly agricultural (Peacock, pers 

com., 1999). Disposal o f sheep dip to land and discharge from septic tanks are other localised 

threats. Railway lines (weed-killer and loses o f fuel from diesel tanks) can also contribute to 

groundwater contamination. There are also risks o f fuel spillages on roads.

5.3.2 Ribblehead Test Site

Location

Ribblehead test site site is 2km in extent and is found 7.5km northeast o f Ingleton at the 

northern end o f the Ribbledale. Ribblehead Quarry, in the north o f the test site, is found at 

Grid Reference: SD 7669 7867, as shown in Figure 5.7. The test site is at 320-30m a.s.l.
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Figure 5.7 Location o f the Ribblehead test site in the Yorkshire Dales

Geology

The majority o f the test site consists o f Carboniferous Limestone. However in the south o f the 

site lies an upland area o f Yoredale Facies bedrock. The lithology o f the Yoredale Facies 

consists o f interbedded sandstones, mudstones and limestones (Rodgers, 1978).

Geomorphology, Karst Features, Hydrogeology and Protective Cover

Karrenfields are extensively developed in the test site. Shakeholes are also widespread in the 

test site and are found where the vegetation is scrubby and the soils/subsoils are likely to be 

thicker than where there are rendzinas'. Small streams with no definable catchment (from 

1:10 000 maps) flow from the Yoredale Facies and sink upon meeting the limestone. While in 

most o f the Yorkshire Dales groundwater flow is towards the south, in the test site 

groundwater flow is to the north. Sinking streams in the south o f the test site have been traced 

to Batty Wife Cave in the northern tip o f the test site (Brook et a l, 1996).

1 Where there are rendzinas (o f  a maximum thickness o f  approx. 20cm, over lim estone) in the Ribblehead test 
site, there are no shakeholes developed.
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Data concerning the composition of the drift were compiled from field work and borehole logs 

(Appendix 5.3.2). A ridge in the north west o f the test site is thought to be composed of low 

permeability drift (due to the poor drainage on this ridge). While it is not so easy to pick out 

this feature from the Ordnance Survey map, it is a distinct feature in the field and is likely to 

be the only area where the subsoil could achieve a thickness o f more than 3 m. Boreholes were 

drilled (previous to this project) in the north east o f the test site. They intercept areas with no 

soil, areas with 0.3m topsoil and areas o f 0.4m of topsoil and silty clay. This provides 

evidence that where there is a soil cover, it is very thin. Boreholes outside o f the test site to 

the north near the rail line also demonstrated similarly thin soil and subsoil thicknesses.

5.3.3 The Mendip Hills

Location

The Mendip Hills lie to the east o f the Bristol Channel, south o f the Cotswolds (see Figure 

4.5). They run northwest-southeast for about 30km and are 8km wide. The Mendips are an 

upland area and form a plateau 220m above the surrounding lowlands.

Geology

The extent o f the Mendips karst is shown in Figure 5.8. The geology o f the Mendip includes 

Silurian shales, siltstones and volcanics, Devonian shales, sandstones and conglomerates. 

Carboniferous limestones and Triassic screes (Gunn & Lowe, 1994; Allen et at., 1997). The 

Carboniferous and Devonian strata have undergone numerous folding events resulting in a 

basic structure o f four periclines (refolded asymmetric anticlines) across the plateau, the oldest 

bedrock o f Silurian and Devonian strata outcropping in the cores of the periclines. The strata 

dip at about 70 degrees to the north and 20-40 degrees to the south (Gunn & Lowe, 1994). 

Faulting and overthrusting are also common. Sporadically hydrothermal mineralization has 

occurred, resulting in lead deposits (Gunn & Lowe, 1994; Waltham et a l, 1997).

The oldest Carboniferous strata are the Lower Limestone Shales, which pass conformably 

upwards from the Devonian beds. Overlying the Lower Limestone Shales are four formations 

in the Dinantian Limestones. The Dinantian sequence is approximately 800m thick (Waltham
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et a l, 1997). Lithologies range from fine-grained mudstone, oolites and bioclastic and 

dolomitized limestones to thin interbedded clastic horizons (Waltham et al., 1997).
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Figure 5.8 Outline of the Mendip Hills karst and location of the Priddy test site is 

indicated by the triangle (Waltham et aL, 1997)

Glacial History

The Mendip Hills do not exhibit any evidence o f  glaciation and it is understood that they 

experienced a periglacial climate during the last glaciation (Smith & Drew, 1975).

Soil Development

Two basic soil types are found on the Mendips: thick loess derived soils on the plateau and 

thin stony soils on steeper slopes (Waltham et a l, 1997). A diagram o f  the soil development 

on the Mendip Plateau and the Old Red Sandstone is given in Figure 5.9.

Drainage Development

The modern drainage system is thought to have developed over an impermeable cover when 

drainage was on the surface (Smith & Drew, 1975; Gunn & Lowe, 1994). The plateau surface 

is thought to have formed by subaerial planation in the Pliocene. The landscape o f  the
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limestones is a fluviokarst, with no surface water flows today. Surface streams flow ing o ff  the 

Devonian and Silurian strata and Lower Limestone Shales sink upon meeting the limestone 

(Waltham et al., 1997). The base level in the Mendips is understood to be at the contact 

between limestones and the recent deposits (Gunn, 1992).
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Figure 5.9 Soil pattern on the Mendip Plateau and Old Red Sandstone hills 

(Findlay, 1965)

Karst Geomorphology

Networks o f dry valleys are found at the plateau margins. They carry a surface flow  only 

during extreme flood conditions. Gorges are formed in some valleys, one o f the most 

spectacular being the Cheddar Gorge. The gorges are thought to have formed when the 

climate was periglacial (Gunn &  Lowe, 1994). Swallow holes are frequently found at the 

inner boundary o f the limestone, between the base o f the Black Rock Limestone and the 

Devonian sandstone (Waltham et al, 1997).

Solution dolines have formed in the various limestone lithologies. Subsidence dolines are not 

as well developed as elsewhere in Britain due to the absence o f glacial till. However there are 

occurrences o f subsidence dolines in the Harptree Beds (Waltham et al., 1997). Dolines in the 

Mendips are morphologically large and shallow and are commonly located on valley floors
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(Atkinson, 1977; Gunn & Lowe, 1994).

There are over 200 caves in the Mendip Hills (Gunn & Lowe, 1994). Some are accessible 

from the sink and so are known as swallet systems, while others are described as resurgence 

caves with deep phreatic routes (Waltham et al, 1997). The longest cave system known in the 

Mendips is Swildon’s Hole, which extends for over 9km (Gunn & Lowe, 1994). The higher 

and most mature karst is found in the west o f the Mendips (Waltham et a l, 1997; Johnston, 

pers com., 1999). The Mendip caves are also known as the type example for Ford’s theory of 

cavern development (Ford, 1965). Ford illustrated sequential development o f caves and 

water-table lowering through episodic rejeuvenation and found that the vertical amplitude o f 

phreatic loops decreases with time (Ford, 1965). A typical Mendip cave is described by 

Waltham et al. (1997) as beginning with a steep vadose passage to the local base level, 

followed by looping sections in the phreatic zone.

Hydrogeology

Allogenic recharge is derived from the topographically higher and relatively impermeable 

Devonian and Silurian rocks. Autogenic recharge also occurs through the soil cover (Waltham 

et a i, 1997). Groundwater recharge may also reach the limestone at depth through the 

underlying Devonian strata (Harrison et al, 1992). Groundwater is discharged in the form o f 

springs at the edges o f the plateau, some occurring where the limestone dips below the 

Triassic mudstones. Mendip springs, such as Cheddar Spring exhibit the characteristically 

karstic peaky hydrograph, see Figure 5.10 (Allen et al., 1997). Atkinson (1977) identified 15 

major springs and 36 minor springs in the Mendips.

Groundwater flow is also seen to vary in chosen pathways under varying flow conditions. 

When the water level is high, overflow springs become active but dry out as recession follows. 

Spring hydrographs have been analysed by Atkinson (1977) and are thought to be similar to 

surface water hydrographs, indicating rapid recharge. Atkinson (1977) separated the base 

flow from the total flow and estimated that 80% of the discharge passed through conduits 

which occupied <0.02% of the cross-sectional area o f the aquifer. Only the top 50m o f the 

aquifer is thought to be involved in aquifer circulation (Atkinson, 1977).
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Figure 5.10 Hydrograph of Cheddar Spring 1969-1970 (Atkinson, 1977)
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Figure 5.11 Map of the Mendip Hills illustrating connections established by tracings 

(Gunn, 1992, cited in Allen et aL, 1997, p.304)
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Gunn (1992, cited in Allen et a l, 1997) produced a map showing connections established to 

date between sinks and springs (see Figure 5.11). Underground flow velocities o f up to 

21.2km/day have been recorded in the Mendips (Atkinson, 1977). As a result o f these 

tracings, it is possible to delineate groundwater catchments.

The former Mesozoic cover is thought to have been stripped from west to east, thus Implying 

that the karst to the west is older and more mature. On the basis o f well-developed exokarst to 

the west, Hobbs (1988, cited in Allen et al., 1997) suggested that this development would be 

mirrored underground. However, conduits are found across the Mendips. To the east, 

conduits are not perceived to be as well developed due to “clay curtains” or fissure fillings in 

the limestone (Hobbs, 1998 cited in Harrison et a l, 1992).

Hydrogeological investigations by Hobbs (1988, cited in Allen et al., 1997) yield interesting 

results about the limestone aquifer in the vicinity o f Beacon Hill. While matrix permeabilities 

are low, highly permeable paths o f almost lO^m/d at regular intervals have been documented 

from packer tests^. The aquifer behaviour varies over small distances, a typical karst 

characteristic. The Carboniferous limestone aquifer o f the Mendips is characterised by a  low 

storage capacity (Harrison et al., 1992). This is inferred from the high seasonal variation in 

the water table and from the fact that the aquifer may effectively be “full” by December.

Groundwater Usage

The groundwater resources o f the Mendips serve a population o f about 250,000 people 

although the spread o f this supply is variable. Groundwater sources are found in conjunction 

with springs at the boundary of the Carboniferous Limestone with stratigraphically younger 

beds. Due to the unpredictable nature of groundwater occurrence and the fact that 

groundwater is at lower levels in summer when demand is highest, some surface water 

reservoirs have been constructed, for example Cheddar.

“ Packer tests: this refers to the sealing o f  parts o f  a borehole using inflated rubber tubing (packers), pumping 
tests are completed and the hydraulic conductivity may then be calculated (Brassington, 1998).
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Sources o f  Potential Groundwater Contamination

General agricultural sources o f pollution such as slurry pose a threat to groundwater. 

Piggeries are perceived by Johnston (pers com., 1999) to be a potential risk, but in 1999, no 

problems had come to light. Pollution events have occurred in the form o f nitrate and direct 

biological pollution. Natural sources o f pollution, after rainfall events, are seen in the 

groundwater caused by silty runoff from farmland and biological contamination. 

Cryptosporidium poses a “high risk”, due to the difficulty in removing it from groundwater 

once contamination has occurred.

According to Harrison et al. (1992), several pollution incidents relating to quarries have been 

reported. Quarries are widespread in the Mendips particularly to the east, where they are 

larger in area and more frequent than to the west. Sub-water table quarrying occurs in five 

quarries (Harrison et a l, 1992). Suspended solids may get into groundwater due to the 

removal o f soil and, where the water table is exposed, the aquifer is exceptionally vulnerable. 

Overall, industrial activity has been well managed and no public water supplies have been 

badly polluted (Johnston, pers com., 1999). The two areas which pose the biggest threat to 

groundwater are agriculture (nitrate pollution) and quarries (Johnston, pera com., 1999).

5.3.4 Priddy Test Site

Location

The Priddy test site is located 0.7km west o f the village o f Priddy, 1.6km north east of 

Westbury-sub-Mendip, and on the southern side o f the Pen Hill pericline. Broadmead Quarry 

in the south west o f the test site is found at Grid Reference ST 5068 5035 (see Figure 5.12). 

The test site is 1.9km in area.

Geology

The test site contains a series of Carboniferous limestone formations, such as: Clifton Down 

(oolitic limestone), Burrington Oolite (massive oolitic limestone), and Hotwells Limestones 

(bioclastic limestone), which dip to the south by 10-30 degrees (Green, 1992).
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Figure S.12 Location of P riddy  test site in the IMendip Hills

Geomorphology, Karst Features, Unconsolidated Deposits

Ford and Stanton (1969) subdivided the central part o f the Mendip Hills into broad and gentle 

enclosed basins. The field area contains three closed basins. One is found at its centre 

(referred to as B5, Brimble Pit Swallet) and another is found in the southern side of the field 

area (Cross Swallet); a third is found to the north. The closed basins are characterised by a 

col, which leads to externally-draining dry valleys or lower closed basins. The gently sloping 

basins contain thick deposits (8m approx.) o f clay in their centre (Stanton, pers com., 2000). 

Dolines are also common in the centre and outcrops o f limestone are found around the edges 

of the basins. Brimble Pit Swallet and Cross Swallet have been designated as a Site o f Special 

Scientific Interest (SSSI), as they are classic examples o f closed basins o f the Mendips 

(Barrington & Stanton, 1977).
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Gently inclined dry valleys are also found in the north o f the Priddy test site. These dry 

valleys contain a series o f dolines at their bases. The dolines range in size from a few meters 

to 10s o f meters in width. The largest doline in the test site is found at Grid Reference: ST 

5121 5129. The epikarst is not evenly developed within the test site. From field observations 

o f vertical sections o f bedrock at Broadmead Quarry in the south o f the test site, it was seen 

that the epikarst is not at all developed. There are three soil series in the test site differentiated 

on the soil sheet for the Mendips. They include the Mendip complex, Nordrach, and Lulsgate 

soil series (Findlay, 1965).

Hydrogeology

The test site crosses three groundwater catchments (British Geological Survey, 1992). The 

area in the northwest corner o f the pilot area is within the Cheddar Catchment. A northeast- 

southwest trending groundwater divide runs just east o f the road that runs to Westbury-sub- 

Mendip. To the west o f this divide the area is within the Rodney Stoke catchment, while to 

the east, tracing has proved the area to be a part o f the Wookey Hole catchment.

5.4 Descriptions of Two Jurassic Limestone Aquifers and Test Sites in England

5.4.1 Overview o f  Jurassic Limestones

.lurassic rocks outcrop in a south-west to north-east orientation across England, from 

Yorkshire to Dorset (Figure 5.9). Limestones form the major aquifers o f the Jurassic 

sequence. The Jurassic limestones are tilted and form a distinctive scarp as they lie between 

mudstone formations which form the surrounding vales (Allen et a l, 1997).

Geology

The primary aquifers are the Inferior Oolite and the Great Oolite to the south o f the Jurassic 

outcrop, the Lincolnshire Limestone in Lincolnshire and the Corallian Limestone in Yorkshire 

(Gunn, 1992). The limestones are thinly bedded, are not laterally extensive and are variable in 

thickness (up to 1500m thick), dipping to the southeast in the south and to the east further 

north (Gunn, 1992, Allen et al, 1997). There is much facies variation in the Jurassic 

succession as limestones alternate between impermeable strata (Allen et al., 1997). The
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Jurassic succession has been divided into different structural and topographic units (Allen et

M ID  NORTH SE A  HIGH

/^LEVEUND

Figure 5.13 Location and area of the Jurassic Limestones and 

location o f Tormarton test site is shown by a black cross, 

location of Castle Bytham test site is illustrated 

by a black square (Allen etal.,  1997)

a/., 1997), including the Cleveland Basin, the East Midlands Shelf, the Cotswolds and the 

Wessex Basin (Figure 5.13). The aquifers within these units are frequently split into 

compartments due to faulting (Allen et al, 1997).

Hydrogeology

Limestones make up a small percentage o f  the Jurassic bedrock and these units are frequently 

confined by impermeable strata (Allen et al, 1997). The intergranular permeabilities are low 

and groundwater movement is along paths o f  secondary permeability, such as bedding planes. 

This is especially the case where there are clay-rich layers which may direct groundwater to 

flow horizontally rather than vertically. Few dry wells have been drilled in the Jurassic
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limestones, in contrast to the Carboniferous limestones (Allen et a l ,  1997). The Jurassic 

limestone aquifers are characterised by high transmissivities (often in areas where features 

have been solutionally enlarged) and low storage coefficients (of the order 10'^). They also 

show some characteristically karstic hydrological features such as a rapid response to recharge 

and large seasonal variations in groundwater levels, o f up to 20m (Allen et a l, 1997). The 

most extensive hydrogeological research o f the Jurassic limestone aquifers has been carried 

out in the Lincolnshire Limestone and the Cotswoids and, as a result, a test site was located in 

each o f these regions. The Cotswoids and the Lincolnshire Limestone regions and their 

respective test sites will be discussed in Section 5.5.2 in more detail.

Groundwater Usage o f  the Jurassic Limestone Aquifers

In the Cotswoids groundwater is predominantly used for agricultural and domestic supplies, 

although to the northeast o f the Cotswoids the resource is not fully utilised. Groundwater 

sources generally occur in the confined area o f the Jurassic limestones along most o f the 

outcrop, to the east and south east o f the Cotswoids (Allen et al., 1997). To the south o f  the 

Cotswoids groundwater is exported to Swindon which has a population o f 200 000 people. 

Five pumping stations supply groundwater to the town, extracting water from the Great Oolite 

and the Inferior Oolite. All o f these boreholes are confined below the Oxford Clay (Robinson, 

pers com., 1999)

Sources o f  Potential Groundwater Contamination Affecting the Jurassic Limestone Aquifers 

The most significant pollution threat to the Corallian Limestone is from agricultural sources, 

namely those related to nitrates, pesticides and sheep dip. A similar situation is found to the 

south o f the Cotswoids with agricultural pollution in the form o f high nitrate levels and septic 

tanks providing the primary threats to groundwater.
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5.4.2 Lincolnshire Limestone Aquifer

The Lincolnshire Limestone outcrops between the Humber Estuary in the north and Kettering 

in the south. The outcrop is 3-5km wide to the north and 6.5-8km wide in the south (Allen et 

al, 1997). One o f the test sites is located in the Southern Lincolnshire Limestone and hence it 

will be discussed in the following section. The Southern Lincolnshire Limestone Aquifer is 

bound to the north and south by geological structures (the Syston-Dembebly Monocline and 

Marholm-Tinwell Fault respectively) and to the west by the surface and groundwater divide 

between the Witham and Glen catchments and to the east by progressively more saline water 

(Burgess & Smith, 1979).

Geology

The geological sequences thicken to the south and the outcrop broadens in area. The main 

aquifer unit is the Lincolnshire Limestone. To the north the Cretaceous Chalk covers more o f 

the Jurassic bedrock (Allen et al, 1997). North o f the Humber the Cave Oolite is the 

equivalent to the Lincolnshire Lime.stone. The Southern Lincolnshire Limestone has a 

maximum thickness of 40m near Grantham and thins eastwards to 15m near Spalding 

(Burgess & Smith, 1979).

Karst Geomorphology

The presence o f hundreds o f swallow holes is noted by Fox & Rushton (1976), and their 

influence for funnelling rapid recharge into the aquifer is remarked upon. Swallow holes 

capture runoff recharge flowing off boulder clay in the Southern Lincolnshire Limestone 

(Hindley, 1965).

Hydrogeology

Groundwater flow is towards the east, down the gentle 1 degree dip o f the outcrop and in the 

direction o f the confined bedrock (Burgess and Smith, 1979). Major abstractions are found on 

the confined part at Bourne, Wilsthorpe, Pinchbeck Pumping Stations (Allen et al, 1997, 

Burgess & Smith, 1979). Due to the presence o f many pumping stations in the area much 

research (Fox & Rushton, 1976; Burgess & Smith, 1979; Rushton & Tomlinson, 1999) has 

been carried out to help determine the volumes o f water that can be abstracted without
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significantly lowering the discharge in the River Glen or the westward movement o f the saline 

water (overdeveloped situation, as described by Burgess & Smith, 1979). This has led to a 

conceptual model that the groundwater is intimately connected with the surface water. The 

effects o f  increased pumping on the river and groundwater systems have been modelled 

(Rushton & Tomlinson, 1999).

The Lincolnshire Limestone is predom inantly a fissured aquifer, with extensive systems o f 

principal fractures connected to smaller fractures (Allen et a i,  1997). Matrix porosity is 

important in outcrops o f  relatively poorly cemented porous oolites (Burgess & Smith, 1979; 

Allen et a l,  1997). In Lincolnshire recharge comes from percolating through the overlying 

till, from sink holes where the till meets the limestone and from the limestone outcrop to the 

west (Rushton & Tomlinson, 1999). Evidence o f rapid recharge is seen by significant changes 

in the piezometric head in the confined region (Fox & Rushton, 1976).

5.4.3 Castle Bytham Test Site

Location

The Castle Bytham test site is 13.6km^ in size and its eastern com er includes the village o f 

Castle Bytham (SK 9892 1843, Figure 5.14). The village is approximately 55km south east o f 

Nottingham  in eastern England.

k ilo m ete rs

Figure 5.14 Location of C astle Bytham  test site
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Geology

The rocks o f the site are Middle Jurassic and Upper Jurassic. A summary description is in 

Table 5.6 (Downing and Williams, 1969):

T able 5.6 G eology o f  the C astle Bytham  test site (1:50 000, 1:10 000 G eology M aps, BGS)

A ge Form ation Lithology T hickness

Upper Jurassic Great Oolite Limestone Limestone with thin marl and clay beds 2.5-8.0m

M iddle Jurassic Upper Estuarine Series Sand, clay and limestone 5.4-14.0m

Lincolnshire Limestone Oolitic and argilaceous, limestone with 

calcareous sandstones and cementstones

0-40m

Northampton Sand Sand and sandstone 0 - l l m

Geomorphology, Karst Features and Protective Cover

The landscape is gently undulating with numerous east-west-trending gentle dry valleys. 

Other features o f note include the swallow holes which capture southerly flowing recharge in 

the north o f the test site and in Morkery Wood (in the south west of the test site). There are 

five dolines in the test site, the most significant one being at Cabbage Hill (Brooker, 1977). 

Two additional dolines were mapped in the western part of the area. Boulder Clay is found 

over much o f the area; and a borehole has intercepted this deposit revealing a thickness of 

5.6m. Soil directly overlies the limestone in the centre o f the test site. A sand and gravel 

deposit, known as the Northampton Sand Formation, is found in the north east o f the test site 

and it underlies the limestone.

Hydrogeology

The test site is located in the west o f the Southern Lincolnshire Aquifer as defined by Burgess 

& Smith (1979), Figure 5.15. Pumping stations in the confined area are approximately 10- 

20km east and southeast o f the test site at Bourne, Wilsthorpe, Tallington, Pilsgate and Etton 

(Burgess & Smith, 1979). The aquifer in the test site is unconfined though it is partially 

covered by the Upper Estuarine Series. The Northampton Sand Formation is in hydraulic 

continuity with the limestone aquifer, and where it is 6m thick and fully saturated it is likely to 

have a transmissivity o f 60m /d (Allen et a i, 1997).
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Figure 5.15 The main hydrogeological features 

of the Southern Lincolnshire Limestone aquifer 

(Burgess & Smith, 1979)

5.4.4 The Cotswolds

Geology and Hydrogeology

The primary limestone aquifers in the Cotswolds are the Inferior and Great Oolites. The 

impermeable Fuller’s Earth (comprised o f mudstones and shelly limestones) separates the 

Inferior and Great Oolite, while to the east the Fullers Earth thins out and the two aquifers 

behave as one (Allen et a i, 1997). The Great Oolite may also be divided into various 

formations o f oolites and mudstones (Allen et a l, 1997).

Karstification

The aquifer is described by Robinson as the most karstified aquifer that can exist with a 

continuous water table (Robinson, pers com., 1999). Along the Cotswolds valley cambering

V alley  cam bering  is caused by tension cracks perpendicular to  the river orientation tha t have form ed in the 
valley sides w hich m ay be solu tionally  enhanced and aid recharge
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may be seen {pers com. Robinson, 1999). Such features where the cracks are relatively 

noticeable have been mapped by geologists and termed “gulls”, ( R o b i n s o n , com., 1999). 

Dry valleys are found on the dip slope o f the Cotswolds and can be clearly seen on the 

1:10 000 Ordnance Survey maps. In the Cotswolds conduits are known from television logs 

o f boreholes and from the rate at which water passes through the aquifer (Robinson, perj' com., 

1999). Caves are not usually found in the Cotswolds. Goudie and Parker (1996) suggest two 

reasons for this; the lack o f inherent strength of the oolitic limestones to support caves and the 

absence o f acid runoff recharging on the limestones.

Drainage and Hydrogeology

Rivers crossing the Southern and Central Cotswolds may loose water to the Inferior Oolite 

(Allen et a l, 1997). However springs often discharge to rivers and if too much water is 

abstracted from the groundwater this may cause depletions in river levels. Parts o f the rivers 

flowing south over the Cotswolds may be dry during the summer as they sink in the river-bed 

upon meeting limestone (Robinson, p m ' com., 1999). Rushton et a l, (1992, cited in Allen et 

uL, 1997) noted that while rivers in the Cotswolds responded rapidly to autumn rainfall, the 

recession flow in summer is more gentle. This reflects the rapid lateral transport o f  water via 

highly transmissive fractures before the aquifer is effectively full. Recharge is thought to 

occur rapidly in the Cotswolds, as evidenced by the peaky response o f hydrographs from 

monitoring boreholes to rainfall events. During the summer cracks have been seen to appear 

in the soil in the Cotswolds (Robinson, pm - com., 1999). These cracks are believed to provide 

a direct route into fissures in the aquifer and although this recharge is diffuse in nature it is 

very rapid (Robinson,/?(?«• com., 1999). This theory is contradicted by Atkins (1994, cited in 

Allen et al., 1997), who claimed that there is no by-pass flow to the aquifer when soil moisture 

deficits are high.

5.4.5 Tormarton Test Site

Introduction

The Tormarton test site is found north o f the cities o f Bristol and Bath. The villages o f 

Tormarton and Old Sodbury are less than 2km from the test site. The centre o f the test site is
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at ST 7782 8032 and the site is 2.95km^ in area. The border o f  the test site generally matches 

the road network; however this boundary was m odified slightly so as to exclude the mudstones 

o f  the Fuller’s Earth Formation, which underlies the Great Oolite Limestone. This 

modification was to simplify the geological variations in the test site.

Geology

The geology consists o f  two different formations, both part o f  the Great Oolite Series; the 

Great Oolite Limestone and the Acton Turville Beds o f  the Forest M arble Formation. The 

lower part o f  the Forest Marble Formation is generally o f  limestone (Bath Sheet 265).

-kitome

Figure 5.16 Location of the Torm arton test site

Geomorphology, Karst Features and Protective Cover

The landscape is one o f  gently rolling dry valleys with small springs on the scarp side o f  the 

Cotswolds. Dry valleys, sinking streams and springs were identified on the 1:10 000 

Ordnance Survey maps. Three dolines were located in the western half o f  the test site, while 

on field work. The sinks occur on the dip slope, while small streams flow from springs on the 

scarp side, approxim ately 500m to the southwest and northwest o f  the test site. East-west
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trending dry valleys cross the test site.

Data available for the protective cover ranged from logs for the boreholes along the M4, to 

areas o f outcrop marked on the 1:10 000 map. Although there were boreholes previously 

drilled to the north o f the test site, their logs were not available from the B.G.S. The shallow 

boreholes to the south o f the test site intercepted limestone rock fragments and fractured 

limestone between l-2m below ground level in the silty clay. The alluvium deposit marked on 

1:50 000 B.G.S. geology map was found during drilling to be in a gentle depression and not 

where it is shown on the geology map. This deposit ranges from sandy clay through to an 

almost pure clay.

In August 2000 drilling to the top o f the limestone bedrock was carried out in the test site. 

The purpose o f the field work was to investigate the thickness o f the alluvium deposit marked 

on the geology sheet. The locations of the drilling points are shown in Figure 5.17. In Table 

5.6 the results o f the drilling investigations are presented. In all cases bedrock was reached 

before or at 3m depth. The complete borehole logs for the drilling investigations may be 

found in Appendix 5.4.5. The soil over the test site is mapped as the Sherboume Unit on the 

soil survey 1:63 360 scale map. The Sherboume Unit is a fine loamy to clayey stony soil over 

Jurassic Limestone. It belongs to the brown calcareous soil group.
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F igure 5.17 Location o f d rilling  investigations 

in the T o rm arto n  test site

Table 5.7 Details of drilling in Tormarton test site

Location Texture Depth

Number

1 0.15m Topsoil, 0.95m clay, 0.05m gravel, 3m

1,75m clay

2 0.4m Topsoil, 0.60m gravel, 0.50m clay, 2m

0.50m clay

3 0.4om Topsoil, 0.60m gravel Im

4 0.50m Topsoil, 0.30m gravel 0.8m

5 0.50m Topsoil, 0.50m gravel Im

6 0.30m Topsoil, 1.00m clay 1.3m

7 0.40m Topsoil, 0.60m clay Im
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Hydrogeology

There is one well located in the north east o f  the test site at N ew  House (ST 7864 8099). The 

well was drilled to 26m, but a geological log was absent from the BGS records. Just north o f 

the area at Lyegrove Farm (ST 7791 8164) is another well. On the geological log it is noted 

that the water was turbid. Water level data are available (Hydrolog system in the E.A.) for 

these and two other wells north o f  the area. The time intervals between the sam pling (twice 

monthly) are too long to yield a true reflection o f  the water table behaviour. However, the 

water level data from the wells and the springs were used in the DRASTIC vulnerability 

method.
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5.5 Conclusions

Following the review o f  the karst regions and test sites presented in this chapter, it became 

clear that while data sources such as the 1:50 000 B.G.S. geology maps and 1:10 000 

Ordnance Survey maps were available for all o f  the test sites, detailed information such as the 

borehole logs was more varied in its distribution. At four o f  the test sites field work was 

carried out (either by the author with the assistance o f  the E.A. or by the E.A.) to determine 

the thickness and texture o f  deposits overlying the limestone aquifers. This field work in 

addition to the m apping o f  karst features and the literature review presented in preceding 

sections o f  Chapter 5 provided the base data that were used to generate the vulnerability maps 

presented in Chapters 6 and 8. While it would have been desirable to collect more 

hydrological data to add to the conceptual models o f  each o f  the test sites, these data were not 

absolutely necessary to generate the vulnerability maps. As a result field work concentrated 

on collecting the required data for the pre-existing vulnerability mapping methods.



Chapter 6

Application of Three Vulnerability Mapping Methods

6.1 Introduction

This chapter will describe the application o f EPIK, DRASTIC and the Irish Method to the six 

test sites in England and Wales to produce vulnerability maps. Each map is presented in 

Volume Two o f this thesis. The maps are discussed in detail in Sections 6.2-6.7 and 

summarised in Section 6.8. From this application it was possible to decide if  a new method 

of karst vulnerability mapping needed to be developed or whether one o f  the three pre

existing methods was suitable and flexible enough to cope with the various hydrological and 

hydrogeological settings o f the test sites.

There were two sets o f DRASTIC final maps completed for Priddy and Castle Bytham. The 

first were based on all seven parameters and the second on only five parameters. Two o f the 

parameters; depth to water table and hydraulic conductivity, were omitted because there are 

theoretical problems with their inclusion (Gunn, pers com., 2002). Both o f  these parameters 

may vary over very short distances in karst terrain. Hydraulic conductivity in particular is 

likely to vary over three or more orders o f magnitude within very small areas in limestones. 

Where actual hydraulic conductivity data were available, these were used in the DRASTIC 

maps. Water tracing velocities could also have been used as these data also illustrate the 

speed o f transport o f water within the aquifer. As the water table is often unevenly 

distributed in limestone aquifers, one would need an infinitely large number o f  sample points 

to describe adequately the water table. In some cases there were no data available for the 

hydraulic conductivity (Ribblehead, Tormarton and Great Spring) or water table parameter 

(Priddy, Ribblehead, Castle Bytham). In these cases the same value was used across each o f 

the test sites; 30-50ft for depth to water table and 300-700g/d/ft for hydraulic conductivity 

(the units in DRASTIC are not metric as it is an American method). Both o f  these values are 

in the middle range o f possible values for the two parameters (Appendix 3.3.3).

Normally within EPIK, areas o f fractured outcrop are classed as P I, E l. When EPIK was 

applied to the test sites the differentiation between fractured and unfractured outcrop was not 

made and all areas o f outcrop were classed as PI and E l.



6.2 Application of DRASTIC, Irish Method and EPIK to Priddy Test Site 

6.2.1 DRASTIC

Depth to Water Table

As there were no data available to the author for this parameter, the value of 30-50ft (25 

points) was applied to the whole of the test site (as explained in Section 6.1) (Figure 6.1).

Net Recharge

Effective precipitation data were sourced from the MORECS (Meteorological Office Rainfall 

and Evaporation Calculation System) database. For the test site the value was 300mm/a and 

the net recharge parameter contributed 40 points to the index (Figure 6.2).

Aquifer Media

The aquifer medium is karstified limestone (Waltham et a i, 1997). The aquifer type of 

karstified limestone gives a score of 30 points (Figure 6.3).

Soil Zone

There are three soil series differentiated on the soil sheet for the Mendips. They include the 

Mendip complex, Nordrach, and Lulsgate soil series (Findlay, 1965). Each of the soils is a 

silty loam within the DRASTIC classification, hence 8 points were added to the index 

(Figure 6.4).

Topography

The test site was divided into the DRASTIC slope categories using the 1:10 000 Ordnance 

Survey maps (Figure 6.5). The resulting map illustrates each of the DRASTIC slope 

intervals, ranging from 0 to more than 18%, contributing 1 to 10 points.

Vadose Zone

The vadose zone map (Figure >'">.6) consisted of two categories in the Priddy test site: 

karstified limestone (50 points) and silt and clay deposits (15 points). Silt and clay deposits 

are found in the enclosed basins at; Brimble Pit ST 5086 5081, Cross Swallet ST 5154 4997, 

and at ST 5156 5108 ( S t a n t o n , com., 2000).
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Hydraulic Conductivity

A value o f lOm/d (6 points) for the hydraulic conductivity map (Figure 6.7) was sourced 

from a report by Allen & Bird (1989) on hydraulic conductivity measurements for two 

boreholes at Shepton Mallet (ST 6944, approximately 9km south east o f the test site) in the 

Mendips.

Final DRASTIC Map

The DRASTIC map (Figure 6.8) is produced by overlaying all seven maps. The numerical 

values associated with each polygon are summed. Then the DRASTIC index is subdivided 

into categories as described in Section 3.3.3. The final DRASTIC map illustrates the area o f 

limestone in the vadose zone layer as being most vulnerable (160-179 points), and the area o f 

silt and clay as being least vulnerable (120-139 and 140-159 points). Due to the low 

weighting o f the topography parameter, the many different slope categories do not impact on 

the final map.

DRASTIC Map using 5 Layers

When only 5 layers were used in its construction (omitting the depth to v»'ater table and 

hydraulic conductivity layers) the final DRASTIC map (Figure 6.9) shows two zones; an area 

o f 120-139 points and one o f 100-119 points. The majority o f the area is within the 120-139 

points interval, while the slopes o f the enclosed basins are 100-119 points.

6.2.2 Irish Method

Karst Features

An abundance o f dolines is found in the test site, most notably at Brimble Pit. Each 

individual doline is delineated in Figure 6.10, with a 30m zone around the doline. There are 

no sinking streams in the site.

Subsoil

In the dolines in the enclosed basins, clays and silt deposits o f 5 -10m thick are found 

(Stanton, pers com., 2000). These are a low permeability deposit within the Irish Method. 

At the edges o f  these dolines, a zone o f 3-5m o f subsoil is likely to exist. However the 

precise boundary o f this zone is not known (Figure 6.11). Over the rest o f  the test site the 

cover is a soil o f less than Im  in thickness (Findlay, 1965), while on field work bedrock was
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frequently seen to be exposed at the surface and at Broadmead Quarry the soil was seen to be 

less than 0.5m thick (in a vertical section) overlying the limestone.

Vulnerability Map

The basins were infilled with 5-1 Om of low permeability deposits giving a rating of moderate 

vulnerability (Figure 6.12). However where these areas are within 30m of a doline, they are 

classed as extreme vulnerability. The majority of the plateau in the test site has subsoils of 

<3m thickness and hence the area is also predominantly one of extreme vulnerability.

Groundwater Protection Map

The groundwater protection map (Figure 6.13) illustrates the aquifer classification alongside 

the vulnerability ratings. The aquifer is a regionally important karstified aquifer (Rk) where 

conduit flow is important and therefore the Rkc description is used (Allen et a i, 1997).

6.2.3 EPIK

Epikarst

All of the dolines and outcrops are classified as E l (Figure 6.14). The dry valleys and 

enclosed basins are classed as E2 (9 points). The remaining area of the test site is classed as 

E3 (12 points).

Protective Cover

Areas of outcrop are classed as PI (Figure 6.15). The soils over the Priddy test site are less 

than Im thick, hence they are described as P2, contributing 2 points to the EPIK index. The 

thicknesses of the deposits in the enclosed basins are > 100cm, thus are classed as P3 (3 

points).

Infiltration Conditions

Due to the absence of surface drainage, the test site is entirely classed as 14 (Figure 6.16). 

The 14 rating results in 12 points being added to the EPIK index.

Karst Development

The western half o f the Mendips is considered to be well karstified (Johnson, pers com., 

2000). As discussed in chapter 5, there is an abundance of caves in the Mendips; some 180 

caves are known to have an entrance (Smith & Drew, 1975). Groundwater flow velocities
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derived from tracing experiments, vary under different flow conditions, but exceed the lower 

limit for a K1 classification (Section 5.4.3). The test site is classed as a K1 karst network, 

contributing 2 points to the index (Figure 6.17).

Protection Zone Map

For every polygon in each of the four layers, a numerical value is attached (as defined by the 

authors o f EPIK). The numerical values are summed and the total is divided into an index 

(Section 3.3.1). Features such as Broadmead Quarry (found at the south western end o f field 

area) and areas o f outcrop on steep slopes are classed as SI (Figure 6.18). The dolines in the 

enclosed basins are in the S2 category, while dolines on the plateau areas are SI. The 

remainder of the test site is classed as S3.

6.2.4 Comparison o f the Three Methods in Priddy Test Site

DRASTIC had several layers which showed no spatial variation, such as the aquifer layer 

and soil layer. Therefore the final map looked similar to the vadose zone layer which is 

given the heaviest weighting. It is questionable whether it is worthwhile to include layers 

such as the topography, which are very detailed as the detail is lost in the final result. In 

EPIK very small areas are covered by SI, these are mainly outcrops of bedrock and dolines. 

The dolines in the enclosed basins are classified as S2 while the rest of the site is classed as 

S3. The Irish method describes the vast majority of the test site as extremely vulnerable due 

to the thin soils and the dolines, which have 30m buffers around them. Table 6.1 shows that 

the karst features do not get a specific vulnerability classification in DRASTIC, and also 

illustrates the wide variation in how the different methods classify different features of the 

landscape.

T able 6.1 C om parison o f vulnerability categories associated with geom orphological and hydrological 

features in Priddy test site for three vulnerability methods

G eom orphological/H ydrological Features Irish M ethod DRASTIC (points) EPIK

Dolines Extreme 160-179, 140-159 S I, S2

O utcrop Extreme 160-179 SI

Enclosed basins Extreme, High, M oderate 140-159,120-139 S1/S2/S3

Silt and clay deposits Extreme, High, M oderate 140-159,120-139 82, S3
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6.3 Application of DRASTIC, Irish Method and EPIK to Ribblehead Test Site 

6.3.1 DRASTIC

Depth to Water Table

There was no depth to water table information available from the borehole data. To be 

consistent with the other test sites (where data were absent) the water table was taken to be 

30-50ft below the ground surface (Figure 6.19). This parameter then contributed 25 points to 

the DRASTIC index.

Net Recharge

The net recharge data were taken from the Environment Agency report on nearby 

Groundwater Protection Zones (Hydrogeological Services International Ltd., 1997). 

Effective rainfall was estimated at 1056mm/a. Therefore 36 points were added to the 

DRASTIC index (Figure 6.20).

Aquifer Media

The test site was differentiated into two aquifer media (Figure 6.21); karstified limestone 

aquifer (30 points), and bedded limestone, sandstone, and shale aquifer (18 points), which 

represents the Yoredale Facies.

Soil Zone

Two categories within the soil parameter are present in the test site (Figure 6.22). These are 

where soil is thin or absent and areas covered by peat. The category of soil being thin or 

absent (20 points) was applied to areas of outcrop. Areas covered by peat were also 

delineated (16 points). These are the areas of scrubby vegetation seen in the field. The 

category o f rendzina does not occur within the DRASTIC soil intervals. The areas covered 

by rendzina could be grouped with the peat or with the outcrop. They were grouped with the 

peat because it is possible that they offer a similar degree of protection as the peat.

Topography

The topographic intervals were constructed from the 1:10 000 Ordnance Survey map. There 

were no areas of more than 18% slope and the majority of the test site was in the 6-12% 

slope interval (Figure 6.23).
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Vadose Zone

The area o f thin soils and outcrop was classed as karstified limestone (50 points) while the 

area mantled by till was described as silt/clay and so allotted 15 points (Figure 6.24). The 

area o f  interbedded sandstone, limestone and shale (Yoredale Facies) in the south east corner 

was given 40 points.

Hydraulic Conductivity

There were no hydraulic conductivity data available, the value o f  300-700g/d/ft was used as 

a substitute for field data to enable the completion o f  a final DRASTIC map (Figure 6.25).

Final DRASTIC Map

The final DRASTIC map (Figure 6.26) reflects the variations seen in the vadose zone and the 

aquifer map. The Yoredale Facies (non-limestone area) to the southwest o f  the field area has 

a rating o f 100-119 points. The area o f outcrop and the area covered with rendzina were 

classed as the most vulnerable and were allotted 160-179 points and the rest o f the area 

(where the shakeholes are found), was given 120-139 points.

6.3.2 Irish Method

Karst Features

The most frequent and widespread karst features found in the area are dolines. They are 

found where the vegetation is scrubby, and the soils/subsoils are likely to be thicker than 

where there are just rendzinas over limestone. Small streams that sink upon meeting the 

limestone were marked on the Ordnance Survey map. A buffer o f 30m was placed around 

the point where they sink and 10m wide on either side o f the stream (Figure 6.27).

Subsoils

The subsoils map (Figure 6.28) was compiled from field work and substantiated by borehole 

logs located close to the test site. A ridge in the north west o f  the area is likely to be 

composed o f low permeability drift (as suggested by poor drainage observed in the field). 

While it is not so easy to identify this feature from the Ordnance Survey map, it is distinct in 

the field and it is likely that the subsoil achieves a thickness o f more than 3m. Boreholes 

were drilled (their logs were supplied by the B.G.S.) in the north east o f the field area 

(Appendix 5.3.3). They intercept areas with no soil and areas with less than 0.5m of 

topsoil/silty clay. This provides evidence that where there is a soil cover, it is very thin.
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Vulnerability

The only area where subsoil is greater than 3m deep is the ridge o f drift material in the north 

west o f the map and therefore this area should be designated an area o f high vulnerability 

(Figure 6.29). However this area overlaps with the 30m buffer zones around the shakeholes. 

Hence the entire test site is in the extreme vulnerability category.

Groundwater Protection

The groundwater protection map (Figure 6.30) combines the aquifer classification with the 

vulnerability map and contains two categories: extreme vulnerability o f a regionally 

important karstified aquifer and extreme vulnerability o f  a poor aquifer. The limestone 

aquifer outcrops extensively in the region. There are three licensed groundwater abstractions 

within 10km o f the test site at Turbury Pasture, Souther Scales, Swar Beck Springs 

(Hydrogeological Services International Ltd., 1997). It is not likely that the Yoredale Facies 

is used as a water supply, given that it outcrops at such a high altitude and the absence o f 

development where it occurs.

6.3.3 EPIK

Epikarst

The areas designated as E l include limestone pavement and dolines (Figure 6.31). As in the 

application o f the Irish Method the individual features are not distinguishable on a map o f 

1:10 000 scale and so a large proportion o f the field area is classed as E l. The area that falls 

into the E3 category contains no visible karst features. There are no dry valleys (E2) within 

the Ribblehead test site.

Protective Cover

Areas o f outcrop are in the PI category (Figure 6.32). Where rendzinas occur they are 

classed as P2, while areas o f thicker soil and subsoil deposits are described by the P3 

category, which covers approximately 40% of the test site. The Yoredale Facies in the south 

east o f the test site does not fit into the EPIK protective cover classes and as a result it was 

not given a protective cover classification.
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Infiltration Conditions

As there is little surface drainage in the test site 14 is the class used to describe most o f  the 

area (Figure 6.33), the exception being the two sinking stream s found on the limestone at SD 

7622 7824 and SD 7690 7804. Around these stream s II and 13 zones are applied. The other 

sinking stream s in the test site, sink upon m eeting the lim estone after flowing over the 

Y oredale Facies. The area covered by this form ation was not included in the protective cover 

or karst developm ent layers and as a result it was excluded from this layer.

K arst D evelopm ent

The region is known to be well karstified (W altham  et a l ,  1997). One clear example is the 

W hite Scar caves that extend for over a k ilom etre into the h illside. T here  was no w ate r 

quality inform ation available for the spring ju st north o f  the boundary o f  the field area. 

H ow ever the stream s that sink upon m eeting the lim estone in the test site are known to have 

been traced to the spring at Batty W ife Cave found at SD 7644 7914 (Brook et al., 1996). 

The outlet in EPIK  was taken to be the spring m entioned above and as this is not in a porous 

m edium , the aquifer would definitely not be in the K3 category. W hile there is no direct 

evidence available that is used in the differentiation o f  K1 from K2 in EPIK, it was judged 

that the area m ost likely represents the K1 situation (Figure 6.34). The Yoredale Facies was 

not included in the K1 class as it is not a karstified aquifer.

Protection Zone M ap

In the final EPIK m ap (Figure 6.35) the zones are a reflection o f  the variation seen in the 

epikarst and protective cover maps. This is due to the low variation in the I and K maps. 

This m ap illustrates how features in the different layers are found in com bination with each 

other as their geom orphological developm ent was not independent. For example, where 

dolines are present there is also a thicker protective cover, and where there is the thinnest or 

non-existent cover there are also well developed karrenfields. The EPIK  m ap describes very 

discretely th e  landscape features enabling  the te s t s ite  to b e  evenly divided into the three 

zones S I, S2 and S3.

6.3.4 Comparison o f  the Three Methods in Ribblehead Test Site

As a m eans o f  com paring the three m ethods applied to the Ribblehead test site. Table 6.2 was 

constructed. It is clear from Table 6.2 that the final index in EPIK  is m ore sensitive to 

differentiating betw een the karst features than the other m ethods. EPIK  highlights the
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sinking streams and karrenfields as being most vulnerable (SI), the dolines as less vulnerable 

(S2) and the area o f rendzina as S3 (least vulnerable). The karst features are highlighted as 

being more vulnerable than the rest o f the test site. However EPIK fails to include the area 

o f  non-limestone. The Irish Method classes the whole o f  the area as extremely vulnerable. 

Hence it is a much more conservative approach than EPIK. The DRASTIC method 

illustrates the area o f Yoredale Facies (described as non-aquifer in Table 6.2) as being least 

vulnerable, and the karrenfields and rendzina as being most vulnerable. This appears to be a 

reasonable assessment. However the sinking streams are within the two lowest vulnerability 

categories in the test site.

Table 6.2 Com parison o f vulnerability categories associated with geom orphological and

hydrological features in Ribblehead test site for three vulnerability m ethods

G eom orphological/H ydrological Features Irish M ethod DRASTIC (points) EPIK

Area o f Non-aquifer Extreme 100-119 N/a

Dolines Extreme 120-139 S2

Karrenfield Extreme 160-179 SI

Rendzina Extreme 160-179 S3

Sinking Streams Extreme 120-139, 100-119 N/a. SI

6.4 Application of DRASTIC, Irisli M ethod and EPIK to Schwyll Test Site 

6.4.1 DRASTIC

Depth to Water Table

The depth to water table map was constructed using Surfer Version 8 (Figure 6.36). The raw 

data were sourced from a report on the Ewenny Quarry (Wood, 1998b), the spring at Schwyll 

and a spring discharging into the River Alun. A table illustrating the data points is presented 

in Appendix 6.4.1.

Net Recharge

The mean annual effective rainfall for the Schwyll test site is 734mm/a (MORECS data) 

providing 36 points in the vulnerability index (Figure 6.37).
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Aquifer Media

The aquifer medium (Figure 6.38) is karstified limestone (30 points). The size o f  the spring 

at Schwyll indicates a conduit flow system (Hobbs, 1993). The presence o f  swallets, dolines 

and dry valleys also indicate that the aquifer is karstified.

Soil Zone

Areas o f  outcrop were classed as areas where the soil is thin or absent (Figure 6.39). M ost o f 

the area has a cover o f  silty loam, while over the sand and gravel the soil is a sandy loam. 

The alluvium was classed as clay loam and the dune sand deposit was classed as sand.

Topography

The topography layer (Figure 6.40) consists o f a mosaic o f slopes varying from 0-2% to 

>18%. The layer was constructed manually as when Arcview was used, it resulted in an 

over-detailed division o f the slopes.

Vadose Zone

Three categories prevail in this layer (Figure 6.41); silt/clay (head deposits and alluvium), 

sand and gravel and karst limestone for the areas where a thin soil directly overlies the 

limestone. The field data are presented in Section 5.3.1. The head deposits and alluvium 

were predominantly clay in the GSI descriptions and were incorporated into the vadose zone 

map as silt or clay deposits.

Hydraulic Conductivity

A value o f 0.6-0.7m/d was chosen as the hydraulic conductivity value as this was the highest 

range o f  hydraulic conductivity measurements (and subsequently more vulnerable rating) 

cited in Wood (1989b) this contributed 6 points to the index (Figure 6.42).

Final DRASTIC Map

The final DRASTIC map (Figure 6.43) illustrates areas o f highest vulnerability (180-189 

points) west and south west o f the Schwyll spring, and at the edge o f Pont Alun Quarry and 

the northern tip o f Old Castle Down. Areas o f lowest vulnerability (100-119 points) are 

found along sections o f  the alluvium deposited along the Ewenny River.
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6.4.2 Irish Method

Karst Features

There was only one doline found 380m east o f the spring at Schwyll. A 30m wide zone 

around the swallet at Tymaen (SS 8943 7710, Figure 6.44) and a 15m zone was placed 

around the River Alun upstream o f this swallet.

Subsoil

A range o f subsoils is found in the test site (Figure 6.45). These range from sands and 

gravels (>3m thick) in the north to alluvium (less than 3m in thickness) along the river Alun, 

to head deposits (the head deposits are classed as 3 -10m thick, during field work the base o f 

the deposits was not reached at 2in, see Table 5.2). The dune sands are classed as >3m thick 

(though there is no direct field measurement o f the thickness o f the dune sands, there are 

substantial thicknesses o f sand dunes at the coast less then 1km from the test site: Ogmore 

Down: SS 882 760 and at Merthyr Mawr Warren: SS 860 771, Wilson et a l, 1990).

Vulnerability

The extreme vulnerability rating covers large parts o f the test site, as there are large areas of 

outcrop and subsoils or unconsolidated deposits o f  less than 3m (Figure 6.46). The alluvium 

deposit is less that one metre thick around the Ford area o f the Alun (Table 5.3). Thus, it is 

less than three metres thick, and is classed as extremely vulnerable. The sand and gravels are 

likely to be o f high permeability and o f >3m thickness and are classsed as high vulnerability. 

The head deposits (Table 5.2) are classified as being o f extreme permeability as they are <3m 

deep.

As many o f the dolines/sink holes are within the extremely vulnerable classification due to 

thin subsoils, they are not differentiated on the vulnerability map. Around the sinking 

streams a zone o f 30m at the swallet and a zone o f 15m on either side o f  the stream upstream 

o f the sink are classified as extremely vulnerable.

Groundwater Protection

As the aquifer is karstified and the discharge from the spring significant (Hobbs, 2000), using 

the Irish methodology it should be classed as a regionally important karstified aquifer (Figure 

6.47). The vulnerability categories within the test site range from highly to extremely
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vulnerable. Due to the thin soils and subsoils over most o f  the test site, the special provisions 

made for karst features do not influence the final groundwater protection map.

6.4.3 EPIK

Epikarst

The network o f dry valleys was classed as E2 (Figure 6.48). The doline at SS 8918 7711 and 

the swallet at Tymaen are zoned as E l. The outcrops are also classed as E l. The remainder 

o f  the test site is in the E3 category.

Protective Cover

Data on the soil thickness in the test site indicate that the soils may be up to 1.3m thick 

(Rudeforth et a l, 1984). In EPIK, the P2 category includes soils o f 20 -100cm. It was 

thought to be a reasonable generalisation by the author to place all o f the soil over bedrock 

areas into the P2 category (Figure 6.49). Where there is outcrop it is classed as PI. There 

were no categories o f P3 as the alluvium is less than Im thick, and the head deposits, dune 

sands and sand and gravels are not o f very low permeability.

Infiltration Conditions

All o f  the test site is within the catchment o f the Rivers Alun, Ewenny and Ogmore. The 

River Alun required a wide zone o f  11 due to the steep slopes around it, hence a 50m zone 

was drawn around the river (Figure 6.50). An II-zone o f 15m wide was placed around the 

Ogmore, because the sinks at Merthyr Mawr have been traced to Schwyll spring by Aldous 

(1988). The plateau areas and the quarries were classed as 13, while the area between the 

sinking stream zones and the plateau was 12. The River Ewenny is an influent river with 

known swallets just north o f the test site (Hobbs, 2000). The area around the River Ewermy 

was classed as 12, because although there are no discrete swallets some o f  the river water 

may be leaking into the aquifer downstream from the swallets.

Karst Development

The spring at Schwyll is in Carboniferous limestone and therefore it is not in a porous 

medium and is not in the K3 class. The aquifer is karstified and underground tracings from 

the River Ogmore to Schwyll yielded transit velocities o f 62-323m/hr (W illiams & Brown, 

1989). These velocities imply the existence o f a karst system (Doerfliger, 1996) and 

solutionally enlarged cavities were observed in numerous quarries, rail cuttings and natural
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exposures. Nearby caves are known at Merthyr Mawr and in Ewenny Quarry and a cave 

system was intersected by borehole drilling and explored by divers for 100m length (Hobbs, 

2000).

While changes in water quality do not provide definitive evidence o f  a karst system, water 

quality variations after heavy rains may also imply a cavity system (K1 or K2 (Doerfliger, 

1996)). Such variations in water quality do occur at Schwyll after heavy rainfall (Simpson, 

1999). This is thought to be due to river water infiltrating into the aquifer and resulting in 

increased turbidity (Simpson, 1999). A K1 classification was attributed to the field area 

(Figure 6.51).

Protection Zones

The EPIK final map illustrates three protection zones: S I, S2 and S3 (Figure 6.52). The SI 

zone is around the rivers Alun and Ogmore, the quarries, outcrops and dolines. The S2 

category is delineated around the slopes draining to the rivers. S3 includes the karst plateau, 

where there are no karst features (E3), gentle slopes (14) and a protective cover o f P2.

6.4.4 Comparison o f the Three Methods in Schwyll Test Site

Within EPIK, the sinking streams and dolines are classed as the most vulnerable features. In 

general the karst features take priority over the protective cover with EPIK. Using the Irish 

Method, areas o f highest vulnerability are found where the subsoil is less than 3m thick and 

where karst features (sinking streams, dolines) occur. However for Schwyll the vulnerability 

map is a reflection o f the protective cover map. The DRASTIC map highlights the Schwyll 

spring and part o f one o f the quarries as being most vulnerable. Areas covered by alluvium; 

the northern part o f  the River Alun (where the swallet is located) and head deposits are 

described as low or moderate vulnerability using the DRASTIC method. DRASTIC then 

contradicts the other two methods by classifying the swallet as an area o f relatively low 

vulnerability. A summary o f the geomorphological features in each o f  the vulnerability 

zones o f the three methods is presented in Table 6.3.
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T able 6.3 C om parison o f vulnerability categories associated with geom orphological and hydrological

features in Schwyll test site for three vulnerability m ethods

G eom orphological/H ydrological

Features

Irish Method DRASTIC (points) EPIK

Sinking Streams Extreme 100-119, 140-159 SI

Dolines Extreme 120-139 SI

Dry Valleys Extreme 120-139, 140-159, 160-179 S I, S2

Quarries Extreme 140-159, 160-179, 180-199 SI

Soil/Subsoil (<3m deep) Extreme 120-139, 140-159, 160-179, 180-199 S I, S2, S3

Alluvium  Deposits (< lm  deep) Extreme 120-139, 140-159, 160-179, 180-199 S I, S2

W ater Table (<5ft below surface) N/a, extreme 140-159, 160-179,180-199 N/a, S I, S2

Sand and Gravel (>3m deep) High 120-139, 140-159, 160-179 S2

Head D eposits (3 -10m deep) High 120-139, 140-159 S2, S3

Sand Deposits High 160-179, 180-199 S3

6.5 Application of DRASTIC, Irish Method and EPIK to Tormarton Test Site 

6.5.1 DRASTIC

Depth to Water Table

The sources o f  information for the depth to water table layer were the springs just west o f  the 

test site and two wells: at Lyegrove Farm and New House, for which water table data were 

available from the E.A. The depth to water table decreases westwards towards the springs on 

the scarp side o f the Cotswolds. The water table ranges from being 1.5-5.5m deep (45 

points) in the western side to 15-22m (15 points) deep at the eastern end (Figure 6.53).

Net Recharge

MORECS data were provided from the Exeter E.A. office for the test site. Effective 

precipitation figures represent the net recharge parameter. For Tormarton the figure is 

244.8mm/a (Figure 6.54). This yields a rating o f 8 and a weighting o f 4 points with net 

recharge contributing 32 points to the index.

Aquifer Media

The aquifer medium (Figure 6.55) was classed as karstified limestone, 9 points as opposed to 

10 for the Carboniferous Limestones was given to this layer. This is because the Jurassic 

Limestone is not as well karstified as the Carboniferous Limestones (Allen et a l, 1997). 

When the weighting o f 3 is included, it brings the contribution to 27 points for this layer.
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Soil Zone

The soil over the pilot area is mapped as the Sherbourne Unit on the soil survey 1:63 360 

scale map. The Sherbourne Unit is a fine loamy to clayey stony soil over Jurassic Limestone, 

belonging to the brown calcareous soil group. This soil is probably best equated with the 

clay loam class in DRASTIC and is rated as 3 (Figure 6.56). Combining this with a 

weighting o f 2, results in a total o f 6 points.

Topography

For the Tormarton test site the 5m contours on digital 1:10 000 Ordnance Survey maps were 

used as a base map, from which the DRASTIC slope intervals were drawn. The DRASTIC 

topography map is shown in Figure 6.57.

Vadose Zone

The vadose zone map (Figure 6 . 5 8 )  illustrates two categories: karstified limestone (Srating x 

5weighting =  4 0  points) and silt/clay (5raiing x 5weighting =  2 5  points). The karstified limestones 

may have a rating o f 8 - 1 0  points. As the limestone is Jurassic and is more fissured and less 

karstified than the Carboniferous Limestone, it is given a slightly lower vulnerability rating 

than the test sites in Carboniferous Limestone aquifers. The silt/clay was intercepted during 

drilling (Table 5 .5 ) .

Hydraulic Conductivity

A hydraulic conductivity range o f 300-700gpd/ft^ (approximately 12-29m/d) was applied to 

the Tormarton test site, this contributed 12 points to the index (Figure 6.59). This represents 

a middle value on the DRASTIC index o f hydraulic conductivity and was chosen as this is 

the value chosen for all four test sites where no hydraulic conductivity data were available to 

the author. Hydraulic conductivity data for the Cotswolds have however been published in 

Allen et a l,  (1997) and the values range from 0.17 x lO'’ to 1.9 x 10”  ̂m/d. The author had 

not located these data when the map was compiled and it is likely that higher hydraulic 

conductivity values may be found close to dolines or sink holes, so the value that was used is 

not entirely implausible.

104



Final M ap

The final DRASTIC map (Figure 6.60) illustrates that where the water table is closest to the 

surface the vulnerability is highest. As one moves westwards towards the springs the 

vulnerability increases, from 120-139 points in the east to a maximum o f 160-179 points in 

the west o f the test site.

6.5.2 Irish Method

K arst Features

A map was produced showing the karst features (Figure 6.61) such as dolines, sinks and 

springs. As with some o f the other test sites the sinks and springs could be identified from 

the 1:10 000 Ordnance Survey maps. Four dolines were identified from field work and these 

are found in the western end o f the field area. The sinks occur on the dip slope, while small 

streams flow from springs on the scarp side in the southwest o f the field area. A buffer o f 

30m was placed around the dolines and one o f 15m around the two sinking streams, which 

are found on the dip slope o f the Tormarton test site.

Subsoils

After drilling was carried out in the test site, it was possible to determine the thickness and 

texture o f  the deposit marked as alluvium on the Geology 1:50 000 sheet. It was less than 

3m in thickness (Table 5.5, Figure 5.10). Over the rest o f the test site, there is only a soil o f 

less than Im  thickness. Vertical sections were examined at ST 7737 7990, at Brookm an’s 

Quarry and it could be seen that the soil was < lm  thick. Boreholes were supplied by the 

B.G.S. for shallow holes drilled during the construction o f the M4, all o f which had depth to 

bedrock o f  l-2m . The subsoils map is presented in Figure 6.62.

Vulnerability

All o f the subsoils have been classed as <3m depth and o f low permeability deposit and so 

the whole o f the test site is thus classed as extremely vulnerable (Figure 6.63). The extreme 

vulnerability rating o f the karst features coincides with the rating for the thin deposits o f 

subsoils also o f  extreme vulnerability.

Groundwater Protection

The groundwater protection map (Figure 6.64) illustrates the aquifer classification alongside 

the vulnerability ratings. The aquifer type is a regionally important karstified aquifer, with
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fissure flow being dominant (Robinson, pers com., 1999). It is noted that the vulnerability 

rating is extremely vulnerable.

6.5.3 EPIK

Epikarst

A map o f the three epikarst categories was produced (Figure 6.65). Areas of highly fractured 

outcrop were shown on the 1:10 000 Ordnance Survey maps, (El category). Dolines (E l) in 

the area are gentle in slope and shallow (<2m deep). These features do not show up on the 

1:10 000 maps and were mapped during field work. The two sinks were also marked as E l. 

The dry valleys (E2) were delineated from the 1:10 000 Ordnance Survey map. The 

boundaries were checked during field work (6/2/00). The rest o f the area was classed as E3.

Protective Cover

Areas of PI include all of the outcrops (Figure 6.66). Where the drilling intersected more 

than Im of unconsolidated material, these deposits were classed as P3. The rest o f the test 

site where there is a soil cover was categorised as P2.

Infiltration Conditions

There are two sinking streams in the area. An 11 buffer of 20m was put around the streams 

(Figure 6.67). As the setting is in an area of gentle slopes, a relatively narrow buffer was 

chosen. The catchment of these streams is relatively small, and inside the area is subdivided 

between 13-11. The 12 and 13 categories are slope-vegetation-dependent and these areas were 

calculated from the 1:10 000 Ordnance Survey maps. The area outside the catchment of the 

stream is subdivided between 14 and 13, also a function of the slope and vegetation. Most of 

the area is within the 13 and 14 categories.

Karst Development

From the outcrop in the field area and those surrounding nearby it was apparent that the 

bedrock is well fractured. No tracing information existed for the area. It was decided that 

due to the paucity of karst features and the fact that the water table responds slowly to 

rainfall events (Andrew Longly, pers com., 2000) that the area could be classed as K2 in 

EPIK (Figure 6.68).
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Protection Zones

S 1 zones are placed around most o f the dolines, the sinking streams, and the steeper slopes 

sloping towards the sinking streams (Figure 6.69). S2 includes the dry valleys, a doline and 

an area o f outcrop. In the rest o f the test site, the high ground between the dry valleys falls 

into S3. Where the area o f P3 overlaps with II, this is described as incompatible (Doerfliger, 

1996). The protective cover describes the vertical vulnerability directly below the ground 

surface. The infiltration conditions describe the vulnerability o f the catchment o f  the swallet. 

In this situation the vertical vulnerability is low, but the lateral vulnerability with respect to 

runoff towards the swallet is very high. Hence there is a contradiction found by assessing 

apparently independent parameters.

6.5.4 Comparison o f the three methods in Tormarton test site

The Irish method blankets the whole o f the Tormarton test site as being o f extreme 

vulnerability. The DRASTIC final map does not give any o f the geomorphological features 

listed in Table 6.4 a specific vulnerability rating. The vulnerability zones in DRASTIC are 

dependent on the vadose zone, the topography and the depth to water table layers. The EPIK 

map appears to be the most logical as specific karst features are distinguished as being more 

vulnerable than the surrounding area.

T a b le  6.4 C o m p ar ison  o f  vu lnerability  categories associated with geom orph olog ica l and hydrolog ica l

features in T o rm a rton  test site for three vu lnerability  m ethods

G eo m o rp h o log ica l  or  

H ydrologica l Features

Irish M ethod D R A S T IC  (points) E PIK

Sinking Streams Extreme 140-159, 160-179 S I ,  S2, incompatible area

Dolines Extreme 160-179 S I ,  S2

Dry Valleys Extreme 120-139, 140-159, 160-179 S I ,  S2

Outcrop Extreme 160-179 S I, S2

Soil/Subsoil (<3m deep) Extreme 120-139, 140-159, 160-179 S I ,  S2, S3
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6.6 Application of DRASTIC, Irish Method and EPIK to Great Spring Test Site 

6.6.1 DRASTIC

Depth to Water Table

The base data for the depth to water table layer came from the location o f springs, and from 

the boreholes drilled through the deposits overlying the Carboniferous Limestone during 

field work. In all cases the water table was less than 5m from the surface. A contour map o f 

the depth to water table was constructed using Spatial Analyst in Arcview, version 3.1 (as 

described in Chapter 4). These Arcview files were imported into M aplnfo and Figure 6.70 

was completed illustrating the depth to water table layer.

Net Recharge

The net recharge for the area is approximately 320mm/a (MORECS data) and is shown in 

Figure 6.71. This is the highest category o f net recharge in the DRASTIC system and adds 

36 points to the final index.

Aquifer Media

The test site is divided into two aquifer types: limestone aquifer and sandstone aquifer. The 

limestone aquifer contributes 30 points to the layering system. The sandstone counts for 18 

points. There was not a suitable category for the Old Red Sandstone. Hence, the aquifer 

classification o f interbedded limestones, shales and sandstones was used as this was the 

closest that existed in DRASTIC. The aquifer media layer is in Figure 6.72.

Soil Zone

The East Keswick soil series belongs to the brown earths soil classification. The dominant 

soil texture is that o f a clay loam (Rudeforth et a i, 1984). A clay loam soil adds 6 points to 

the DRASTIC index and the map is in Figure 6.73.

Topography

The topography layer (Figure 6.74) was delineated by calculating slopes by hand from the 

digital 1:10 000 Ordnance Survey map. The steeper slopes in the test site are those draining 

towards the sinking stream, while flat areas occur to the west and south o f the test site 

(Figure 6.74).
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Vadose Zone

At the locations where drilling was carried out (Figure 5.3), deposits o f  varying textures were 

encountered such as; gravel, clay, sand at different depths in many o f  the 10 boreholes. As 

the vadose zone deposits vary considerably with depth, it is not possible to classify the area 

that was drilled within the vadose zone classes. Hence for the vadose zone parameter the test 

site (Figure 6.75) was divided into karst limestone, due to the surface karst features and rapid 

tracer velocities (where there is Carboniferous limestone) and bedded limestone, sandstone 

and shale (where Old Red Sandstone is found).

Hydraulic Conductivity

There were no hydraulic conductivity data available for the Carboniferous Limestone o f the 

Chepstow Block. In Figure 6.76, a value o f 300-700 gpd/ft was applied to the test site to 

complete the methodology (as was the case for other test sites with no data).

Final Map

The final map (Figure 6.77) has three vulnerability classes: 140-159 points, 160-179 points, 

180-199 points. The most vulnerable area (180-199 points) is found where the water table is 

close to the surface in the north and south o f the test site. The least vulnerable area (140-159 

points) covers much o f the middle area o f the test site.

6.6.2 Irish Method

Karst Features

A 15m buffer was placed around the sinking stream where it flows over the limestone 

(Figure 6.78). A 10m buffer was placed around the stream where it flows over the Old Red 

Sandstone. The area o f  dolines and the single large doline were both given buffers o f  30m o f 

extreme vulnerability.

Subsoils

The data for the depth to bedrock were concentrated in the southern end o f the test site. 

Areas o f >3m high permeability subsoil and areas o f less than 3m o f subsoil were delineated, 

with the majority o f the area in the less than 3m of subsoil category (Figure 6,79).
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Vulnerability Map

The vulnerability map (Figure 6.80) is dominated by the extreme vulnerability category. 

This is because depth to bedrock data were extrapolated from the drilling points to extend 

over most o f the site. A 30m zone o f extreme vulnerability was placed around the doline. 

The vulnerability zones o f extreme vulnerability around the sinking streams merge with the 

extreme rating o f  the adjacent subsoil. Highly vulnerable zones are found where the subsoils 

are more than 3m in thickness and o f high permeability.

Groundwater Protection Map

According to Aldous & Clark (1987) the Old Red Sandstone is described as a low-yielding 

fissured aquifer and therefore it has been classified as a poor aquifer. The limestone is 

karstified and regionally important (Aldous & Clark, 1987). The aquifer classifications are 

combined with the vulnerability maps in Figure 6.81.

6.6.3 EPIK

Epikarst

The following features are given an E l rating within the test site; the large doline in the 

southern end o f the area, small dolines south o f the swallet, the swallet and the outcropping 

bedrock (Figure 6.82). The rest o f the test site is classed as E3 as there are no other karst 

features present.

Protective Cover

The protective cover is variable in thickness and texture where the drilling was carried out. 

The areas o f outcrop are classed as PI (Figure 6.83), areas that are soil covered are P2, and 

where there are deposits o f low permeability these areas should be classed as P3 (where clay 

has been intercepted in the drilling). However the deposits o f clay are thin (< lm  thickness) 

and scattered, hence all o f the area except for the outcrop was classed as P2.

Infiltration Conditions

The catchment o f the sinking stream is classed as II , 12 and 13 (Figure 6.84). The area 

outside o f the sinking stream catchment falls into the 14 classification. The II zone is placed 

immediately around the stream and is 30m wide. 12 covers most o f  the catchment and where 

slopes are gentler these areas fall into the 13 category.
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Karst Development

Tracings have been carried out from the Cas Troggy Brook sink at Cwm to the Great Spring. 

The velocities measured range from 60-174 m/d (Aldous & Clark, 1987) to 700m/d (Drew et 

al., cited in Aldous & Clark, 1987). These velocities place the test site into a K1 category in 

EPIK (Figure 6.85). The Old Red Sandstone does not have a classification in EPIK, so this 

area is distinguished on the karst development map.

Protection Zones

The only area of SI in the test site is a narrow zone immediately around the swallow hole 

(Figure 6.86). About 40% of the remaining area is classed as S2. The S2 area encompasses 

the dolines, outcrop and steeper slopes draining towards the swallow hole. S3 covers areas 

where karst features are absent and the slopes are gentle within the catchment of the sinking 

stream. Most o f the area outside of the catchment of the sinking stream is classed as S3, 

except for the dolines and outcrop.

6.6.4 Comparison o f The Three Methods in Great Spring Test Site

The DRASTIC final map is heavily dependent on the depth to water table layer. Some of the 

areas of highest vulnerability overlap with the location o f the dolines. However this is not 

because DRASTIC takes account of the karst features, but is because of the depth to water 

table parameter. The sinking stream is not highlighted in the DRASTIC method and 

DRASTIC takes no account of the specific karst features.

Table 6.5 Com parison o f vulnerability categories associated with geom orphological and

hydrological features in Great Spring test site for three vulnerability m ethods

Geom orphological/Hydrological

Features

Irish Method DRASTIC (points) EPIK

Sinking Streams Extreme 140-159, 160-179, 180-199 S I, S2

Dolines Extreme 180-199 S2

Outcrop Extreme 180-199 S2

Soil/Subsoil (<3m deep) Extreme 140-159, 160-179, 180-199 S2, S3

Subsoil >3m higii permeability High 180-199 S3

Old Red Sandstone Extreme 160-199 N/A



The Irish Method vulnerabiHty map is predominantly one o f extreme vulnerability. The area 

o f the large doline yields a moderate vulnerability rating when one considers only the texture 

and permeability o f the overburden. However the 30m buffer around the doline in the karst 

features layer results in an extreme vulnerability rating. The depth to bedrock data were only 

found in the south o f the test site. Were these data more evenly distributed it is likely that the 

vulnerability map would be more accurate.

The area o f highest vulnerability in the EPIK map is that which lies in the SI zone, and is 

found around the swallet. The swallet is where runoff is concentrated before it enters the 

aquifer and is clearly the most vulnerable point on the map. The dolines and areas o f outcrop 

and slopes draining towards the swallow hole are also highlighted as being vulnerable. The 

EPIK protection zone map picks out the karst features, outcrop and steep areas draining 

towards the swallow hole as being most vulnerable.

6.7 Application of DRASTIC, Irish Method and EPIK to Castle Bytham Test Site 

6.7.1 DRASTIC

Depth to Water Table

There were no data available for the depth to water table parameter. Therefore, 30-50ft was 

used (as consistent with other test sites where no data were available) and 25 points were 

added to the DRASTIC index (Figure 6.87).

Net Recharge

The net recharge was calculated from annual values supplied by the Environment Agency 

from 1961-1995. This was effective precipitation o f 115mm/a (MORECS data), and 

contributes 24 points to the DRASTIC index (Figure 6.88).

Aquijer M edia

The aquifer media is both karst limestone and sand and gravel (Northampton Sand 

Formation). The Jurassic limestone is not as karstified as the Carboniferous limestone, 

therefore it is given a slightly lower rating. Both aquifers (Figure 6.89) add 27 points in the 

DRASTIC scheme.
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Soil Zone

The soil layer (Figure 6.90) was ascertained from the Soil and Rock Characteristics Above 

Groundwater Map (as discussed in Chapter 5). The soil cover is a clay loam over the aquifer 

and attributed 8 points.

Topography

The topography intervals o f 0-2%, 2-6% and 6-12% were the most frequent intervals found 

over the test site (Figure 6.91). Some small areas o f 12-18% were found and there were no 

areas o f >18% slope.

Vadose Zone

Boulder Clay is  found over m uch o f  the area and w as classed as clay (30 points). Karst 

limestone (40 points) was classed as the vadose zone where only soil overlay the limestone. 

Sand and gravel (15 points) deposits found in the north east o f the map were also included in 

the vadose zone layer (Figure 6.92).

Hydraulic Coiidiictivity

Hydraulic conductivity values for the Lincolnshire Limestone may be found in Allen et al. 

(1997). A range o f values is published from IxlO^^Wd to 1 x 10 'm/d. These values fall 

outside the lowest range in the DRASTIC scheme, which contributes 3 points to the final 

index. In order to complete the final map, the closest DRASTIC interval to the data available 

was used in Figure 6.93.

Final Map

Using the thematic map function in Maplnfo (Version 6.5), the numerical representations of 

each o f the layers were summed to fonn the final map. The final map (Figure 6.94) has two 

classes o f vulnerability 100-119 points and 120-139 points. The distribution of these classes 

is similar to the vadose zone map. The lower points reflect the area of boulder clay, while 

the higher vulnerability zone is that where the vadose zone is one o f limestone or sand and 

gravel.

Final Map Using Five Layers

Using five layers, (excluding the depth to water table and hydraulic conductivity parameters) 

a DRASTIC map (Figure 6.95) was produced. Overall the number o f points allotted to the
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final index was much reduced. The pattern o f higher and lower vulnerability zones remains 

the same as in Figure 6.94.

6.7.2 Irish Method

Karst Features

The karst features manifest themselves in the form o f two streams in the north and three 

streams in the western end o f the test site and five dolines (Figure 6.96). The streams in the 

western part o f the test site were dry when visited on field work during August o f  2001. 

According to Hindley (1965) the sinks in the area become noticeable in wetter periods o f  the 

winter and early spring. The sinking streams in the north o f  the test site could not be 

accessed during field work due to foot and mouth restrictions. Dolines were mapped from 

the roadside. A particularly dramatic doline was located at Cabbage Hill (just north o f  Castle 

Bytham).

Subsoils

The area o f limestone covered by soil was classed as less than 3m o f subsoil, although the 

thickness o f the soil was not known from the literature. The boulder clay was classed as 3- 

5m low permeability, as a borehole intercepted 5m o f boulder clay at SK 9647 1944. The 

Northampton Sand underlies the limestone aquifer, and hosts its own groundwater. 

Therefore there is 0-3m of subsoil over the Northampton Sand Formation. The subsoils map 

is in Figure 6.97.

Vulnerability Map

Areas o f extreme vulnerability are found where limestone is overlain by soil (which was 

interpreted to be less than 3m thickness), and around the dolines (30m) and the sinking 

streams. The rest o f the area is classed as high vulnerability where there is a deposit o f 

boulder clay over the limestone. The accuracy o f the vulnerability map (Figure 6.98) is 

dependent upon the base data and as there is no soil thickness data available, it may not be as 

accurate as for the other test sites.

Groundwater Protection Map

The groundwater protection map (Figure 6.99) includes the aquifer classification, which is a 

regionally important karstified aquifer. As there are few or no caves in the Lincolnshire 

Limestone, it is classed as being karstified with fissure flow being dominant. The
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vulnerability ratings are the same as for Figure 6.98. For the Northampton Sand formation 

there is limited information available concerning its aquifer properties (see Section 5.4.6); 

therefore it was not given an aquifer classification in the Irish Method.

6.7.3 EPIK Method

Epikarst

El zones were placed around the swallow holes and the dolines (Figure 6.100). While E2 

covered the dry valleys. The rest of the area was mapped as E3. The epikarst development 

was examined in a nearby quarry. The top few metres o f the limestone was shattered and 

broken. However there were no conduits and while the bedrock was well fractured there was 

an absence o f well developed fissures. The epikarst did not appear to concentrate flow 

vertically. There was no horizontal collector defining a base to the zone.

Protective Cover

There were no areas o f outcrop, hence there were no PI zones (Figure 6.101). P2 was 

mapped where soil overlaid the limestone. However as in the Irish Method, there were no 

data available to confirm that this is the correct category for the protective cover. P3 

corresponded to where boulder clay (5.6m thick) lies over the limestone. The Upper 

Estuarine Series was mapped as P4. The sand and gravel deposit, the Northampton Sand, 

does not easily fit with the classification system in EPIK and it was not included in the 

protective cover layer.

Infiltration Conditions

Zones o f II o f 15m in width were placed around the sinking stream (Figure 6.102). These 

zones were 15m wide and, as the slopes are gentle, a relatively wide zone is likely to be in 

hydraulic connection with the streams. Only one o f the sinking streams had a surface 

catchment that could be delineated from the Ordnance Survey 1: 10 000 maps. For this area 

an 12 zone was mapped while the rest of the test site was mapped as 14.

K arst D evelopm ent

The presence of numerous swallow holes and some dolines indicates that the aquifer is well 

karstified, however there were no data available for tracings. Thus it was not possible to 

follow the description in EPIK of the karst development parameter. As the aquifer is
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karstified to some extent, (though not as much as the Carboniferous Limestones) it was 

classed as K2 (Figure 6.103) (Allen et a l, 1997).

Protection Zones

The SI zones are found around all o f the swallow holes and some o f the dolines (Figure 

6.104). The S2 area is located around the zones o f the sinking streams and the other dolines. 

S2 also includes part o f the central dry valley in the test site while the rest o f the area is S3.

6.7.4 Comparison o f The Three Methods in Castle Bytham Test Site

The DRASTIC map and the Irish groundwater protection map are almost identical, as 

practically the same patterns are illustrated on both. In the DRASTIC map the area o f soil 

over limestone is highlighted as being most vulnerable, while in the Irish method the area o f 

thin subsoils (<3m) is classed as extremely vulnerable. The primary difference however 

between the DRASTIC and Irish maps is that the Irish maps include zones o f extreme 

vulnerability around the karst features, while the DRASTIC method completely ignores karst 

features. When EPIK is compared to the other methods, much smaller areas are classed as 

the highest vulnerability rating than in the other methods. EPIK distinguishes three 

vulnerability classes, whereas the other methods only show two classes.

Table 6.6 Com parison o f vulnerability categories associated with geom orphological and hydrological

features in Castle Bytham test site for three vulnerability methods

G eom orphological/H ydrological

Features

Irish Method DRASTIC (points) EPIK

Sinking Streams F.xtreme 120-139 SI

Dolines Extreme 100-119, 120-139 S I, S2

Dry Valleys Extreme, High 100-119, 120-139 S2, S3

Sand & Gravel Extreme (no aquifer class) 120-139 S3

Soil Covered Limestone Extreme 120-139 S 1 ,S 2 , S3

6.8 Conclusions on the Application of Three Methods to Six Test Sites

DRASTIC

For three o f the test sites (Schwyll, Tormarton, Great Spring) there were data available for 

the depth to water table parameter. This resulted in a final DRASTIC map that was vastly 

different to those produced for the other three test sites. Where there were no variations in 

water table data the final DRASTIC maps closely resembled the vadose zone map. However,
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for the m aps with variations in the depth to w ater table layer, the final map was very com plex 

especially for Schwyll. The topography layer required m uch preparation, yet, barely 

influences the final DRASTIC m ap in any o f  the test sites. Thus the usefulness o f a layer 

with too low a weighting is som ewhat doubtful.

Irish M ethod

The m ost striking conclusion about the Irish M ethod groundw ater protection m aps is the 

m arked aerial extent to which the test sites were classified as extrem ely vulnerable. In most 

sites this was due to the unconsolidated deposits being less than 3m in thickness. In the case 

o f  the Castle Bytham  and R ibblehead test sites it was not possible to carry out any drilling 

w ithin the context o f  this research project. If  there had been the opportunity additional data 

w ould have been collected and the areas could have been classified w ith a greater degree o f 

accuracy.

As large areas o f  the test sites are classed as extrem ely vulnerable, it is likely that this could 

be extrapolated  to  the regions in w hich  th e  test s ites are located. And a s  th e  aim o f  th is 

research project was to provide a suitable vulnerability m apping technique to the EA, it is 

questionable w hether classifying vast areas o f  regions as extrem ely vulnerable is a useful tool 

for the EA. The reason why less than 3m o f  subsoil is classified as extrem e vulnerability is 

because the m ain risk to groundw ater in m uch o f the Republic o f  Ireland are septic tanks, 

w hich are located below the soil zone and consequently only the subsoils or the aquifer itself 

m ay attenuate discharging pollutants.

EPIK

EPIK places less em phasis on the protective cover than on the karst features, such as dolines, 

sink holes, karrenfields and dry valleys, which are given a m uch higher vulnerability 

weighting. There are how ever some inadequacies within the method:

(i) EPIK  does not include adjacent allogenic drainage system s

(ii) O nly soil thickness data and the presence o f  low perm eability  geological layers 

are used to describe the protective cover

(iii) There was no theory used to justify  that the thickness intervals o f  the protective 

cover approxim ate to its attenuation capacity or travel times o f infiltrating 
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(iv) Areas o f a “thick” soil (i.e. more than Im of soil, P3) may overlap with sinking 

streams (II), (such as at Tormarton test site). This is a contradiction conceptually, 

where one param eter deems the area protected and another deems i t  extremely 

vulnerable.

Summary o f  Comparison o f  the Three Methods

The main difference between EPIK, the Irish Method and DRASTIC is that the former two 

include karst features as a parameter. The difference between EPIK and the Irish Method, is 

that EPIK is capable o f differentiating a variety o f vulnerability zones (S I, S2, S3) around 

dolines or the catchment o f sinking streams. The Irish Method places buffer zones such as 

extreme vulnerability o f 10-30m wide around these features. Both methods assess the 

vulnerability by delineating which areas pose the greatest risk to the groundwater resource. 

EPIK differentiates more finely between categories o f vulnerability than the Irish Method. 

For example areas o f 2.5-3m o f subsoil with no karst features on flat terrain, over a K1 type 

aquifer (P3, E3, 14, K l) are classed as S3 (relatively low vulnerability), whereas this area is 

classed as the same vulnerability o f a swallow hole (extremely vulnerable) in the Irish 

Method. Table 6.7 presents a summary o f the above with some additional conclusions.

Table  6.7 C om parison  o f  the three vulnerability  m app in g  m ethods  

EPIK  Irish M ethod D R A ST IC

Vulnerabil ity  M aps and K arst Features

Final protection zone m aps Vulnerabili ty  m ap  illustrates Karst features are not mapped,

distinguish the karst features and buffers around karst features. Th is  Final m aps m ay  be almost the

place protection zones  around the could be improved by assess ing  the sam e as the vadose zone map.

features.  hydro logy  o f  the area. W here  data  exist  for all

parameters,  the final map m ay  

be very complex.

Protective C o ver

Protective cover  c lasses are thin (0- Priddy and T orm arton  test si tes T he  th ickness  o f  protective

20cm, 2 0 - 100cm) and suited to the have large parts o f  test si tes cover  is not included. O nly  one

Swiss data  sets for  the Jura. There  classif ied as ex trem ely  vulnerable, type o f  protective  cover is

is no room for additional data, such 0-3m o f  subsoil is poss ib ly  too considered,

as tex ture/perm eabil i ty  data. thick to classify as ex trem e

vulnerabili ty



T able  6.7 C om p arison  o f  the three vulnerability  m app in g  m ethods (Cont.)

EPIK

The manner in which EPIK

combines parameters is

sophisticated. The method has

been termed a risi< mapping

method as opposed to a

vulnerability method (Deakin, pers 

com., 1999).

There are 3 protection zones, SI, 

S2, S3 derived from the numerical 

index.

Irish M ethod  

C om bination  o f  Param eters

Final vulnerability categories are 

based on the karst features and 

protective cover layers. Additional 

aquifer information included in the 

groundwater projection maps.

N'ulnerabilitv Zones

The way in which the layers are 

combined removes the need to use 

a numerical index.

D R A ST IC

DRASTIC uses a weighting and 

rating index and is time 

consuming to produce final 

maps. T h e  weighting for some 

parameters such as topography 

is very low so that it hardly 

influences the final index at all.

There is no specific meaning 

attached to the numerical index.

6.9 Summary

The m aps produced in this chapter illustrate the differences betw een the three methods. The 

differences are quite m arked and while the EPIK m ethod w orked best o f  the three, it did have 

a num ber o f pitfalls (Section 6.8) that made the derivation o f  a N ew M ethod necessary. The 

absence o f  a num erical index in the Irish M ethod m eant that the com pilation o f the 

vulnerability a n d  groundw ater protection m aps was ea s ie r and quicker th an  com piling  the 

final m aps for the other m ethods. The vulnerability zones around the karst features in the 

Irish M ethod were very sim plistic. Thus, the author com pleted a literature review o f 

hydrological topics (such as contributing areas and runoff) to design a vulnerability method 

that m ore closely reflects the hydrology around karst features.
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Chapter 7

The New Karst Vulnerability Mapping Method

7.1 Introduction

In this chapter a summary of key hterature relevant to the derivation o f the New Method is 

presented. The application of the method to a site is described. Schematic diagrams 

illustrate the vulnerability zones around karst features. The overlaying o f the layers o f the 

New Method to form a vulnerability map is described in the final section.

7.2 Parameters in the New Metliod

There are two essential parameters that are included in the New Method; protective cover 

and flow concentration. Protective cover is used to different degrees in each o f the methods 

applied to the test sites. According to Robins et al. (1994) the properties o f the soil and rock 

column determine the vulnerability of the underlying aquifer to pollution. Protective cover 

can play a key role in attenuating pollutants and in retarding the rate at which pollutants enter 

the underlying aquifer. Therefore it was logical to include this parameter in the New 

Method. The flow concentration parameter describes where rainfall becomes spatially 

concentrated and identifies the locations where concentrated recharge enters the karst aquifer 

via dolines or swallow holes. Dolines and swallow holes funnel recharge into the aquifer and 

at swallow holes in particular the protective cover is by-passed. Thus, the protective cover is 

no longer effective.

7.3 Protective Cover

7.3.1 Overview o f  Protective Cover

Both Foster (1987; 1998) and Robins et a l, (1994) stress the strategic position o f the 

unsaturated zone above the water table and its ability to retard and degrade pollutants. At 

worst the unsaturated zone may only cause a time-lag in the arrival o f pollution at the water 

table and the “degree o f attenuation is then highly dependent upon the unsaturated zone flow 

regime and residence time” (Foster, 1998 p.8). The basic concept is that the longer the 

pollutant stays in the protective cover layer, the more chance there is for attenuation to occur. 

At one extreme the protective cover may be thin and permeable, and therefore may have little 

or no influence on the travel time of contaminants to the water table. At the other extreme a
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thick protective cover of low permeabihty may prevent the contaminants ever reaching the 

water table. The longer the travel time, the less damaging the input to the groundwater and 

the more gradual and buffered the arrival.

As the flux and degradation of potential contaminants is dependent on travel time through 

overlying layers (Goldscheider et a l, 2000), a method whereby travel time is used as an 

indicator of vulnerability seemed logical. A new approach to classifying the protective cover 

is described later in Section 7.3 that is more physically based than those used in the Irish 

Method, EPIK or DRASTIC. In the New Method protective cover classes are based on 

theoretical travel times through deposits of specific thicknesses and permeabilities.

The protective cover may be composed of the following layers: the soil, subsoil and bedrock. 

Each of these layers may afford the aquifer varying degrees of protection and the three layers 

are frequently described independently of each other in the literature. If the travel time for 

the soils, subsoil and bedrock could be calculated for the layers that are present in each test 

site, then one would have data for a protective cover classification system. The author 

decided to omit the soil zone for the following reasons;

(i) If the point of release of contaminants is below the soil zone (such as a

soakaway), then the soil is bypassed and if a protective cover/vulnerability map 

includes the soil zone, it becomes redundant;

(ii) Field data for travel times through soils of varying textures were difficult to find 

in the literature. Laboratory measurements such as those published by An et al.

(1999) may not be an accurate reflection of what happens in the field due to

scaling problems, e.g. it is difficult to simulate the effects of macropore drainage 

in a laboratory;

(iii) As soils are frequently unsaturated, Darcy’s Law could not be applied, so more

complex equations or computer models such as CONSim (developed for the E.A.)

could be used to calculate unsaturated travel times.

Therefore the author considered applying Darcy’s Law to determine the travel time of 

recharge through saturated subsoils and bedrock that may overlie the limestone aquifer.

Recharge moves through saturated deposits more rapidly than unsaturated deposits.

Therefore it was thought that a series of travel times for varying textures and thicknesses of
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unconsolidated and consolidated deposits could form a basis for a protective cover 

classification system. The derivation of the protective cover classes is described in the 

following section.

7.3.2 Calculation o f  Travel Times

Darcy’s Law was used to calculate the velocity (V), through saturated unconsolidated and 

consolidated deposits.

V =

where K  is the saturated conductivity in m/d, n is the effective porosity, and dh/dl is the 

gradient.

Although hydraulic conductivity data are easily obtainable, it was difficult to source effective 

porosity values for unconsolidated deposits. For coarser grained deposits specific yield' 

approximates to effective porosity (Misstear, pers com., 2002). For finer grained (cohesive) 

materials more water may be retained and hence will drain poorly under gravity (specific 

yield). This is less than the total amount in the interconnected pore-space. Therefore, using 

the specific yield for finer grained materials provides only a conservative estimate of the 

actual water moving through the unconsolidated deposit. For consolidated deposits specific 

yield values were also used. The hydraulic gradient ranges from 0 to 1, with 1 representing 

plug flow conditions, and 0 representing zero gradient. In order to calculate travel times 

through deposits with a substantial gradient, a value o f 0.1 was used, which was also advised 

by Misstear {pers com., 2002).

A spreadsheet was compiled in Excel in order to calculate travel through deposits o f various 

thicknesses and permeabilities o f unconsolidated deposits which overly a karst aquifer. A 

summary is presented in Table 7.1. However, a larger range o f textures and thicknesses is 

presented in Appendix 7.3.2. Specific yield and permeability values were derived from a 

number o f texts on groundwater (e.g. Freeze & Cherry, 1979; Todd, 1980; Brassington, 

1998; Fetter, 1994) in order to cover the most complete range o f deposits as possible.

' Specific y ield  is a measure o f  how  much water w ill flow  from an aquifer under the influence o f  gravity 
(Brassington, 1998)
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Brassington (1998) gave details o f specific yield values for the deposits in Tables 7.1 and 

1 2 .

T able 7.1 Travel times through a sam ple o f unconsolidated deposits for Im  and 10m thicknesses

Texture Perm eability (m/d) Specific Yield Travel Time

Description (Fetter, 1994) (Brassington, 1998) Im  depth 10m depth

Coarse gravel 1000 0.23 minutes minutes

Alluvial sands (coarse) 100 0.27 minutes hours

Silt 0.1 0.08 days months

Clay 0.01 0.03 1 month months

The travel times for coarse materials in Table 7.1 are very fast, especially for 10m o f coarse 

alluvial sands, with a permeability o f  lOOm/d. For consolidated deposits similarly fast travel 

times were calculated for cavernous limestones and sandstones (Table 7.2). A more 

extended range o f  thicknesses is found in Appendix 7.3.2. As there is much variation in 

permeability values attributed to karst aquifers, a high value was used in these calculations in 

order to represent the extremely rapid travel times that may occur in karst aquifers.

Table 7.2 Travel times through a sam ple o f  consolidated rocks for Im , 10m and 100m thicknesses

Lithological Perm eability (m/d) Specific Yield Travel Tim e for a Given

Description (Freeze & Cherry, (Brassington, 1998) Thickness o f Bedrock:

1979; Todd, 1980) Im 10m 100m

Cavernous 1000 0.14 Seconds Minutes Minutes

Limestone

Sandstone 100 0.27 Minutes Hours Hours

(medium grained)

Sandstone 100 0.21 Minutes Minutes Minutes

(fine grained)

Sandstone 10 0.21 Minutes Hours Days

Sandstone 1 0.21 Hours Days 1 Month

Schist 0.2 0.26 Days Days Months

Tuff 0.2 0.21 Days Days Months

Sandstone 0.1 0.21 Days Days Months

Limestone 0.1 0.14 Days Days Months

Limestone 0.01 0.14 Days Months Years

Basalt 0.01 0.17 Months Months Years

Sandstone 0.01 0.01 Months Months Years
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7.3.3 Problems and Solutions fo f  the Calculated Travel Times

There is one basic problem with the calculated travel times for both consolidated and 

unconsolidated deposits in Tables 7.1 and 7.2. Diffuse flow may be modified by the 

presence o f macropores, which may take the form o f cracks o f greater than 3mm in width, 

(found in soils, rock fractures and fissures in sediments), worm-holes, old root channels, 

animal burrows and natural soil pipes (Beven & Germann, 1982; Iqbal & Krothe, 1994; 

Simmers, 1997). Macropores are however difficult to quantify because they may change in 

size through time (Beven & Germann, 1982) and in addition, may only be identified when in 

exposed vertical sections or where infiltration mechanisms have been studied.

It is clear that there are some difficulties with identifying macropores, let alone quantifying 

their influence on the vulnerability o f an aquifer. Macropores may transport different 

proportions o f  recharging water depending on the size and intensity o f the recharge event, 

and they transport a greater proportion o f recharge during heavy rainfall events (Iqbal & 

Krothe, 1994). In a study by Hardwick and Gunn (1996) investigating the infiltration 

processes through a l-2m  thick loess-derived soil in Castleton (The Peak District), it was 

found that macropores through the soil and loess drift cover appear to link the land surface 

and bedrock. Where a macropore is present, the protective cover has a reduced retardation or 

attenuation ability; recharge may follow more rapid routes, bypassing the matrix o f the 

protective cover. Therefore it is important to know if  macropores are present when assessing 

the vulnerability o f an area. Where macropores extend the full thickness o f the protective 

cover then they should be included as a modification to the vulnerability rating o f  the 

protective cover and render it very high vulnerability.

Where a deposit is less than 3m in thickness and it directly overlies the limestone aquifer, 

this should be given an arbitrary vulnerability rating, because thin deposits may be less 

consolidated, have larger pore spaces and as a result they are more likely to contain 

macropores than thicker deposits. In the Irish Method a vulnerability rating o f  extreme 

vulnerability is attributed to all deposits o f less than 3m thickness overlying an aquifer. It 

was decided by the author that a very high vulnerability rating should be given to deposits o f 

less than 3m thickness. This reserves the highest vulnerability rating (extreme) for outcrops, 

where recharge may directly enter the aquifer uninhibited by any cover.
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7.3.4 Application o f  the Protective Cover Parameter in the Field

Detailed explanations o f  the protective cover maps for each o f the test sites are presented in 

Chapter 8. The following points summarise how the protective cover param eter was applied:

(i) During investigative field work in this project the textures o f the unconsolidated 

deposits were described using British Standard 5930:1999 Code o f Practice for 

Site Investigations (British Standards Institution, 1999), see Appendix 4.3.1;

(ii) The thickness o f the deposit was measured. If  the deposit was less than 3m thick, 

then a very high vulnerability rating was given to this deposit. However if  the 

deposit is o f  a greater thickness the remaining steps were followed;

(iii) The specific yield was determined using the tables presented in Brassington 

(1998);

(iv) The permeability should be determined either by using the tables in Appendix 

7.3.2 or other published sources or field work;

(v) Any macropores were noted, particularly if  they extended the full length o f the 

deposit. However none were seen in the drilling investigations;

(vi) W here sequences o f varying textures exist, each unit of a different texture was 

described. The time o f travel was calculated for each layer o f  protective cover. 

These values were summed to give the travel time;

(vii) The travel time should then be related to the vulnerability categories presented in 

the following section (7.3.5).

7.3.5 Vulnerability Categories fo r  the Protective Cover

In one existing vulnerability method travel times are linked to vulnerability ratings 

(Monkhouse, 1983); four categories are listed: 1 week, 1 year, 20 years and greater than 20 

years. The travel times calculated in Appendix 7.3.2 vary from less than one day to tens o f 

years. It was also thought that these categories would span the spectrum o f thicknesses and 

permeabilities o f  deposits found in the test sites and the karst regions in England and Wales. 

In Table 7.3, the travel times are grouped into five intervals and correlated with vulnerability 

categories.
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T ab le 7 3 T ravel tim es j-nd vu ln erab ility  ca tegories  

o f  the N ew  M ethod

T ravel T im es V u ln erab ility  R ating

<1 day Very high vulnerability

1 day to 1 month High vulnerability

1 month to 1 year Moderate vulnerability

1 year to 10 years Low vulnerability

> 10 years Very low vulnerability

7.4 Flow Concentration

7.4.1 Overview o f  Flow Concentration

The flow concentration parameter as described in this chapter provides a 

framework/suggested method for dehneating extreme vulnerability zones around sinking 

streams and dolines. Where sinking streams occur, runoff is concentrated on the surface 

(before entering the aquifer). The source areas o f runoff are the areas where rainfall fails to 

infiltrate vertically, but travels laterally towards the sinking streams on the surface or 

subsurface. If source areas o f  runoff are mapped then these areas should be given a 

particularly high vulnerability rating irrespective o f the protective cover rating.

Identifying source areas o f runoff is not a straightforward task. A variety o f  methods are 

identified by Dunne et al. (1975). What is proposed in this chapter is a straightforward and 

simple methodology to construct vulnerability zones around sinking streams and dolines 

based upon a literature review o f runoff source areas or contributing areas. The New Method 

is geared towards use in England and Wales, particularly in small catchments (less than 5km 

in area.).

Potential recharge may become rejected recharge when runoff does not reach the aquifer. 

Rejected recharge cannot flow vertically downwards and is deflected at the surface or in the 

soil. In a non-karstic terrain, rejected recharge is routed to a topographically low point in the 

landscape and may reach a surface stream. Irrespective o f the size o f a surface stream, it will 

make its way out to sea. Provided that the stream is not influent, it will not become 

groundwater. However, karst systems are a special case, because streams may become 

concentrated recharge and enter the aquifer along a river-bed or at a sink hole, instead o f
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flowing out of the catchment. Therefore runoff from the catchment o f the sinking stream 

enters the aquifer at a single point, or line, where any protection provided by surface deposits 

is by-passed. Pollutants that become entrained in this stream may be flushed into the aquifer. 

There is a permanent and direct connection between the areas along the path o f the stream 

and the swallow hole. The swallow hole acts as an open window to pollutants entering the 

karst aquifer.

Dolines also act as areas of point recharge and the larger the depressions, the bigger their 

contributing or recharge areas (Ford & Williams, 1989). Tosomeen’s (1991) thesis on the 

recharge enhancement of topographic hollows states that while depression-focussed recharge 

is highly site specific, volumetric recharge enhancements range from 0-450% above the 

estimated uniform recharge volumes. Dolines are likely to be areas o f recharge 

enhancement. Irrespective of the form of the doline, they are all enclosed depressions, which 

concentrate recharge. Dolines have been referred to as funnels as they concentrate and 

channel recharge towards the karst underground network (Ford & Williams, 1989). Dolines 

may be infilled with sediments and in the Mendips test site (Priddy), Stanton {pers com., 

2000); and Ford & Williams (19&9) have stated that these fine grained sediments have the 

ability to hold potential recharge and drain it to the pipe or conduit at the base o f the doline. 

While in the Priddy test site there may be a greater depth of protective cover in the dolines 

than on the plateau, the recharge is still spatially concentrated and bypass routes along the 

boundary of the limestone may occur.

7.4.2 Contributing Areas

The maximum area that can contribute runoff to a stream or doline is the topographic 

catchment. However the area that frequently contributes to the stream, is usually a small but 

relatively constant part of the watershed and is known as the contributing area (Betson, 

1964). Even for a 50-year storm Dunne (1978) notes that as little as 7% of a catchment 

contributes to a stream, even in a steeply inclined basin. Contributing areas vary between 

and during rainfall events; an illustration of the latter is shown in Figure 7.1 (Dunne et a l, 

1975). This is known as the dynamic watershed concept or the variable source area concept 

(Dunne et al. 1975). From Figure 7.1 it is clear that the areas closest to the stream are the 

ones that become part of the source area or channel system during a storm event.
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Figure 7.1 The expansion of the source area and channel system during a storm 

(Hewlett & Nutter, 1970; cited in Anderson & Burt, 1990)

Figure 7.2 from the Tennessee Valley Authority illustrates in cross section that there is a 

dynamic zone between the initial contributing area and the soil moisture recharge area.

RAINFALL .

-  BEDROCK

I  DYNAMIC WATERSHED 
; CONCEPT OF RUNOFF

SATURATED

Figure 7.2 Variable source area concept for a hillslope (After 

Tennessee Valley Authority, 1964; cited in Anderson & Burt 1990)

The spatial relationship between areas that produce runoff and a stream and the different 

forms of runoff are illustrated in Figure 7.3. Direct precipitation onto saturated areas may 

also cause the formation of runoff (Dunne et al,  1975; Anderson & Burt, 1990).
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Figure 7.3 The m echanism s that govern the delivery o f  

rainfall to a stream channel from a hillslope; 1 Overland  

flow, 2 Subsurface storm flow, 3 Return flow, 4 G roundwater  

flow (m odified after Freeze, 1978, in Anderson & Burt, 1990)

The extent of source/contributing areas depends on the following factors:

(i) Recharge (Betson & Marius, 1969; Chorley, 1978; Hollis, 1991);

(ii) Soil (Betson & Marius, 1969; Chorley, 1978; Hollis, 1991; Boorman et a l,

1995; Jones, 1997);

(iii) Topography (Dunne e/a/., 1975);

(iv) Vegetation (Calder, 1986; Robinson et a l, 1991).

The above variables and their influence on the distribution o f contributing areas will now be 

discussed in the remainder o f this section:

Recharge Regime

If the aquifer and soil zone fail to receive any recharge the whole hydrological system shuts 

down (White, pers com., 2000). The more intense the lainfall event the greater the stress 

applied to the system and the greater the flux o f recharge and hence pollutants into the 

aquifer. As the rainfall intensity and event become sufficiently large, the contributing area 

may also increase, however, there is not a linear relationship between these two parameters 

(Betson, 1964). Hollis (1991) found that when he developed a surface water vulnerability
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assessment for pesticides, the critical climatic factors were the length o f time between 

pesticide application and a significant rainfall event and the amount o f rain in that event.

From the effective rainfall values used in the vulnerability maps, it was clear that the 

absolute values varied enormously across the test sites. Hollis (1991) states that the main 

climatic variation across England and Wales is seen in the frequency o f  rainfall events. The 

greater the frequency o f significant rainfall events, the greater the potential for recharge and 

for pollutants to become entrained in sinking streams.

Soil Cover

The soil zone may impede the downward flux o f recharge. Some soils are particularly good 

at preventing recharge from travelling through the zone, where clayey surface horizons in the 

soil slow or prevent the downward movement o f water. Soils may develop a series o f 

horizons such as hard pans, which may deviate recharge towards a more lateral pathway, 

particularly where these are found on slopes. At the other extreme soils may be thin or 

discontinuous and hence have little effect on the recharge.

The soil structure is an important factor when it comes to soil infiltration capacity (Jones,

1997). Jones (1997) divides the soil structures into four categories and relates them to their

permeabilities:

(i) Massive structure: minimal permeability;

(ii) Prismatic or blocky structure: high vertical permeability;

(iii) Crumb or granular structure: good general permeability;

(iv) Platey structure: good horizontal permeability.

While the above is a general overview o f how soil may affect the percolation o f  recharge, 

there already exists a hydrological classification o f soil, known as the H ydrology O f Soil 

Types (HOST) system. The HOST system describes the pathway taken by rainfall, whether 

it is vertically or laterally dominant. These are known as “physical response models” 

(Boorman et a l, 1995). The HOST system classifies soils with respect to their hydrological 

response in river catchments in Britain. Conceptual models based on the physical 

characteristics o f soils, the substrate (that were thought to influence the soil drainage) and the
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catchment hydrology were designed (Figure 7.4). Examples o f the physical characteristics of 

soils that are used to form the HOST classes are:

(i) Depth to a slowly permeable layer;

(ii) Depth to a gleyed layer;

(iii) Integrated air capacity (surrogate for hydraulic conductivity);

(iv) Presence o f peaty surface layer;

(v) Hydrogeological characteristics of soil substrate.

There are 11 conceptual or physical response models, which are divided into 29 classes 

(Table 7.4). The soil series of Britain is grouped into one o f these 29 divisions or HOST 

classes. A database at 1km grid of the HOST soils was produced and is available from the 

collaborators in the HOST project (Institute of Hydrology, Soil Survey and Land Research 

Centre, Macaulay Land Use Research Institute and Department o f Agriculture Northern 

Ireland). The Standard Percentage Runoff (SPR) is defined as the percentage o f rainfall that 

causes the short-term increase in flow seen at the catchment outlet (the time-scale is in hours) 

and is known as the quickflow component o f the hydrograph (Boorman et a i, 1995). It may 

be determined directly from the HOST class, as in Table 7.5. The derivation o f the SPR and 

Base Flow Index (BFI) are both discussed in detail by Boorman et al. (1995).
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Figure 7.4 The physical response models in HOST (Boorman et aL, 1995)



Table 7.4 The HOST classincation system (Boorman et al., 1995)

U )
U )

SUBSTRA TEHYDROGEOLOGY MINERAL SOILS PEAT SOILS

G roundw ater or 
aquifer

No impermeaole or 
gleyed layer within 
100cm

Impermeable layer w itNn 100cm  or 
gleyed layer a t 4 0 -1 00cm

Gleyed layer within 40cm

Weakly consolidated, microporous, by-j 
flow uncom m on (Chalk) ’ 4.31

Normally 
p re s en t  
and  a t  > 2 m

Weakly consolidated, m icroporous, by-pass 
flow uncom m on (Limestone)

Weakly corisolidated, m acroporous,by-pass 
flow ur»common

Strongly consolidated, non or sigh tly  porous. 
By-pass flow com m on

13 0.87 1̂  0 .6 63.33 15 9.93
UrKonsolidated, m acroporous, by-pass flow 
very uncom m on 5 5.07
Unconsolidated, m icroporous, by-pass flow 6 2.61
Unconsolidated, m acroporous, by-pass flow 
very uncom m on

Normally  p re s en t  
and  a t < 2 m

IA C '< 1 2 .5  
I <  1 m day ']

Drained Undrained

U nconsolidated, m icroporous,by-pass flow 9 3.68 10 2 .21 11 0.55 12 2.94

I A C ' > 7 , 5 I A C ' < 7 . 5

Slowly pern>eable 16 0.43 2-1 13.8518 5.40 21 4.02 26 2.49
No signif icantImpermeable (hard) 17 9.28 27 0.83
g ro u n d w a te r 1.31Impermeable (soft) 20 0.69 3.64
or aquiferEroded Peat 28 0.58

Raw Peat 29 5.73



Table 7.5 Recommended SPR Values for HOST Classes (Boorman et al., 1995)

HOST Class SPR (% ) HOST Class SPR (% )

1 2.0 16 29.2

2 2.0 17 29.2

3 14.5 18 47.2

4 2.0 19 60.0

5 14.5 20 60.0

6 33.8 21 47.2

7 44.3 22 60.0

8 44.3 23 60.0

9 26.3 24 39.7

10 26.3 25 49.6

11 2.0 26 58.7

12 60 27 60.0

13 2.0 28 60.0

14 26.3 29 60.0

15 48.4

SPR  m ay also be calculated from  flow  and rainfall data using the follow ing form ula;

=  SPR +  DPR,,, +  

s p r  = p r „ , ^ , - ( d p r „ , + d p r J

W here PRmrai is the percentage runoff in a rural catchm ent, DPRcwi is the dynam ic 

percentage runoff, relating to catchm ent wetness, c w i  is the catchm ent w etness index, and 

DPRrain is the dynam ic percentage runoff (w hich depends on the event rainfall, rain  in mm). 

A m inim um  o f  five events should be used if  SPR is to be calculated using the above form ula 

(B oorm an e /a /., 1995).

The SPR associated w ith the HOST classes has been incorporated into a surface w ater 

vulnerability  m ethod by Hollis (1991). It is a specific vulnerability  m ethod for pesticides, 

w ith the target being surface water. Five groupings o f  the 29 H O ST soil classes (Table 7.5) 

are envisaged by Hollis (1991), who also includes the Base F low  Index (BFI). The BFI is 

derived from  m ean daily flow  data. It is the ratio o f  the baseflow  volum e to the total flow
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volume: the higher the ratio, the higher the proportion of baseflow in the river flow. Soils 

with a SPR of more than 30% have a high surface water vulnerability in the method 

developed by Hollis (1991).

Table 7.6 Soil vulnerability for surface w ater using SPR  

and BFI (Hollis, 1991)

Soil Vulnerability for Surface W ater

Soils with bypass flow or soils >50% SPR and BFI of <0.36 

SPR >50% and BFI > or = 0.36 or BFI 0.25-0.36 

SPR 30-50%

SPR 10-30%

SPR<10%

Topography

The general character of the topography is also important with respect to the distribution of 

contributing areas. In steep well-drained areas the saturated areas are consistently small, 

while in more gently-inclined landscapes the variation is greater (Dunne et a i, 1975). 

Topography may control the size and distribution of source areas of subsurface and 

saturation excess overland flow (Anderson & Burt, 1990). The slope angle is a control on 

runoff production (Anderson & Burt, 1990) with 10-15 degree gradients appearing to be 

hydrologically significant slopes.

Vegetation

Vegetation is the primary interceptor of rainfall before it reaches the ground surface in rural 

areas. A change in vegetation type may alter the runoff characteristics o f an area (Calder, 

1986). Afforestation has been found to decrease flooding because o f the increased canopy 

storage and leaf litter may create deeper, more permeable soils (Robinson et a l, 1991). It 

was found that afforestation of agricultural land decreased annual runoff by 40% and peak 

flows became smaller (Robinson et a l, 1991). Goldscheider et al. (2000) also refer to forest 

cover as favouring infiltration, ’’.'hile agricultural areas are those that are more likely to 

produce runoff
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Calculation o f  C ontributing Areas fro m  a Previous Study

A ctual contributing areas have been m easured in only a few studies in the literature, one o f 

w hich was ca rried  out by Finlayson (1977) in the M endips. A sum m ary o f  his paper is 

presented below. Finlayson (1977) m apped the contributing area around a stream flowing 

over Old Red Sandstone in the Mendips. The m inim um  area (A) for storm m noff was 

calculated as:

xlOO%

w here Oi is the surface runoff (overland flow and saturated overland flow) in mm , and Iiis 

the storm rainfall in mm.

The area that produced surface runoff was the area im m ediately around th e  stream. This 

runoff zone corresponds with podzols, high mechanical transport rates and high slope angles. 

The slope angles are greater than 15 degrees and rates o f  curvature^ range from 11-50 

degrees per 100 metres. In the headw ater area, the rate o f  curvature rem ains high but the 

slopes are more gentle (10 degrees). Finlayson (1977) found that the rate o f slope profile 

curvature should have been used instead o f  the slope angles. The rate o f  slope curvature has 

been described as being im portant for runoff analysis. Finlayson (1977) splits the 

contributing areas into three units, with unit 1 representing the area o f  m n o ff generation; unit 

2 representing areas o f  throughflow generation and unit 3 having rates o f  curvature o f  3-8 

degrees per 100 metres. The rates o f curvature do not rem ain constant, but vary downstream  

in unit 2. F inlayson (1977) states that there exists a close relationship betw een soil type, 

slope profile form, runoff generation and erosion.

7.4.3 Conclusions o f  Review o f  Contributing Areas and Vulnerability Categories o f  

Flow Concentration

Table 7.7 sum m arises the detail discussed in the preceding section. Vegetation and recharge 

were om itted from the flow concentration param eter. W hile studies have shown that 

vegetation changes do affect runoff production, a forest cover does not entirely inhibit the 

generation o f  ru n o ff The distribution o f rainfall events is likely to be more pertinent for 

specific rather than intrinsic vulnerability assessm ents. W here hum ans introduce pollutants

" Rates o f  curvature  arc the slopes for a given distance.
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into tiie hydrological cycle, such as in the application o f fertilisers, the timing o f  the pollutant 

application greatly affects the ability o f the system to cope with the pollutant.

Table 7.7 Summary of the factors controlling runoff generation

Factors Controlling  

Q uickflow  Generation

Details

Soils Soils o f  >50%  SPR, the soil may convert a large proportion o f  rainfall into 

runoff

S lopes/Topography The overall morphology o f  a catchm ent can control the distribution o f 

contributing areas. Where slopes are more than 10 degrees steep then they are 

likely to produce runoff.

Vegetation Forested areas may significantly reduce runoff, but runoff m ay still occur. 

Swallow holes have been observed in forests e.g. observed in V alley de Joux, 

Jura in Switzerland, 2000, on field trip.

Recharge Distribution o f  significant rainfall events may be important for landuse 

m anagem ent (Hollis, 1991).

In previous vulnerability assessments o f surface water, Hollis (1991) developed a scheme for 

classifying the runoff potential o f soils, HOST. Anderson & Burt (1990) stated that where 

soils and slopes are used in combination to determine source areas o f runoff in models such 

as TOPM ODEL (Beven, 1997), then slopes o f more than 10 degrees gradient are significant 

in terms o f generating runoff from rainfall. Therefore Hollis’s classification system o f soils 

with high SPR and their effect on surface water vulnerability and the critical slope gradient 

o f 10 degrees by Anderson and Burt (1990) were combined. Where these conditions are 

found in combination, it is likely that runoff may be produced.

A zone o f extreme vulnerability should be placed around sinking streams. A simplistic 

approach to delineating such a zone is outlined below. A constant buffer o f 10m should be 

placed around sinking streams and swallow holes (Figure 7.5). This zone represents the area 

closest to the stream that is most likely to be hydraulically connected to it. Where slopes are 

more than 10 degrees and soils are classed as producing more than 50% Standard Percentage 

Runoff and are adjacent to the stream, then the 10m buffer zone should be extended to 

include this area (as long as it is within the topographic catchment o f the stream) (Figure 

7.7). This is a conservative approach to delineating zones around sinking streams. The 10m 

buffer zone is also the same width as the zone recommended by MAFF (M inistry o f 

Agriculture and Fisheries and Food), around a surface water course where waste should not
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be spread at any time (MAFF, 1991). DEFRA^ also consider slopes of 8-14 degrees as steep 

(Marks, pers com., 2002). MAFF (1991) further states that where fields o f a steep slope are 

next to a water course, and if the soil is at field capacity, then these are very high risk areas 

where waste should not be applied to the land.

S lo p e  <10° 
SPR >50%

Tbm

J  Sinking Stream

S w allow
H ole

Figure 7.5 Vulnerability zones around a sinking stream in terrain with slopes o f  less 

than 10 degrees

If a doline is located on a hillslope, it was decided that all o f the catchment area that may 

supply runoff or throughfiow to the doline should be classed as being of extreme 

vulnerability. This may be termed the recharge area of the doline and is effectively the 

catchment area of the feature (Figure 7.6; 7.8; 7.9). For dolines with no additional catchment 

outside o f the boundary of the feature a 50m buffer zone should be placed around the doline 

(Figure 7.9). The reason for such a large zone is that there may be a large collecting zone for 

percolating recharge within the soil and epikarst zone.

 ̂ Defra: Departm ent for Environm ent Food and Rural Affairs, includes the previous organisation known as 
M A FF
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|Doline|

100m

90m'

Figure 7.6 Schematic diagram  of the extension o f the vulnerability zone w here 

the doline is situated on a slope, in plan view

Catchment area 
of stream

S A N D S T O N E

L I M E S T O N E

Figure 7.7 The whole of the catchm ent area of the sinking stream  is classed as extremely 

vulnerable because the slopes a re  more than 10 degrees and soils have an SPR of >50%

Recharge area

Doline

I  I  Soil cover 

I  I  Limestone

Figure 7.8 Cross-section of the recharge area of a doline

139



Extreme vulnerability zone50m
Doline

Figure 7.9 Default extrem e vulnerability zone around a doline

Application o f  the Flow Concentration Parameter in the Field

The author followed the following steps when the New Method was applied to the six test 

sites:

(i) Sinking streams and dolines were identified and mapped on the karst landscape;

(ii) The topographic catchments of the dolines were mapped in the field or from 

1:10 000 Ordnance Survey maps. The catchments o f sinking streams were 

mapped from 1:10 000 Ordnance Survey maps;

(iii) For dolines, a 50m extreme vulnerability buffer zone was placed around the 

outside of them, unless the doline had a recharge area which extends beyond the 

50m, whereby this was included;

(iv) For sinking streams, a 10m buffer zone was constructed around them. The slopes 

were mapped in degrees around this buffer zone. The soil HOST class o f the soils 

around the buffer zone was deduced using the tables and soil maps. If the slopes 

are more than 10 degrees and the soils >50% SPR then these areas were added to 

the buffer zone.

7.5 Protective Cover and Flow Concentration Combined into a Vulnerability Map

Where there are bare areas o f karst bedrock the area is classed as being o f extreme 

vulnerability. The zones around sinking streams and dolines described in Section 7.4.3 are 

also zones of extreme vulnerability. The areas of extreme vulnerability from flow 

concentration will override any lower vulnerability zones on the protective cover map. 

WTiere zones of extreme vulnerability occur on both maps, the area on the final map should 

be classified as being of extreme vulnerability. The New Method dissolves the need for a
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numerical index such as those used in EPIK and DRASTIC and so any summing of 

subjective values representing geomorphological features is avoided.

The above approach could become more sophisticated if the hydrology of a catchment of a 

sinking stream is studied in detail and contributing areas are identified through hydrological 

measurements during storms. Further information concerning the use o f soil observations 

and vegetation surveys may be used to infer likely contributing areas. This is summarised in 

Appendix 7.5. The New Method as described in this chapter was applied to each of the test 

sites and the resulting maps are discussed in the following chapter.

7.6 Concluding Summary

In the New Method the concept of travel time is used as a theoretical basis for the 

construction of vulnerability zones. The travel time through the protective cover is 

calculated using Darcy’s Law. However alternative methods could also be used, such as 

modelling or field measurements. Swallow holes and dolines allow concentrated recharge to 

enter the aquifer rapidly. Thus swallow holes and dolines, and part or, in some cases, all of 

their catchments are rated as extremely vulnerable.
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Chapter 8

Application of the New Method to the Test Sites and 

Comparison with the Pre-Existing Methods

8.1 Introduction

This chapter describes the apphcation o f  the New M ethod to the six test sites. Flow 

concentration, protective cover and vulnerability maps are described in turn and where 

relevant, problems such as data deficiency are discussed. The vulnerability maps o f the new 

method are compared to the maps o f the three pre-existing methods. Advantages and 

ground-truthing o f  the New Method are discussed in the closing sections o f this chapter.

8.2 Application of the New M ethod to the Six Test Sites

8.2.1 Priddy Test Site

Flow Concentration

The recharge areas around the dolines which were situated in the centre o f one o f three large 

enclosed basins in the test site were mapped from the Ordnance Survey 1:10 000 maps 

(Figure 8.1). The whole o f  the basins were classified as areas o f  flow concentration. Dolines 

that were located on the plateau were given a 50m buffer zone o f  flow concentration.

Protective Cover

Areas o f  outcrop were classified as extremely vulnerable (Figure 8.2) and areas o f less than 

3m o f unconsolidated deposits directly over limestone were classified as very highly 

vulnerable. Silty clay deposits o f  5 -10m thickness are found in the dolines in the enclosed 

basins, and result in calculated travel times o f 1.3 months to 8.3 years, depending on texture 

and depth o f  sediments (Appendix 7.3.2). The range o f  depths and thicknesses for the 

protective cover results in two possible vulnerability ratings, moderate and low, the higher 

one (moderate vulnerability rating) was used so as to take a cautious estimate o f  the 

protection function o f the cover.
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Vulnerability Map

The vulnerabiUty map (Figure 8.3) was compiled by overlaying the flow concentration 

(Figure 8.1) and protective cover (Figure 8.2) maps. Areas identified as showing extreme 

vulnerability from the flow concentration map around the recharge areas of the dolines over

ride the protective cover vulnerability classes. The vulnerability map illustrates zones of 

extreme vulnerability encompassing the outcrops and recharge areas of the dolines and 

within 50m of dolines (where a topographic recharge area does not exist). The rest of the test 

site is classified as being of very high vulnerability.

8.2.2 Ribblehead Test Site

Flow Concentration

Areas of flow concentration (extreme vulnerability) were drawn 50m from the edges of the 

areas of shakeholes and 10m either side o f the sinking streams (Figure 8.4). This zone 

covered the majority of the test site.

Protective Cover

The protective cover map (Figure 8.5) illustrates four categories of cover; areas of 

karrenfields (extreme vulnerability); deposits o f less than 3m over the limestone (very high 

vulnerability), silty clay deposits of 4m (moderate vulnerability) and the Yoredale Facies 

(low vulnerability).

The actual thickness and texture of the deposits where shakeholes are found were not 

assessed during field work. Hence these regions o f the map were classified with a high 

degree of uncertainty. However during field work it was noted that the areas of 

unconsolidated deposits and shakeholes were the wettest parts of the test sites and therefore 

the unconsolidated deposits seemed to have the ability to hold recharging water. It is most 

likely, therefore, that these unconsolidated deposits have a low permeability. The Yoredale 

Facies is composed of sandstone, mudstone and limestone (Rodgers, 1978) and the travel 

time through the sequence was calculated on the basis that it was a sandstone, with an 

estimated effective porosity of 5%. The limestone contact with the Yoredale Facies is almost 

horizontal and the formation is approximately 10m thick in the test site, which results in a 

travel time of 3 years.
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Vulnerability M ap

The vulnerabiHty m ap (Figure 8.6) illustrates that the vast m ajority o f  the test site is classed 

as exhibiting extrem e vulnerability. This is due to extensive areas o f  shakeholes and 

karrenfields found at the site. The area o f  Y oredale Facies outside o f  the 10m zone around 

the sinking stream s is classified as low vulnerability, while some small areas o f  thin soils 

over lim estone are classified as very highly vulnerable.

8.2.3 Schwyll Test Site

Flow  Concentration

The River Alun sinks at two locations within the test site, as described in C hapter 5. Steep 

slopes o f  m ore than 10 degrees gradient surround the R iver Alun. The soil found on these 

slopes is the N ordrach unit, with a SPR o f  ju st 2% (Rudeforth et a l ,  1984; Boorm an et a l, 

1995). The extrem ely vulnerable zone was drawn 10m either side o f  the R iver Alun and a 

50m buffer zone was placed around the doline (Figure 8.7).

P rotective Cover

Areas o f  outcrop were classified as areas o f  extrem e vulnerability (Figure 8.8). W here soil 

directly overlies the lim estone these areas were classified as o f  very high vulnerability, as the 

alluvium  deposit is less than 3m thick (based on one sam ple point, see C hapter 5). The sand 

and gravel deposit, approxim ately 10m in thickness, was classed as a m edium  gravel, which 

resulted in a trave l tim e o f  m inutes. I t  is likely that th e  d une  sand  is m ore than 10m in 

thickness in the test site (as discussed in C hapter 6). The edge o f  this deposit was sampled 

during field work (see Table 5.2) and it w'as described as a silty sand. H ence the travel time 

o f  23 days was calculated for a fine sand o f  10m thickness. The head deposits were at least 

2m t hick and a re c om posed o f  s and (lab description, T able 5 .2) o r c lay (GSI description. 

Table 5.2). As the head deposits are likely to be less than 3m thickness they are classified as 

very highly vulnerable.

Vulnerability M ap

The vulnerability m ap for Schwyll (Figure 8.9) illustrates zones o f  extrem e vulnerability 

around the dolines, sinking stream and outcrop. The rest o f  the test site was classified as 

very highly vulnerable.
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8.2.4 Tormarton Test Site

Flow Concentration

Zones of 50m were placed around the dolines as they were located on flat areas o f the test 

site and there were no additional areas providing recharge for the dolines (Figure 8.10). 

Around the two sinking streams a 10m buffer zone was placed. If the slope gradients are 

more than 10 degrees sloping towards a sinking stream the SPR may be calculated. This is

done as an example for the Tormaiton test site. The soil unit was the Sherbourne Unit, which

contains two different HOST classes: 78% HOST class 2 and 22% HOST class 23 (Boorman 

et a l, 1995). The SPR associated with each o f these HOST classes was 2% for class 2 and 

60% for class 23. The SPR is calculated as follows:

Estimated SPR = Z  SPR x % Area

2 (SPR) X 0.22 (% area) = 0.44

60 (SPR) X 0.78 (% area) = 46.80

47.24

The SPR is still less than 50% and the slopes are less than 10 degrees. Therefore a flow 

concentration/extreme vulnerability zone of 10m width was placed around the sinking 

streams.

Protective Cover

Outcrops were delineated as zones of extreme vulnerability (Figure 8.11) and areas o f soil 

directly overlying the aquifer were classed as having a very high vulnerability. A clay 

deposit in the north of the test site was intercepted during drilling and determined to be less 

than 3m in thickness. This area was therefore classified as having very high vulnerability.

Vulnerability Map

When the flow concentration map was overlaid with the protective cover map (Figure 8.12), 

the areas of extreme vulnerability increased. The vulnerability map for Tormarton illustrates 

zones of extreme vulnerability around outcrops, point and linear karst features such as 

swallow holes and dolines. The remaining area in the test site was classified as very highly 

vulnerable.
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8.2.5 Great Spring Test Site

Flow Concentration

The slopes towards the sinking stream were less than 10 degrees gradient and a 10m buffer 

zone was placed either side o f the stream (Figure 8.13). The areas o f dolines were given a 

50m buffer zone as there was no additional recharge area for the dolines.

Protective Cover

The protective cover map (Figure 8.14) includes an outcrop o f  limestone (extreme 

vulnerability), a large area o f <3m deposits over limestone (very high vulnerability), an area 

o f 4m o f gravel over limestone (travel time indicates very high vulnerability), and a small 

area o f Lower Limestone Shales. In the north o f the test site the bedrock is Old Red 

Sandstone which underlies the limestone aquifer. The Lower Limestone Shales both underlie 

and overlie the limestone. Where the Lower Limestone Shales overlie the limestone they act 

as a protective cover and range from 55m to 67m in thickness and range in lithology from 

shales and sandstones to limestones (Welch & Trotter, 1961). The most permeable lithology 

in this formation is limestone and when it is karstified (worst-case scenario), it yields a rapid 

travel time, resulting in a very high vulnerability rating. The vulnerability o f bedrock that 

underlies the limestone affects the vulnerability rating o f  the aquifer only where it supplies 

runoff to the aquifer.

Vulnerability Map

The vulnerability map illustrates areas showing extreme vulnerability around the sinking 

stream, dolines and outcrops (Figure 8.15). Areas o f soil or gravel over the limestone were 

classified as being very highly vulnerable. The Lower Limestone Shales (where they overlie 

the limestones) were also zoned as having very high vulnerability. Where the sinking stream 

flows over the Lower Limestone Shales, a zone o f extreme vulnerability rating is placed 

around the sinking stream. The ORS also have an extreme vulnerability zone around the 

sinking stream, while the rest o f the ORS is not given a vulnerability rating.
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8.2.6 Castle Bytham Test Site

Flow Concentration

The field work was conducted using a 1:50 000 Ordnance Survey map for the area, to locate 

the sinking streams. The slopes towards the sinking streams were found to be less than 10 

degrees from the 1:10 000 Ordnance Survey digital maps. A 50m buffer zone was 

constructed around the dolines, with a 10m zone around sinking streams (Figure 8.16).

Protective Cover

There are five different areas of protective cover shown Figure 8.17, which are discussed 

below. Where soils or deposits o f less than 3m thickness overlie the limestone, the areas 

were classed as very high vulnerability. Boulder clay (5m in thickness, clay texture) overlies 

the Lincolnshire Limestone across large parts of the test site, which results in a travel time of 

months and a moderate vulnerability rating. The Upper Estuarine Series is composed of fine 

sand, limestone or clay (Rushton and Bradbury, 1998). This formation overlies the limestone 

to the west of the village of Castle Bytham. It reaches a thickness of 14m and if the travel 

time is calculated for a texture of sand, a travel time o f one month results. In the north east 

of the site, boulder clay lies on the Upper Estuarine Series, which in turn overlies the 

limestone. The travel times for each individual unit are summed to give a total travel time of 

several months. The Northampton Sand underlies the limestone and does not provide any 

concentrated runoff to the limestone aquifer. Therefore it was excluded from the 

vulnerability assessment.

Vulnerability Map

The vulnerability map (Figure 8.18) illustrates three categories o f vulnerability: extreme, 

high and moderate. When the protective cover and flow concentration maps were overlain, 

the extreme vulnerability zones were found around the karst features, with the very high 

vulnerability zones occurring where soil overlies the limestone. Where boulder clay, 

Estuarine Series or both overlie the aquifer these areas are classified as being of moderate 

vulnerability.
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8.3 Conclusions After the New Method was Applied to Six Test Sites

Protective Cover Parameter

Areas of outcrop were classified as being extremely vulnerable. Where soils overlie 

limestone aquifers, irrespective of soil textures, these areas were classified as being o f very 

high vulnerability, as the soils are invariably less than 3m in thickness. Three formations lay 

below the limestone aquifers stratigraphically: ORS and the Lower Limestone Shales in the 

Great Spring test site and the Northampton Sands in the Castle Bytham test site. However, 

these formations still influence the vulnerability of the limestone aquifers, as sinking streams 

flow over them and sink upon meeting the limestone. There was no need to classify the 

Northampton Sand Formation in the Castle Bytham test site, as it does not affect the 

vulnerability of the karst aquifer.

Flow Concentration Parameter

The New Method provides a means of highlighting areas where recharge is concentrated via 

sinking streams and dolines; these are considered to be the most vulnerable points o f a 

landscape (Doerfliger, 1996; Goldscheider 2002). The zones around sinking streams should 

also be used for leaky rivers (such as at the River Alun, Schwyll test site) as these are zones 

where surface water is concentrated and may enter the karst aquifer. There were no areas of 

10 degrees slopes or more, with soils of >50% SPR in the test sites that were contiguous with 

the 10m zones around sinking streams. At the Priddy test site there were recharge areas 

around the dolines. In these cases the whole o f the basins were classified as areas o f flow 

concentration (extreme vulnerability).

Final Vulnerability Map

The accuracy of the final vulnerability maps depends in all cases on the method used to 

construct vulnerability zones and the density and quality of data that contributes to them. 

Where data are absent, such as the exact thicknesses o f the dune sand or sand and gravel 

deposit in Schwyll test site, the vulnerability map becomes more qualitative. It was not 

entirely valid to judge the accuracy of the method until tracer tests had been carried out in the 

test site to determine real travel times under different recharge conditions. However, from a 

qualitative perspective, where recharge is seen to enter the aquifer rapidly and directly at 

swallow holes, karrenfields, dolines, areas of outcrop, these zones are classified with the 

highest vulnerability rating.
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8.4 Comparison of the New Method with Pre-Existing Methods

8.4.1 Quantitative Comparison of the New Method with Pre-Existing Methods

The aerial extent o f each o f the vulnerability zones for the four vulnerability methods was 

calculated at all o f the test sites. The area o f each o f the test sites was found by opening the 

border map in M aplnfo and double-clicking on the region, the area is then displayed in km^. 

This was repeated for each vulnerability zone, so that for each test site the percentage area 

covered by each vulnerability category could be compared. For layers in which there were 

more than one polygon/region, the polygons were combined and the areas summed by 

M aplnfo. There are a different number o f vulnerability categories in each method which 

makes direct comparison between them difficult. What is most significant, however, is how 

much o f the total area was in the highest vulnerability category and whether or not this was a 

Inie representation o f the vulnerability o f the site. The tables presented in the rest o f this 

section illustrate the percentage area in each o f the vulnerability categories for all four 

methods.

Priddy Test Site

The percentage area covered by each vulnerability rating was calculated and the data are 

presented in Table 8.1. The New Method places 30% o f the test site in the highest 

vulnerability rating. EPIK has 4% of the test site in SI and the Irish Method has 97% o f the

Table 8.1 Percentage area covered by each vulnerability category in all 

four m ethods for Priddy

Method Vulnerability Category Percentage Area

DRASTIC 160-179 93%

140-159 6%

120-139 1%

Irish M ethod Extreme 97%

High 1%

Moderate 2%

EPIK SI 4%

S2 1%

S3 95%

New Method Extreme 30%

Very High 70%
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test site in extreme vulnerability. DRASTIC has the test site in middle categories o f 

vulnerability. 70% o f the test site is classed as very high vulnerability in the New Method 

and there are no areas o f a lower vulnerability.

Ribblehead Test Site

The percentage area covered by each vulnerability rating in Ribblehead test site was 

calculated and the data are presented in Table 8.2. The New Method placed 95% o f the test 

site into extreme vulnerability, whereas the Irish Method placed the whole o f  the test site into 

extreme vulnerability. Part o f the catchment (5%) could not be mapped in EPIK as there was 

no provision for non-karst adjacent bedrock in the method. EPIK placed 76% o f the area in 

SI and S2, and 24% in S3. In contrast the New Method placed small parts o f the test site in 

very high and low categories. DRASTIC places almost half (49%) o f  the test site in the 120- 

139 points category, which is in the lower half o f  its vulnerability ratings.

Table 8.2 Percentage area covered by each vulnerability  

category in all four m ethods for Ribblehead

Method Vulnerability Category Percentage Area

DRASTIC 160-179 46%

120-139 49%

lOO-119 5%

Irish Method Extreme 100%

EPIK SI 24%

S2 48%

S3 23%

Area not included 5%

New Method Extreme 95%

Very High 3%

Low 2%

SchMyll Test Site

In the Schwyll test site only 6%  o f the area was classed as extremely vulnerable in the New 

Method (Table 8.3). This sharply contrasted to the Irish Method, which placed 91 %> o f the 

site in the extreme category and EPIK, which placed 17% of the area into SI and divided the 

rest o f the area fairly evenly between S2 and S3. The very high vulnerability category o f the 

New Method covered 94% of the test site, whereas the Irish Method placed only 9%> in the 

high vulnerability zone and in EPIK, S3 covers 43% o f the test site. DRASTIC placed 7% o f
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the area in the 140-159 points interval, and 31% in the 160-179 points interval. Only a small 

area (3%) is in the 100-119 points interval and an even smaller area (1%) in 180-199 points 

category.

Table 8.3 Percentage area covered by each vulnerability  

category in all four methods for Schwyll

M ethod Vulnerability Category Percentage Area

DRASTIC 180-199 1%

160-179 31%

140-159 57%

120-139 8%

100-119 3%

Irish M ethod Extreme 91%

High 9%

EPIK SI 17%

52 40%

53 43%

New M ethod Extreme 6%

Very High 94%

Tormarton Test Site

In the Tormarton test site (Table 8.4) only 2% o f the test site was classified under extreme 

vulnerability in the New Method, which was similar to EPIK, which placed 1% o f the site in 

SI. The Irish Method classified the whole o f  the test site as being extremely vulnerable, 

EPIK splits the rest o f  the test site into SI (71%) and S2 (28%), whereas the N ew  Method 

classified the rest o f the test site (98%) as having a very high vulnerability. DRASTIC 

classified 63% o f the test site as 16-179 points, and 36% of the area as 140-159 points. A 

small part o f the site is in the 120-139 points category.



Table 8.4 Percentage area covered by each vulnerability category in all four methods for Tormarton 

’ Method Vulnerability Category Percentage Area

DRASTIC 160-179 62.5%

140-159 37%

120-139 0.5%

Irish Method Extreme 100%

EPIK SI 1%

S2 71%

S3 28%

New Method Extreme 2%

Very High 98%

Great Spring Test Site

In the Great Spring test site (Table 8.5) only a small part of the total area (4%) was classified

under extreme vulnerability in the New Method. This was a similar proportion to EPIK, -
i '

which places 3% of the area in SI. As the method did not allow non-karstic bedrock to be !
I

included in its points system, 6% of the area was not classified in EPIK. This part of the test 

site was not classified in the New Method either because it was thought that where 

infiltration was diffuse on the ORS, it did not affect the vulnerability of the limestone 

aquifer. The rest of the test site (90% of the area) was classified as being of very high 

vulnerability in the New Method and in the Irish Method the vast majority (94%) of the test 

site is classified as extreme vulnerability. In DRASTIC the test site is split between three 

vulnerability categories: 180-199 poiijts (42%), 160-179 points (14%) and 140-159 points 

(44%).
Table 8.5 Percentage area covered by each vulnerability category in all four methods for Great Spring 

Method Vulnerability Category Percentage Area

DRASTIC 180-199 42%

160-179 14%

140-159 44%

Irish Method Extreme 94%

High 6%

EPIK SI 3%

S2 28%

S3 63%

Area not included 6%

New Method Extreme 4%

Very High 90%

Area of ORS 6%
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Castle Bytham Test Site

In both the New Method and EPIK very small parts of the test site were in the highest 

vulnerability category; 1% and 0.04% respectively (Table 8.6). In the Irish Method 22% of 

the test site was in the extreme category, while in DRASTIC the highest vulnerability rating 

was 140-159 points, with 11% of the test site covered by this category. In the New Method 

2 1 % of the test site is classified as being o f vd!-y high vulnerability and 76% was moderate. 

In EPIK a small area was classified as S2 (5.2%), while the majority of the area was S3 

(93%). A small part o f the test site where the Northampton Sand Formation occurs, was not 

classed in either the New Method, EPIK or Irish Method. Within DRASTIC most of the test 

site is classified as 100-119 points*^77%), a smaller area o f 23%> respectively was classed as 

120-139 points.

Table 8.6 Percentage area covered by each vulnerability 

category in all foar methods for Castle Bytham  

Method Vulnerability Category Percentage Area

DRASTIC 120-139 23%

100-119 77%

Irish Method Extreme 22%

High 76%

Area of Northampton Sand 2%

EPIK SI 0.04%

S2 5.2%

S3 93%

Area not included 2%

New Method Extreme 1%

Very High 21%

Moderate 76%

Area o f Northampton Sand 2%

Summary o f  Quantitative Comparison o f the New Method to Pre-Existing Methods 

The New Method classified the test sites mainly as being o f extreme and very high 

vulnerability, while in Castle Bytham and Ribblehead test sites there are areas classified as 

being o f moderate and low vulnerability. The DRASTIC method classified most o f the test 

sites into middle-categories of vulnerabilhy, whilst the Irish Method classified the vast 

majority o f the test sites as extremely vulnerable. EPIK usually had all three zones SI, S2 

and S3 on the protection zone map, and usually the area covered by SI tends to be much
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smaller than the other zones. In some cases, however SI, S2 and S3 evenly divide the test 

sites.

8.4.2 Qualitative Comparison o f New Method with Pre-Existing Methods

For each of the test sites and the four methods, the final maps have been placed into Figures 

8.19-8.24. This is to allow direct comparison between the different vulnerability maps.

P riddy Test Site

Vulnerability maps of the four methods are presented in Figure 8.19 for ease of visual 

comparison. The New Method classified the dolines, their recharge areas and areas of 

outcrop as extremely vulnerable. This was in contrast to DRASTIC in which the highest 

vulnerability rating was given to the plateau irrespective of the location of the dolines. In 

EPIK, parts of the enclosed basins were classed as the lowest vulnerability (S3), though the 

dolines and outcrop are classed as having the highest vulnerability. In the Irish Method, 

areas within 30m of the dolines were classed as extremely vulnerable. However, parts of the 

recharge areas are classed as having a moderate vulnerability in the Irish Method, S3 in EPIK 

and 120-159 points in DIL\STIC.

Rihhlehead Test Site

The vulnerability map of the New Method illustrates the following areas o f extreme 

vulnerability; karrenfields and outcrops, 50m wide zones around the dolines and 10m around 

the sinking streams (Figure 8.20). These are areas where recharge is likely to enter the karst 

underground system rapidly. Only areas o f shakeJioles and outcrop are shown as areas of SI 

in EPIK, whilst in DRASTIC these areas are given the highest vulnerability rating of this test 

site (160-179 points). The areas outside o f the b uffer zone were classified as having either 

very high or low vulnerability in the New Method. The area of low vulnerability in the New 

Method coincides with the area of poor aquitfer in the Irish Method and the lowest 

vulnerability rating in DRASTIC. The New Method agrees to an extent with the classes 

shown on the pre-existing methods and is most comparable to the Irish Method.
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Figure 8.19 Final maps of all four methods for Priddy test site
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Schwyll Test Site

The areas shown as extremely vulnerable in the New Method coincide to some extent with 

the SI zone of EPIK (around the sinking streams) (Figure 8.21). The SI zone was much 

narrower around the River Alun in the New Method, than in EPIK. Areas of outcrop and the 

doline were zones of extreme vulnerability in the New Method, but were classed as S2 in 

EPIK with areas of outcrop being given 160-179 points in DRASTIC. Outside of the 

extreme vulnerability zones in the New Method the test site was classified as being of very 

high vulnerability, and both high and extreme vulnerability in the Irish Method, S2 and S3 in 

EPIK and across five categories in DRASTIC.

Tormarton Test Site

In the New Method the extreme vulnerability zones occurred around the dolines, sinking 

streams and outcrops, which were classed as SI and S2 in EPIK (Figure 8.22). The rest of 

the Tormarton test site was classed as very highly vulnerable in the New Method whilst in 

the EPIK method the S2 and S3 categories reflected the pattern of the dry valleys. The whole 

of the test site was extremely vulnerable in the Irish method. In DRASTIC the highest 

vulnerability zone did not coincide with the location of karst features.
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Great Spring Test Site

The vulnerabiHty zones in the New Method closely resembled those of EPIK (Figure 8.23). 

However, the zones around the dolines tended to be wider. The zone around the sinking 

stream extended around the full length of the stream, whereas in EPIK the method failed 

when the streams flowed over ORS. The New Method could therefore cope with allogenic 

karst systems. The remaining area of the test site is classified as being o f very high 

vulnerability. The Irish Method did not differentiate the karst features in areas o f <3m 

deposits overlying the limestone aquifer, while DRASTIC classed areas o f highest 

vulnerability where the water table is closest to the surface.

Castle Bytham Test Site

The New Method vulnerability map (Figure 8.24) showed the greatest similarity to the Irish 

Method. However, the New Method distinguished the zones around the karst features as 

being more vulnerable than the surrounding areas of the test site. Areas o f very high 

vulnerability in the New Method were classified as being of extreme vulnerability in the Irish 

method, as S3 and S2 in EPIK and as 120-159 points in DRASTIC. The Northampton Sand 

formation could not be classified in the Irish Method due to a shortage of aquifer data and in 

EPIK the formation was not included as there was no category for bedrock that underlies the 

limestone. In the New Method there was no need to classify the Northampton Sand 

formation, as it did not affect the vulnerability of the groundwater in the limestone.
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8.5 Summary of Advantages of the New Method over DRASTIC, EPIK and the

Irish Method

In summary, the New Method has zones o f extreme vulnerability that are similar to the SI 

zones in EPIK. However the construction o f the zones is more physically-based in the 

New Method, i.e. it is based upon an equation describing travel time through the protective 

cover and hydrological research. The zones may also be extended over non-karstic 

bedrock, something not discussed in the various publications on EPIK. The main 

advantages o f the New Method over the Irish Method are in the classification o f the 

protective cover (that areas o f <3m o f protective cover area are classified as being very 

high as opposed to extremely vulnerable) and the consideration o f slopes and soils around 

swallow holes and dolines. The New Method takes account o f karst features, which are 

ignored in DRASTIC. A more detailed summary and comparison o f the New Method to 

the pre-existing methods are presented below.

Advantages o f the New M ethod over DRASTIC:

(i) Differentiates zones o f highest vulnerability around dolines and sinking streams 

that do not exist in DRASTIC;

(ii) Includes thickness in the calculation o f the theoretical travel time retardation 

ability o f the protective cover;

(iii) It does not need so much input data (net recharge) and uses more simplistic data 

about the topography, making the New Method maps less time-consuming to 

construct;

(iv) The vulnerability map is easier to interpret, as there is no numerical index 

involved.

Advantages o f the New M ethod over the Irish Method:

(i) Where appropriate, the recharge areas o f dolines on hillsides are delineated. As 

a result there may be areas topographically lower than the doline (inside the 

30m zone used in the Irish Method) that are not classed as extremely vulnerable 

in the New Method (which they would have been in the Irish Method);

(ii) Zones around sinking streams have a hydrological basis and may include areas 

o f steep slopes (>10 degrees) and soils o f a high SPR (>50%). These may be
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much wider than the standard buffer zones around a sinking stream in the Irish 

Method;

(iii) The protective cover divisions are more sensitive to areas o f less than 3m

thickness (very high vulnerability) in the New Method, than in the Irish method, 

which blankets these areas as less than 3m thickness subsoil as extreme. The 

New Method highlights areas o f outcrop and karrenfields as being extremely 

vulnerable.

Advantages o f  the New Method over EPIK:

(i) Buffer zones are constructed around dolines, rather than just classifying the 

feature as S 1 (highest vulnerability);

(ii) Zones around sinking streams extend over non-karst adjacent bedrock/aquifers;

(iii) Protective cover classes are based on 1-dimensional flow equation, i.e. these are 

not qualitative divisions;

(iv) No numerical index to work with, as a result the New Method should be easier 

to apply.

8.6 Ground-Truthing of Vulnerability Methods

Following the application and analysis of the New Method, it was found that it had many 

advantages over the pre-existing methods. However, protective cover divisions and the 

size of the flow concentration zones around sinking streams and dolines are based on 

theory. Ideally the vulnerability zones in the test sites should be ground-truthed using 

tracer tests. While this was beyond the scope of the research project, previous workers 

have carried out similar studies in Europe to test the validity of the protection zones of 

EPIK.

Goldscheider et al. (2001) ground-truthed an EPIK map for the Sternenburg Spring in the 

Swiss Jura Mountains. They found that of five successful tracers to the spring, four of 

them reached maximum concentration 6-22hrs after injection (they had a rapid transit 

time). However, the recovery rate differed depending on which EPIK zone they were 

injected into. The recovery rate is a surrogate for the relative quantity of contaminants 

reaching the spring (Zwahlen, in press). The highest recovery rate (76%) came from the 

Sulforhodamine tracer injected into a swallow hole (SI zone) in the Sternenburg 

catchment. Tracers such as Naphtionate and Eosine were injected into S2 zones and the
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recovery rates were lower: 2.8% and 22%. The lowest recovery rate was from Lithium 

(0.1%) injected into an S3 zone.

Goldscheider et al. (2001) also correlated the standard maximum concentration with the 

vulnerability zones. The only exception to their results was that Eosine injected into a 

loamy soil o f 0.5-0.7m thickness, arrived quicker and at a higher maximum concentration 

than the Sulforhodamine as previously discussed. This can be explained however, as 

following injection, some o f the tracer was entrained in runoff which entered the ground in 

macropores. This study is one o f the few that refer to ground-truthing o f vulnerability 

maps and in general the results concur with the vulnerability zones in EPIK, however there 

are several limitations to using tracers as discussed by Goldscheider et al. (2001), which 

include:

(i) Tracer tests may be useful in zones where rapid travel times are expected but

not for zones where travel times o f years are expected;

(ii) Tracer tests only allow certain points to be scanned. However vulnerability 

maps usually cover large areas;

(iii) The results o f tracers tests depend on the local recharge conditions and on the

type o f tracer used;

(iv) Carrying out a large number o f tracer tests may be an expensive endeavour.

As tracer tests may not be a practical solution to validating vulnerability maps another 

possibility is to use models such as LANDSIM, which can give sufficiently accurate results 

for calculating travel times and peak concentrations through the protective cover. 

LANDSIM was developed for the Environment Agency to aid the decision-making process 

for landfill location. It calculates the time taken for a solute (such as Chloride) to pass 

through the unsaturated and saturated layers o f an aquifer. It is possible to look only at the 

vertical transport o f recharge through the vadose zone and generate graphs illustrating the 

time it takes for the solute to pass through.

An alternative way o f analysing the vulnerability o f the karst system and the validity o f the 

vulnerability maps can be to measure a chemical parameter in the springs discharging from 

the system. The parameter that was measured during this research was electrical
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conductivity (a surrogate for major ionic species or dissolved solids) and data were 

collected from springs discharging from four o f the test sites.

8.7 Conclusions

The New Method was successfully applied to all six test sites. The resulting vulnerability 

maps are most similar to the EPIK protection zone maps. However, in each o f the test sites 

there are subtle differences between the final maps o f each method. The New Method 

vulnerability maps contrast most markedly with the final maps o f DRASTIC and also to a 

lesser extent with the Irish Method, which is a conservative approach to vulnerability 

mapping. To test scientifically the accuracy o f the New Method maps, ground-truthing in 

each o f  the test sites is necessary and is discussed further in Section 10.2. In the following 

chapter the electrical conductivity data from this research are presented and compared to 

the vulnerability maps.
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Chapter 9

Conductivity Surveys as a Means of Validating the New Method

9.1 Introduction

In this chapter the electrical conductivity (EC) data collected from the springs o f the test sites 

are presented and the maps (Figures 9.1-9.4) provide an illustration of the areas o f overlap 

between the spring catchments and the test sites. The results are compared with previous 

studies where the structure and vulnerability of the karst aquifer have been inferred from and 

compared with EC data.

9.2 Literature Review of Measurements of Spring Electrical Conductivity

Electrical conductivity has previously been compared with the Irish Method vulnerability 

maps, which showed that the coefficient of variation (of the EC data) increased with 

increasing vulnerability of the groundwater (Doak et a l, 1995). Measurements o f EC of 

spring waters are a surrogate measurement of the major ionic species and provide an 

indication of ion concentration, which in turn acts as a surrogate for total hardness (Doak et 

al, 1995). Doak et al. (1995) conclude that the variation and frequency, and thus the 

coefficient of variation in electrical conductivity of a spring, is a reflection of the flow type 

in the limestone aquifer, the recharge type and the areal extent, type and thickness of the 

protective cover. Shuster and White (1971) used the coefficient of variation when analysing 

total hardness of limestone and dolomite springs in the Central Appalachians. They also 

related the coefficient of variation with the aquifer structure; a conduit structure had a 

coefficient of variation range of 10-24%, whilst diffuse structure had values o f <5%. 

Quinlan et al. (1991) related the coefficient of variation of EC to the vulnerability o f a karst 

aquifer, which is discussed in Section 9.3.3.

A detailed study of EC for karst springs was carried out by Desmarais and Rojstaczer (2002),
1 •>

who developed a conceptual model for the aquifer based on EC, temperature, discharge, 5 C 

data, and rainfall data for the Maynardsville limestone in Tenessee. Their model consisted of 

three stages:
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(i) Flushing Stage: when the conductivity begins to increase and after the most 

intense portion o f the rainstorm, as old water is displaced from the aquifer. As 

this stage is longer for smaller storms than for larger storms, Desmarais and 

Rojstaczer (2002) interpret this as indicating a constant volume of conduits 

feeding the spring from storm to storm;

(ii) Dilution: after the peak in conductivity is reached, the conductivity decreases, 

this decrease is associated with the arrival of storm water, until the trough in EC 

is reached;

(iii) Recovery: the increase in conductivity after the trough occurs as the system is 

returning to equilibrium conditions.

As EC data are easily obtainable and had previously been used as a stand-alone parameter to 

compare with vulnerability characteristics, a conductivity survey of the springs o f the test 

sites was planned. For some of the test sites the installation of conductivity meters was a 

straightforward task. However, access was not possible to the Great Spring and conductivity 

meters installed at Castle Bytham and Gauber Quarry (Ribblehead) were subsequently 

stolen. Therefore few or no data were collected for those test sites. In the remaining three 

test sites (Schwyll, Priddy and Tormarton) the collection of EC data was more successful 

(see Section 9.3).

Ideally where a test site covers catchments of more than one spring, each spring should be 

sampled. Where the groundwater catchments extend beyond the boundary of the test sites 

vulnerability maps for the whole of the catchment area should be compiled. However due to 

time and cost constraints, this was not possible.

9.3 Location of Springs and Proportion of the Spring Catchments in the Test Sites

Priddy Test Site

As stated in Section 5.4.4, the Priddy test site intersects the catchments o f Cheddar Spring, 

Wookey Hole and Rodney Stoke Spring, with approximately 50% of the test site lying in the 

Rodney Stoke Catchment (Stanton, 1993). Rodney Stoke lies to the south west o f the Priddy 

test site (Figure 9.1), where a conductivity meter was installed under a manhole which covers 

the outlet at: ST 487503.
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Estimated Catchment of 
Rodney Stoke SpringCheddar

Key
•  Rodney Stoke Spring 

I I Priddy Test Site

i i Catchment of Rodney
Stoke Spring 
(Stanton, 1993)

(̂ Mycott

[riddy

Rodney Stoke

'x  W©stt)ury-sul? Mendip

kilometers

Easton

Figure 9.1 Extent of overlap between Priddy test site with the catchment area 

of Rodney Stoke spring

Schwyll Test Site

The location o f  Schwyll test site is described in Section 5.3.1 and encompasses 

approximately 20% o f the catchment area as estimated by Hobbs (2000), see Figure 9.2.

Location of Schwyll Test 
Site Relative to  the 

Schwyll Catchm ent Area

Kev:

[ I A rea o f lim estone outcrop 
that H obbs (2000) p laced  
in the  Schwyll C atchm ent

#  Schwyll spring

Border o f te s t  site

River Alun

Figure 9.2 Location of Schwyll test site and the outcrop that is considered part of 

the catchment (Hobbs, 2000)
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Tormarton Test Site

An estimate o f the extent o f the catchment area (0.8km ) o f the spring known as the Seven 

Springs was made on the basis o f topography. The Seven Springs drains the scarp side o f the 

Cotswolds. (On the 1:10 000 Ordnance Survey map, the spring is labelled Seven Springs, 

w hile on the 1:50 000 Ordnance Survey map the spring is labelled Cuckoo Pen). The Seven 

Springs data (or Cuckoo Pen as it is also known) is referred to as either Seven Springs or 

Tormarton Spring in this chapter.

Estimated Catchment 
Area of Seven Springs 

Adjacent to the 
Tonnarton Test Site

o Seven Springs

I I Ceitchment area of Seven
Spring (based on topography;

Tormarton Test Site

)meters-.

Based upon Ordnance Survey dig ital 
data m aps, w ith the perm ission o f the 
Controller o f Her M ajesty 's  Stationary 

Office. Crown Copynght (c) 
Environment A gency 1996-1999 

Licence no 01377GCD8

Figure 9.3 Estimated catchment area of the Seven Springs (Tormarton Spring) and overlap 

with the Tormarton test site

Castle Bytham Test Site

The catchment area o f the spring at Castle Bytham was estimated on the basis o f topography, 

(Figure 9.4). The western boundary o f the catchment coincides with the estimation o f the 

groundwater catchment area o f the Southern Lincolnshire Limestone Aquifer by Burgess &  

Smith (1979).
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Estimated Catchment Area 
of Castle Bytham Spring 

and Overlap with the 
Castle Bytham Test Site

Kev:
" - V  r — I Castle Bytham Spring

Catchment area of 
Castle Bytham Spring 
(based  on topography)

Castle Bytham Test Site

} >y / '

kilometers

Figure 9.4 Estimated catchm ent area o f the spring at Castle Bytham and 

overlap with the test site

9.4 Data for Four Test Sites

9.4.1 Short Time Periods

In Table 9.1 the time periods during which EC data were collected for each spring are 

presented:

Table 9.1 Time periods for each spring, during which electrical conductivity data were collected

Test Site/Spring First Phase o f  Data Collection Second Phase o f  Data Collection

Schwyll September 2000-February 2001 August 2001-January 2002

Tormarton (Seven Springs) November 2000-April 2001 August 2001 -January 2002

Priddy (Rodney Stoke) November 2000-April 2001 July 2001 -January 2002

Castle Bytham - August 2001 -September 2001

For a period of approximately 3 weeks it is possible to compare the electrical conductivity 

response of four o f the springs, as illustrated in Figures 9.5 -  9.8*. The rainfall patterns for 

each o f the test sites are very different. Therefore, a direct comparison o f the data is not very 

enlightening. The Jurassic limestone springs vary over much larger magnitudes, over 

50|xs/cm, when compared to the Carboniferous limestone springs, which vary over 20(is/cm.

' Note the change in scale between the EC data from the Jurassic and Carboniferous limestone aquifers.
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Figure 9.5 Conductivity and rainfall data for Schwyll Spring

800

750

700 ^

650

600 O

550

500

Date

Figure 9.6 Conductivity and rainfall data for Castle Bytham Spring
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Figure 9.7 Conductivity and rainfall data  for Rodney Stoke Spring
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Figure 9.8 Conductivity and rainfall data  for Seven Springs (T orm arton)
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9.4.2 Longer Time Periods

It is clear from Figure 9.9 that while there are frequent drops in EC after significant rainfall 

events (29/09/2000, 2/01/2001, 16/02/2001), there are also drops in EC when there are very 

small or no recorded rainfall events on 8/12/2000. Therefore the EC profile does not always 

mirror the rainfall record. From Figure 9.9, it is also clear than through this time period of 

seven months, the conductivity does not return to equilibrium conditions between some 

rainfall events (20/10/2000), but falls fi-om a maximum to a minimum.

In Figure 9.10, there is a background trend of increasing EC at Schwyll Spring from the 

06/10/01 until 01/01/02. One large drop in conductivity was recorded on 01/12/01, 

following a significant rainfall event. When the magnitude o f this rainfall event and EC 

response is compared with earlier rainfall events, one can see that only a small difference in 

the rainfall events may be followed by a large difference in the EC.
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Figure 9.9 Electrical conductivity and rainfall data for Schwyll spring for Septem ber 2000 to 

February 2001 (the graph between the two dotted vertical lines indicate the period o f  overlap  

o f data collection for the three springs)
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Figure 9.10 Electrical conductivity and rainfall data for Schwyll spring from 

Septem ber 2001 to Jan u a ry  2002 (the graph  between the two dotted vertical lines 

indicate the period of overlap of data collection for the three springs)

In Figure 9.11 the EC measurements do not return to equilibrium following sharp changes in 

EC, for example between 18/02/01 and 05/3/01. Over a longer time scale following the 

trough on 05/12/00, the EC gradually increases. Following initial drops, EC may return to 

higher levels than before and stay high for a number o f  days, (31/12/00 to 15/1/01), which is

different to the more peaky Schwyll graphs.
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Figure 9.11 Electrical conductivity and rainfall data for T orm arton  spring from  November 

2000 to April 2001 (the graph between the two dotted vertical lines indicate the period of 

overlap of data collection for the three springs)
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Figure 9.12 shows the EC gradually rising and falling over the monthly timescale. Within 

this trend, there are periods of rapid fluctuations ranging from approximately 550 to 

750^s/cm. Figure 9.12 of the Tormarton Spring illustrates much greater changes in the EC, 

the largest of which are following a small rainfall event, occurring on 4/12/01. Few or no 

rainfall events were recorded before the drop in EC on 18/11/00. The rainfall record is 

incomplete, as there were some days of missing data where it appears as no rainfall. 

Significant changes in EC are seen in Figures 9.12, indicating a large difference in EC 

between incoming storm water and water previously found in the aquifer (Desmarais and 

Rojstaczer, 2002). As seen in the EC graph of Rodney Stoke Spring (Figure 9.13), the 

overall pattern is o f EC decreases in the Auturrm of 2000, reaching a minimum in January 

and February 2001, before recovering in March and April 2001. There are some falls in EC 

immediately after rainfall events (06/11/00, 07/12/00, 31/12/00, 14/02/01, 10/04/01). 

However the two largest rainfall events of over 30mm/day, (26/11/00 and 31/12/00) do not 

appear to be followed by significant decreases in EC. The largest drop in EC on 6/11/00 

occurs after 5 consecutive days of rainfall. However, while a comparative rainfall sequence 

occurs between 16/3/01 to 21/3/01, a similar drop in EC is not recorded.
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Figure 9.12 Electrical conductivity and rainfall data for Torm arton spring from Septem ber 

2001 to January 2002 (the graph between the two dotted vertical lines indicate the 

period o f  overlap o f  data collection for the three springs)
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Figure 9.13 Electrical conductivity and rainfall data for Rodney Stoke spring from November 

2000 to April 2001 (the graph between the two dotted vertical lines indicate the period of 

overlap of data collection for the three springs)

In Figure 9.14 the EC o f Rodney Stoke Spring for August 2001 to January 2002 is shown. 

The peaks are more obvious than the troughs in the graph. While some abrupt falls in EC do 

occur (17/8/01, 5/12/01), there are also some stepped falls in EC (27/8/01).

Figure 9.14 Electrical conductivity and rainfall data  for Rodney Stoke spring from August 2001 to 

Jan u ary  2002 (the graph  between the two dotted vertical lines indicate the period of overlap 

of da ta  collection for the three springs)
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9.4.3 Data A nalysis

As stated in the introduction to this chapter, coefficient o f variation (C) has previously been 

used to aid in the analysis and interpretation of EC data for karst aquifers.

C = f?  ̂
U /

x l O O

where a  represents the standard deviation, and X  is the mean. The coefficient o f variation

(dispersion) allows one to compare data sets that have a different frequency distribution 

(Yamane, 1967). The statistical data presented in Table 9.2 were calculated using the data 

sets for each individual spring. The Tormarton spring shows the widest variation in mean, 

standard deviation and coefficient of variation.

Table 9.2 Coefficient of variation for electrical conductivity data for four test sites

Test Site Time Period Standard 
Deviation (o)

Mean 
Conductivity (^)

Coefficient 
of Variation (C)

Castle Bytham Aug 2 0 0 1 - Sept 2001 21 680 3% (3.0% )

Priddy Nov 2000-Feb 2001 8 409 2%  (2.0% )
Aug 2 0 0 1 - Sept 2001 8 429 2%  (1.8% )
Sept 2001- J a n  2002 6 431 !% (1 .4 % )

Schwyll Nov 2000-Feb 2001 10 448 2%  (2.2% )
Aug 2 0 0 1 - Sept 2001 7 425 2%  (1.7% )
Sept 20 0 1 - Jan 2002 13 441 3%  (2.9% )

Torm arton N ov 2000-Feb 2001 30 635 5% (4.8% )
Aug 2001- S e p t  2001 16 688 2%  (2.3% )
Sept 20 0 1 - Jan 2002 50 687 7% (7.3% )

Table 9.3 Coefficient of variation and aquifer vulnerability for four test sites 

Coefficient Karst Aquifer Vulnerability Test Site

of Variation (Quinlan e/a/., 1991)

Castle Bytham, Priddy, Schwyll, Torm arton 

Torm arton 

none

Quinlan et al. (1991) related the coefficient of variation to the vulnerability. Their 

classification system is presented in Table 9.3. Bakalowicz & Mangin (1980) state that one

<5%  M oderately sensitive

5-10%  Very sensitive

>10%  Hyper-sensitive
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The frequency distribution has also been used to compare different karst aquifers 

(Bakalowicz & Mangin, 1980; Doak e/a/., 1995).

The time period during which data were collected for three of the springs overlapped from 

September 2001 to January 2002. The same number o f measurements were taken from each 

o f the springs, enabling their frequency distributions to be compared (Figure 9.15). Schywll 

and Rodney Stoke Springs exhibit a unimodal frequency distribution, while Tormarton has a 

bimodal distribution. In the paper by Doak et al. (1995) the greater the number o f peaks 

(multimodal distributions), the higher the percentage area is classified as extremely 

vulnerable in the Irish Method. Bakalowicz & Mangin (1980) also found that three o f the 

twelve springs analysed had unimodal distribution curves, were discharging from fissured 

aquifers. The graphs of frequency distributions published by Bakalowicz & Mangin (1980) 

had unimodal curves with a spread of data of 50-75 |o,s/cm. This is a much narrower spread 

of data than for the unimodal frequency distributions o f Schwyll and Rodney Stoke shown in 

Figure 9.15.

Frequency Distribution of Electrical Conductivity Data from 
September 2001-January 2002 for 3 Karst Springs
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Figure 9.15 Frequency distributions o f  electrical conductivity data for Torm arton, 

Schwyll and Rodney Stoke (Priddy) Springs from Septem ber 2001 to January 2002
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The conflicting results presented in Figure 9.15 in comparison with the published results of 

similar studies may reflect the seasonality o f the data. With regard to the two studies 

mentioned above, data were analysed for a hydrological year as opposed to over a 4-month 

period. The large number of measurements that were taken in this study (1344 for every 

measurement recorded in each of the previous studies) may skew the dataset. (Data were 

recorded at 15-minute intervals, compared to bi-monthly in previous studies). Hence a 

second comparison was made, by averaging the large datasets to two-monthly values, which 

were then plotted to compare with Figure 9.16. In the second plot the same overall pattern 

results.

Frequency Distribution of Electrical Conductivity Data Based 
on Bimonthly Averages for 3 Springs

Frequency 3

f  Schwyll Spring 

R odney Stoke Spring
□ Rodney Stoke Spring 
■  Seven Springs
□  Schwyll Spring

Conductivity (us/cm)

Figure 9.16 Frequency distributions of averaged bimonthly electrical conductivity data for Seven 

Springs (Tormarton), Schwyll and Rodney Stoke (Priddy) from September 2001 to January 2002

9.5 Electrical Conductivity Data and Vulnerability Maps

By examining the graphs in Section 9.3.1, one may compare the different trends in 

conductivity o f four different springs over the same time period (August to September 2001). 

^\^len the conductivity varies it is related to old water being flushed from the aquifer and 

new “storm” water arriving. This is identified by a decrease in conductivity (Desmarais & 

Rojstaczer, 2002). The most variable EC for the data set o f a short time scale, is that of the 

Castle Bytham Spring, where there are a number of sinking streams. These may have been
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active. H owever the changes in conductivity m ay also be related to farm ing practices such 

as the application o f  fertilisers. Rapid reactions m ay clearly be seen follow ing the rainfall 

events for the Seven Spring, Rodney Stoke and Schywll Springs and large proportions o f 

these test sites are classified as having extrem e or very high vulnerability.

A sharp change in conductivity, m ay indicate a m ore efficient conduit system  and its 

proxim ity towards a pipe-network. M ore buffered changes w ould be m ore likely to occur in 

more diffuse networks. H owever identical recharge events and pre-existing conditions over 

contrasting sites w ould be necessary to test this hypothesis. A fter exam ining the graphs in 

Section 9.3.2, it is clear that the larger absolute variations in EC occur in the Torm arton test 

site com pared to Schwyll or Rodney Stoke. In Table 9.4 a com parison is m ade between the 

reaction time to some o f  the larger rainfall events. Schwyll Spring exhibits the slowest 

reaction to the rainfall event; however the reaction to each event is slightly different. Ideally 

the rainfall record should be split into different sections so that days o f  consecutive rainfall 

that cause a change in EC grouped together, allowing reaction tim es for different intensity o f  

events to be calculated for each spring.

Table  9.4 C hanges  in electrical conductiv ity  for three springs

Schw yll  T orm arton  Rodney  Stoke

Spring  Spring  Spring

Date 29/10/00 19/10/00 7/12/00

Rainfall 5 5m m 4 4m m 21 mm

C hange  in Electrical C onductiv i ty 3 5ns/cm 35 |is /cm 22|j.s/cm

Tim e T aken  for C hange  in Electrical C onductiv i ty 2 days 1 day 1 day

The springs that exhibit the m ost rapid response to rainfall events should be more karstified, 

have a less effective protective cover and have large areas o f extrem e/very high vulnerability 

w ithin the catchm ent area. All three o f  the springs in Table 9.4 have large areas o f very 

high or extrem e vulnerability in the area o f overlap betw een the test sites and catchm ents o f 

the springs. For a clearer com parison betw een the conductivity data and the vulnerability 

maps, the test sites should be extended to include the whole o f the groundw ater catchm ent o f 

the springs.



Table 9.5 allows the comparison of the percentage area of each of the groundwater 

catchments that were mapped with vulnerability. Approximately 36% of the groundwater 

catchment of Seven Springs is in the Tormarton test site. The area of the test site that 

overlaps with the groundwater catchment is predominantly of very high vulnerability using 

the New Method. For Schwyll test site it occupies 26% of the total groundwater catchment 

and the vast majority of the site is classed as very high vulnerability.

Table 9.5 The aerial extent of the vulnerability ratings using the New Method as a proportion of the 

total groundwater catchment

Test Site Area of New Method Vulnerability Actual Area in % Area of Total

Ground- Ratings Inside both Groundwater Catchment (area of

water Groundwater Catchments Catchment (km^) groundwater catchm ent)

Catchment and Test Sites

(% area in area of overlap)

Schwyll 23km^ Extreme 6% 0.3467 1.5%

Very High 94% 5.882 26%

Tormarton 0.75km^ Extreme 4% 0.2623 35%

Very High 96% 0.01021 1%

Priddy 7,136km^ Extreme 28% 0.2737 3.8%

Very High 72% 0.7185 10.1%

The EC data from the Tormarton test site is likely to reflect accurately the vulnerability of 

the groundwater catchment as a significantly larger proportion of the groundwater catchment 

was mapped using the New Method (36%). Qualitative field observations suggest that the 

Tormarton test site is more intensively farmed than the Priddy or Schwyll site, and increased 

usage of fertilisers may have unnaturally altered the EC of the spring water by a greater 

magnitude in comparison with the other springs. A comparison of the EC from two Jurassic 

limestone springs, with groundwater catchments of differing landuse would prove whether 

the higher EC reading are due to the bedrock and nature of karstification or the landuse.

The Priddy test site occupies a smaller percentage of the groundwater catchment of Rodney 

Stoke Spring (14%) than the other two test sites. The largest percentage area of extreme 

vulnerability (in area of spring catchment) is found in Priddy. The EC signal for Rodney 

Stoke shows a low range of variation, but occurs in higher frequency than at the other
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springs. Therefore one may postulate that perhaps it is the EC signal of low variations but at 

high frequency that reflects a spring catchment area with a proportion of extreme 

vulnerability.

9.6 Summary

Wlien Quinlan et al. 's (1991) classification was applied to the coefficient of variation data 

the spring catchment showing the greatest vulnerability is Tormarton. The EC frequency 

distribution data collected in this research tends towards a unimodal distribution, compared 

to bimodal or multimodal distributions as seen in previous studies of EC data of karst 

springs. When the New Method vulnerability maps were compared to the EC data, it was 

found that in order to use data as a validation tool, the entire groundwater catchment area of 

the spring needs to be mapped using a given vulnerability method.
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Chapter 10

Conclusions and Further Work

10.1 Conclusions

As demonstrated in this thesis the designation o f vulnerability classes to a site depends 

primarily on which method is used. In the past groundwater vulnerability mapping has 

been based on both quantitative and qualitative judgements. The N ew Method developed 

by this research project is more quantitative and physically-based than previous 

vulnerability methods. It attempts to categorise the protective cover with respect to travel 

time and designate hydrologically-based buffer zones around dolines and sinking streams. 

The New Method fits into the framework o f the European Approach as described by Daly 

et al. (2002).

Following the application o f three pre-existing methods to the six test sites, it became clear 

that the final vulnerability maps produced vastly different results. The DRASTIC method 

resulted in vulnerability zones that were frequently unrelated to the karst geomorphological 

or hydrological features in the test sites. In addition, the soils or vadose zones were 

represented in a simplistic one-dimensional manner by only assessing the texture o f  the 

cover. Karst features such as karrenfields, dolines and sinking streams are completely 

ignored by DRASTIC and the numerical index adopted was ambiguous.

Although EPIK proved to be a more sophisticated method than DRASTIC and was 

developed specifically for karst aquifers, it failed to cope with the karst settings in the test 

sites. The most pertinent problem with EPIK was the issue o f non-karst bedrock/aquifers 

adjacent to the karst aquifers. Non-karst bedrock adjacent to a karst aquifer may supply 

runoff, which should be protected from potential pollutants. EPIK is also a source 

protection method, which views the target as the spring or borehole (and not the water 

table).

When EPIK was applied in th- field it was found that the use o f numbers to represent 

geomorphological features frequently hampered the process o f classifying the site with
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respect to vulnerability. This problem was most acute for the epikarst parameter, as the 

numerical values (ratings) used for different categories were not consecutive. Futhermore 

the rating had to be multiplied by a weighting and subsequently summed together and then 

subdivided into one o f three categories (SI, S2, S3). This summation and subdivision is 

perhaps best done using GIS (rather than in the field). The lower the numerical score used 

in EPIK, the higher the vulnerability rating, which is counter-intuitive. Not only are 

numerical indices difficult to apply, but they imply a degree o f quantification (Daly & 

Warren, 1998), which may be misleading to the end-user o f the vulnerability map.

The use o f  four parameters, which are assessed independently o f each other, may also be 

problematic: classes such as P3, P4 with II or E l are incompatible. This implies that EPIK 

is inadequate when there is a protective cover o f > 100cm soil within 15m o f a sinking 

stream. The protective cover parameter classifies such an area as being o f low 

vulnerability, while the infiltration conditions or epikarst parameters classify the area 

around a sinking stream or the doline as o f high vulnerability. Thus overlaying different 

param eters may result in the failure o f the method unless it allows for such cases.

The zones around dolines in EPIK do not extend beyond the feature itse lf However, the 

feature may be connected to a receiving slope with a recharge area uphill o f the doline. 

While the categorisation o f the protective cover in EPIK is straightforward, there is no 

published justification for the thickness or texture intervals (the subcategories o f protective 

cover) or any relation between them to travel times o f  infiltrating recharge. As a result the 

protective cover classes in EPIK are purely qualitative.

Similarly in the Irish Method the protective cover classes are also qualitative. The zones 

around the sinking streams an^ dolines in the Irish Method are constant-width buffer 

zones. These buffer zones may not be extended to include any additional runoff-producing 

areas connected to a sinking stream or doline. Alternatively areas down-gradient o f 

dolines may fall within the 30m zone resulting in land being incorrectly categorised with 

too high a vulnerability rating.

The inadequacies o f the three applied methods that are discussed above were identified and 

avoided when creating the New Method. The number o f parameters included in the New 

Method is fewer compared to those used in DRASTIC, EPIK, or the Irish Method,
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enabling the hydrogeologist applying the New Method to determine the vulnerability o f an 

area in a more straightforward way than before.

The classification system used in the New Method for the protective cover is more 

physically based (quantitative) than those used in previous methods. Flexible design for 

additional information sources, such as tracing experiments or modelling may be used to 

provide a measure o f travel times. Providing there is an adequate theoretical or field 

justification for the travel times associated with the protective cover classes, then diverse 

sources o f data may be incorporated into any application o f the method.

In the flow concentration parameter there is scope for additional data to be included where, 

for example, tracings have proven a high recovery rate and a rapid (less than a day) 

connection exists between different areas in the catchment and the sinking stream. These 

areas should then be classified as extremely vulnerable. Future hydrological research may 

develop new methods o f identifying source areas o f runoff for catchments o f  sinking 

streams or dolines, which should be included as zones o f extreme vulnerability. The flow 

concentration parameter as described in Chapters 7 & 8, is a simplistic and practical 

approach to vulnerability mapping.

Electrical conductivity data were collected at springs o f four o f the test sites as it was 

expected that changes in conductivity would reflect the vulnerability o f the test sites. Sites 

with larger areas o f high or extreme vulnerability should have an electrical conductivity 

signal that responds more rapidly to rainfall events than sites with a lower vulnerability 

rating. However, for the Priddy and Schwyll test sites, only a small proportion o f  the total 

groundwater catchments were in the test sites, making it difficult to make substantive 

conclusions. When compared to the three other sites, the Castle Bytham spring showed the 

largest changes in conductivity during August to September 2001. This test site also 

covered the majority o f the groundwater catchment o f the spring, with 22% o f the test site 

being classified as either highly or extremely vulnerable in the New Method. As a result o f 

this work, one may conclude that it is best to compare springs with groundwater 

catchments o f roughly the same size, over the same time period and with comparable daily 

rainfall data.
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The objectives o f this research, as stated at the outset o f the thesis were to design a method 

o f karst vulnerabiHty mapping that:

(i) Took account o f ihe characteristics o f karst settings;

(ii) Was relatively simple and easy to use;

(iii) Was flexible enough to cope with the range o f English and Welsh karst

settings;

(iv) Was able to cope with using new and varied sources o f  base data.

The New Method takes account o f the characteristics o f karst settings by delineating zones 

around karst features that concentrate runoff before entering the underground karst 

network. By using fewer parameters and avoiding a numerical index, the New Method is 

simpler to use than the three previous methods that were applied to the test sites. It was 

successfully employed on all o f the test sites and, by using GIS, new data sources may 

easily be incorporated into the method. Varied sources o f data may also be used to 

delineate zones around karst features or determine travel times through the protective 

cover. This is something not seen in methods developed prior to the New Method.

10.2 Further Work

Follow-up work is required to validate the New Method and to test whether the correct 

vulnerability ratings have been attributed to the different protective cover and flow 

concentration categories. This could be done using tracing experiments within the existing 

test sites, preferably under high recharge conditions. In addition, a more detailed 

classification o f the protective cover and flow concentration zones could be useful. For 

instance, where the protective cover o f an area is variable in thickness or texture and fails 

to exceed 3m in thickness, tracing experiments or models could be employed to calculate 

travel times. Examples o f such models are ConSim and LandSim, both o f  which are used 

by the E.A. LandSim may be set up to calculate the travel time o f  infiltrating recharge 

through the protective cover overlying the aquifer. The output from LandSim is in the 

form o f graphs showing the probabilities o f contaminants such as chloride (a conservative 

contaminant) reaching the aquifer after a given range o f years, for a given texture. Further 

subdivision o f the protective cover classes could be made using these models. The model 

could also be used to check the existing categories o f protective cover used in the New 

Method
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The delineation o f zones around dolines and sinking streams could be improved where 

site-specific information provides detail o f the rate o f hydrological connection(s) to the 

karst features. Areas o f >10 degrees slope and SPR >50% could also be tested to 

investigate if they contribute to sinking streams. I f  a catchment area o f a sinking stream or 

influent river is particularly large it may be sensible to subdivide the area into more zones 

o f  vulnerability with respect to flow concentration.

Conceptual models are also a useful part o f vulnerability mapping. Such models may take 

the form o f a summary block diagram o f the aquifer system or as quantitative data. It may 

be useful for the hydrogeologist to have an estimation o f the proportion o f recharge that 

enters the aquifer as concentrated recharge. If a very large proportion o f the recharge is 

concentrated, then the catchments o f sinking streams or dolines may require a greater 

spectrum o f vulnerability classes, rather than just extreme vulnerability. If, on the other 

hand, the vast majority o f the recharge is diffuse, then a greater emphasis may be placed on 

the accuracy o f the protective cover classes.

Technology is continually developing in the field o f remote sensing and progress has been 

substantial in assessing the elevation o f the land surface (such as LiDAR as previously 

discussed in Section 4.3.2). Dolines do not always appear on Ordnance Survey maps, 

which have required hydrogeologists such as Stanton to map dolines on foot (Stanton, pers 

com., 2000). In contrast, large areas o f land may be covered quickly using LiDAR and 

would be most useful in regions where dolines are scattered. While being a costly 

procedure, in the long term this would save the time and expense o f people undertaking 

field mapping. LiDAR data are in a digital form and as such may be easily incorporated 

into a GIS package and overlain with other layers o f data'. Other remote sensing methods 

such as CASI (Compact Airborne Spectrographic Imager) may be used for deriving 

information on soil moisture, which may help with the prediction o f source areas o f  runoff.

' An exam ple o f  an im age generated from L/dar data (supplied by the E .A .) is placed in A ppendix 10.2

188



Reference List

Alcdous, P.J. (1988) Groundwater Transport and Pollutant Pathways in Carboniferous 

Limestone Aquifers: The Cardiff-Cowbridge Block: Final Report. Water Research Centre 

Report CO 1820 M/l/EV 8663.

Aldous, P.J., & Clark, L. (1987) Hydrogeological Investigations in the Chepstow Block, 

Gwi^ent. Summary Report issued to the Welsh Office.

Alien, D.J. & Bird, M.J. (1989) Hydraulic Conductivity Measurements o f  the Carboniferous 

Limestone, Mendip, Somerset. British Geological Survey, Technical Report, Hydrogeological 

Series, Report WD/89/57.

Allen, D.J., Brewerton, L.J., Coleby, L.M., Gibbs, B.R., Lewis, M.A., Mac Donald, A.M., 

Wagstaff, S.J., Williams, A.T. (1997) The Physical Properties o f  Major Aquifers in England 

and Wales. BGS Technical Report WD/97/34. Environment Agency R&D Publications 8.

Aller, L., Bennet, T., Lehr, J.H., Petty, R.J. (1987) DRASTIC: a standardised system fo r  

evaluating groundwater pollution potential using hydrogeologic settings. U.S. Environmental 

Protection Agency Report, 600/2-87/035, Robert S. Kerr Environmental Research Laboratory, 

Ada, OK, 622 pp.

An, Y., Jin, Y-C., Viraraghavan, T. (1999) Solute Transport in Heterogeneous Field. Journal 

o f  Hydrologic Engineering, 4:293-296.

Anderson, M.G., Burt, T.P. (1990a) Process Studies in Hillslope Hydrology: An Overview. 

In: Anderson M.G. & Burt T.P. (eds) Process Studies in Hillslope Hydrology, John Wiley & 

Sons, Chichester, England.

Anderson, M.G., & Burt, T.P. (1990b) Subsurface Runoff. In: Anderson M.G. & Burt T.P. 

(eds) Process Studies in Hillslope Hydrology, John Wiley & Sons, Chichester, England.

189



Aspinwall & Co. Consultants in Environmental Management (1993) Vale o f  Glamorgan 

Limestone Study. Part 1 of repon.

Atkinson, T.C. (1977) Diffuse flow and conduit flow in limestone terrain in the Mendip Hills, 

Somerset (Great Britain). Journal o f  Hydrology, 35:93-110.

Atkinson, T.C. (1985) Present and Future Directions in Karst Hydrogeology. Annales de la 

Societe Geologique de Belgique, T. 108:293-296.

Atkinson, T.C., & Smart, P.L. (1977) Caves and karst o f Southern England and South Wales.

Guidebook fo r  the International Congress o f  Speleology, Sheffield, 1977.

Bakalowicz, M., & Mangin, A. (1980) L’aquifere karstique. Sa definition, ces caracteristiques 

et son identification. Mem. h. ser. Soc. Geol. France, No. 11:71-79.

Barrington, N., & Stanton, W. (1977) Mendip: The Complete Caves and a View o f  the Hills.

3̂ '̂  Edition, Cheddar Valley Press, Somerset.

Betson, R.P. (1964) What is watershed runoff? Jowma/ o f Geophysical Research, 69:1541-52.

Betson, R.P. & Marius, J.B. (1969) Sources of storm runoff. Water Resources Research, 

5:574-582.

Beven, K. (1997) TOPMODEL: A Critique. Hydrological Processes, 11:1069-85.

Beven, K., & Germann, P. (1982) Macropores and Water Flow in Soils. Water Resources 

Research, 18:1311-1325.

Boorman, D.B., Hollis, J.M., & Lilly, A. (1995) Hydrology o f  soil types: a hydrologically- 

hased classification o f  the soils o f  the United Kingdom. Report No. 126. Wallingford. Publ. 

Institute o f Hydrology.

190



Brassington, R. (1998) Field Hydrogeology. 2"‘* Ed Chichester: Wiley.

British Geological Survey (1992) Limestone Resources and Hydrogeology o f the Mendip 

Hills Map. 1:50 000 scale.

British Standards Institution (1999) BS 5930:1999 Code o f Practice for Site Investigations.

Brook, A. Brook, D. Griffiths, J. Long, M. (1996) Northern Caves; The Three Peaks. 

Dalesman, Skipton, p 119-120.

Brooker l.R. (1977) The Significance on Swallow Holes in the Hydrology o f  the Southern 

Lincolnshire Limestone. Unpublished progress report 1976-1977. University o f East Anglia.

Burgess, D.B., & Smith, E.J. (1979) The Effects of Groundwater Development: The Case o f 

the Southern Lincolnshire Limestone Aquifer. In: Hollis G.E. (ed). Chapter 5, Man's Impact 

on the Hydrological Cycle in the UK, Geoabstracts Ltd, Norwich University o f East Anglia, 

England.

Calder, L.R. (1986) The Influence of Land Use on Water Yield in Upland Areas o f the UK. 

Journal o f  Hydrology, 88:201-211.

Chorley, R.J. (1978) The Hillslope Hydrological Cycle. In: Kirkby M.J. (ed) Hillslope 

Hydrology. John Wiley & Sons, Chicester.

Civita, M., & De Maio, M. (1998) Mapping Groundwater Vulnerability by the Point Count 

System. In: Andah, K. (ed) Managing Hydro-Geological Disasters in a Vulnerable 

Environment, Grifo Publishers. COST Action 65 (1995) Hydrogeological aspects o f  

groundwater protection in karstic areas, final report. European Commission, EUR 16547, 

Office for Official Publications o f the European Communities, Luxembourg.

191



COST Action 65 (1995) Hydrogeological aspects o f groundwater protection in karstic areas. 

Final Report. European Commission.

Crowther, J. (1989) Karst Geomorphology of South Wales. In: Ford, T.D. (ed) Limestones 

and Caves in Wales, Cambridge University Press.

Daly, D. & Drew, D. (1998) Irish Methodologies for Karst Aquifer Protection, Seventh 

Muhidisciplinary Conference on Sinkholes and the Engineering Impacts o f Karst, 

Pennyslvania, USA.

Daly, D., & Warren, W.P. (1998) Mapping Groundwater Vulnerability: the Irish Perspective. 

In N.S. Robins (ed) Groundwater Pollution, Aquifer Recharge and Vulnerability.ed. 

Geological Soc. Special Publication No. 130. ISBN 1-897799-98-5.

Daly, D., Dassargues, A., Drew, D., Dunne, S., Goldsheider, N., Neale, S., Popescu, I.C. 

Zwahlen, F. (2002) Main Concepts of the European Approach for (karst) groundwater 

vulnerability assessment and mapping. Hydrogeology Journal, 10:340-345.

Davis, A.D., Long, A.J., Wireman, M. (2002) KARSTIC: a sensitivity method for carbonate 

aquifers in karst terrain. Environmental Geology, 42:65-72.

De Katelaere, D., Cremona, M., Cremonini, M., Pedone, R., Bernat, M,, La Page, A., Fernex, 

Added A., Ben Mammou, A., Marzoughi, V. (1997) A computerised methodology for aquifer 

vulnerability mapping: Mean Sea Level aquifer, Malta and Manouba aquifer, Tunisia, Karst 

Hydrology, Proceedings o f  Workshop W2 held at Rabat, Morocco, April-May, lAHS Publ. 

247.

Desmarais, K., & Rojstaczer, S. (2002) Inferring source waters from measurements o f 

carbonate spring response to storms. Journal o f  Hydrology, 260:118-134.

192



Doak, M., Thorn, R., Daly, D., Warren, W.P. (1995) The vulnerability to pollution and 

hydrochemical variation o f  I I  springs (catchments) in the karst lowlands o f  the west o f  

Ireland. In: COST Action 65, Final Report pp 151-156. European Commission, Brussels.

Doerfliger, N. (1996) Advances in Karst Groundwater Protection Strategy using Artificial 

Tracing Tests Analysis and Multiattribute Vulnerability Mapping (EPIK) Method. PhD  

Thesis, University o f Neuchatel.

Doerfliger, N., Jeannin, P.-Y., Zwahlen, F. (1999) Water vulnerability assessment in karst 

environments: a new method o f defining protection areas using a multi-attribute approach and 

GIS tool (EPIK method). Environmental Geology, 39:165-176.

Doerfliger, N. & Zwahlen, F. (1995) National Report from Switzerland. Hydrological Aspects 

o f  Groundwater Protection in Karst Areas. Final Report, COST Action 65, p279-304. 

European Commission, Brussels.

Doerfliger, N. & Zwahlen, F. (1997) EPIK: A New Method for Outlining Protection Areas In 

Karstic Environment. In: Gunay G. and Johnson I. (eds) Karst Waters Environmental 

Impacts, Balkema, Rotterdam, ppl 17-124.

Doerfliger N. & Zwahlen, F. (1998) Practical Guide -  Groundwater Vulnerability Mapping in 

Karstic Regions (EPIK). Swiss Agency for the Environment, Forests and Landscape 

(SAEFL). Order no. VU-2504-E.

Downing, R.A. & Williams, B.P.J. (1969) The Groundwater Hydrology o f the Lincolnshire 

Limestone. Water Resources Board, Publ. No. 9, Reading.

Drew, D. (1985) Karst Processes and Landforms. In: Clayton, K. & Johnson, J.H. (eds) 

Aspects o f  Geography. MacMillan Education Ltd, ISBN 0-333-38361-3. Basingstoke.

193



Drew D. (1998) Vulnerability Mapping fo r  the Protection o f  Karst Aquifers. Inception Report 

(Unpublished), Environment Agency Project No. W6D(97)I.

Dunne, T. (1978) Field Studies o f Hillslope Flow Processes. In: Kirkby M.J. (ed) Hillslope 

Hydrology. John Wiley & Sons, Chichester.

Dunne, T., Moore, T.R., Taylor, C.H. (1975) Recognition and Prediction o f Runoff Producing 

Zones in Humid Regions. Hydrological Sciences Bulletin XX 20:305-27.

Fetter, C.W. (1994) Applied Hydrogeology. Edition, Prentice Hall.

Field, M.S. (1990) The transport o f chemical contaminants in karst terrains: an outline and 

summary. In: Simpson, E.S., Sharp J.M. (ed) Selected Papers on Hydrogeology from  28'^ 

International Geological Congress, Washington D.C., I AH 1:17-28.

Findlay, D.C. (1965) The Soils o f the Mendip District o f Somerset. Sheets 279 and 280. 

Memoirs o f the Soil Survey o f Great Britain England and Wales.

Findlay, D.C. (1976) Soils o f the Southern Cotswolds and Surrounding Countries. Sheets 251 

and 265.

Finlayson, B. (1977) Runoff Coiiiributing Areas and Erosion. Research Paper 18, School of 

Geography, Oxford.

Ford D.C. (1965) The Origin o f Limestone Caves -  a Model from Central Mendip Hills, 

England. Nat. Spel. Soc. Bull., 27:109-32

Ford, D.C., & Stanton, W. (1969) The Geomorphology o f the South-Central Mendip Hills.

Proc. Geol. Assoc. London, 79:401-27

194



Ford, D.C., & Williams, P.W. (1989) Karst Geomorphology and Hydrology. Chapman & 

Hall, London.

Ford, T.D. (1977) The Natural Resources of the White Peak. In: Ford T.D. (ed) Limestones 

and caves o f  the Peak District. Geo Abstracts Ltd., Norwich University o f  East Anglia, 

Norwich, England.

Foster, S.S.D. (1987) Fundamental Concepts in Aquifer Vulnerability, Pollution Risk and 

Protection Strategy. In: Proceedings and information committee for hydrological research (ed) 

Vulnerability o f  soil and groundwater to pollutants, TNO, pp.69-86.

Foster, S.S.D. (1998) Groundwater recharge and pollution vulnerability o f British aquifers: a 

critical overview. In: Robins N.S (ed) Groundwater Pollution, Aquifer Recharge and 

Vulnerability. Geological Society, London Special Publications 130:7-22.

Fox, I.A., & Rushton, K.R. (1976) Rapid Recharge in a Limestone Aquifer. Ground Water, 

14:21-27.

Freeze, R.A. & Cherry, J.A. (1979) Groundwater. Englewood Cliffs London: Prentice-Hall.

Fiile, L., & Madl-Szony, J. (1998) Groundwater Vulnerability Assessment o f the SW Trans- 

Danubian Central Range, Hungary. Environmental Geology, 35:9-18.

GSl (Geological Survey Ireland) (1999) Groundwater Protection Schemes. Department o f the 

Environmental and Local Government, Environmental Protection Agency and Geological 

Survey o f Ireland: Dublin.

Gogu, R., & Dassargues, A. (2000) Current trends and future challenges in groundwater 

vulnerability assessment using overlay and index methods. Environmental Geology, 39:549- 

559.

195



Goldscheider, N. (2002) Hydrogeology and vulnerability o f karst systems -  examples from the 

Northern Alps and Swabian Alb. Unpublished PhD Thesis, University o f Karlsruhe, Fakulty 

for Bio- und Geoscience, 236 S.; http://www.ubka.uni-karlsruhe.de/vvv/2002/bio-geo/3/3.pdf

Goldscheider, N., Hotzl H., Fries, W., Jordan P. (2001) Validation o f a vulnerability map 

(EPIK) with tracer tests, in; Mudry J., Zwahlen F. (ed) Proceedings o f the 1̂  ̂ Conference on 

Limestone Hydrology and Fissured Media, Besancon (France), 20"^-22"‘* September, 2001, 

Sci. Tech. Envir., Mem. H.S. n° 13, p i67-170.

Goldscheider, N., Klute, M., Sturm, S., Hotzl, H. (2000) The PI Method - A GlS-based 

approach to mapping groundwater vulnerability with special consideration o f karst aquifer.

Z.Angew. GeoL, 46, no.3.

Goudie, A., & Parker, A. (1996) The Geomorphology o f  the Cotswolds. The Cotteswold 

Naturalist’s Field Club, Oxford.

Green G.W. (1992) Bristol and Gloucester Region. British Geological Survey, 3'̂ ‘* edition, 

London.

Gunn, J. (1986) Modelling o f conduit flow dominated karstic aquifers. In: Gunay, G. and 

Johnson, I. (ed) Karst Water Resources, lAHS Publication 161:587-596, Wallingford, U.K.

Gunn J. (1992) Hydrogeological Contrasts Between British Carboniferous Limestone 

Aquifers. In: Paloc 1. and Back, W. (ed) Hydrogeology o f  Selected Karst Regions, 

International Contributions to Hydrogeology, 13:25-42.

Gunn, J. & Lowe, D.J. (1994) Carboniferous Limestone Environments. In: Gunn. J. (ed) 

Chapter 3, British Limestone Karst Environments. Cave Studies Series Number 5, BCRA.

Hancock, P.L., & Skinner, B.J. (2000) The Oxford Companion to the Earth. Oxford 

University Press.

196



Hardwick, P., & Gunn, J. (1996) Modern Fluvial Processes on a Macroporous Drift-Covered 

Cavernous Limestone Hillslope, Castleton, Derbyshire, UK. In: Anderson M.G. & Brooks 

S.M. (eds), Advances in Hillslope Processes. British Geomorphology Research Group. John 

Wiley & Sons Ltd, p397-428.

Harrison, D.J., Buckley, D.K., Marks, R.J. (1992) Limestone Resources and Hydrogeology o f  

the Mendip Hills. BGS, Technical Report WA/92/19.

Helmer O. (1975) Forward, in: Lindstone H.A & Turoff M. (ed) The Delphi Method, 

Techniques and Applications. Addison-Wesley, p.xix-xx. ISBN 0-201-04294-0.

Hindley, R. (1965) Sink-holes on the Lincolnshire Limestone between Grantham and 

Stamford. East Midlands Geographer, 3:454-460.

Hobbs, S.L. (1993) i'he Hydrogeology of the Schwyll Spring Catchment Area, South Wales. 

Proc. Univ. Bristol Spelaeol. Soc., 19:313-335.

Hobbs, S.L. (2000) Influent rivers: a pollution threat to Schwyll Spring, South Wales? In: 

Robins N.S. & Misstear B.D.R. (ed) Groundwater in the Celtic Regions: Studies in Hard Rock 

and Quaternary Geology. Geological Society, London, Special Publications 182:113-12L

Hollis, J.M. (1991). Mapping the vulnerability o f  aquifers and surface waters to pesticide 

contamination at the national/regional scale. In: Walker, A. (ed) Pesticides in Soils and 

Water, Current Perspectives. British Crop Protection Monograph, 47:165 - 174.

Hydrogeological Services International Ltd. (1997) Groundwater Protection Zone Project: 

Determination o f  Groundwater Protection Zones fo r  mainly borehole and mine related 

sources, Turbury Pasture, Souther Scales, Swar Beck Springs. Report completed for the 

Environment Agency.

197



Iqbal, M.Z., & Krothe, N. C. (1994) Infiltration mechanism related to agricultural waste 

transport through the soil mantle to karst aquifers o f southern Indiana, U.S.A. Journal o f  

Hydrology, 164:171-192.

.leannin, P.-Y., & Grasso, D.A. (1997) Permeability and hydrodynamic behaviour o f a 

karstique environment, in: Gunay G., Johnson 1 (eds) Karst Waters & Environmental 

Impacts, Proceedings o f 5‘'’ International Conference, p.335-342. Balkema, Rotterdam, ISBN 

90 5410 858 4.

Jeannin, P.Y., Cornaton, F., Zwahlen, F., & Perrochet, P. (2001) VULK: a tool for intrinsic 

vulnerability assessment and validation. 7'̂  Conference on Limestone Hydrology and  

Fissured Media, Bescancon 20-22 September, 2001. Sci. Tech. Envir., Mem. H . S., 13:185- 

190.

.leannin & Sauter (1998) Modelling in Karst Systems. Special issue o f  the Bulletin 

d ’Hydrogeologie, P. Lang Verlag, 240p.

.lohansson, P.-O., & Maxe, L. (1998) Assessing groundwater vulnerability using travel time 

and specific surface area as indicators. Hydrogeology Journal, 6:441-449.

■lones, J.A.A. (1997) Global Hydrology: Processes, resources and environmental 

management. Chapter 3, p.58-87. Longman, Harlow.

Klimchouk, A.B. (1995) Karst morphogenesis in the epikarstic zone. Cave and Karst Science 

21:45-50. Publ. British Cave Research Association.

Kresic, N., & Papic P., & Golubovic, R. (1992) Elements o f Groundwater Protection in a 

Karst Environment. Environmental Geology Water Science, 20:157-164.

198



Lee M. (1999) Surface Hydrology and Land Use as secondary indicators o f Groundwater 

Recharge and Vulnerability. MSc Civil, Structural and Environmental Engineering, TCD.

Lindstone H.A. & Turoff M. (1975) Introduction. In: Lindstone H.A & Turoff M. (ed) The 

Delphi Method, Techniques and Applications. Addison-Wesley, p.3-12. ISBNO-201-04294-0.

Lowe, D. J. (1989) The Geology o f the Carboniferous Limestone o f  South Wales. In: Ford 

T.D (ed) Limestones and Caves o f  Wales, Chapter 2. Cambridge University Press, Cambridge.

MAFF (N4inistry o f Agriculture and Fisheries and Food) (1991) Code o f  Good Agricultural 

Practice fo r  the Protection o f  Water. Welsh Office Agricultural Department. London.

Malik, P., & Svasta, J. (1999) REKS - An alternative method o f karst groundwater 

vulnerability estimation. Hydrogeology and Land Use Management. Proceedings o f the XXIX 

Congress o f the International Association of Hydrogeologists, Bratislava, September 1999, pp. 

79-85.

Mangin A. (1984) Pour une meilleure connaissance des systemes hydrologiques a partir des 

analyses correlatoire et spectrale (The use of autocorrelation and spectral analyses to obtain a 

better understanding o f hydrological systems). Journal o f  Hydrology, 67:25-43.

Maplnfo Corporation (2000) Maplnfo Professional, U ser’s Guide, Version 6.0. Troy, New 

York.

Monkhouse, R.A. (1983) Vulnerability o f  aquifers and groundwater quality in the United 

Kingdom. Unpublished Technical Report. Institute o f Geological Sciences.

National Research Council (1993) Ground Water Vulnerability Assessment, Predictive 

Relative Contamination Potential Under Conditions o f  Uncertainty. National Academy Press, 

Washington D.C.

199



Palmer, R.C., Holman, I.P., Robins, N.S., Lewis, M.A. (1995) Guide to groundwater 

vulnerability rtiapping in England and Wales. National Rivers Authority. London, H.M.S.O.

Quinlan, J.F., Smart, P.L., Schindel, G.M., Alexander, E.C., Edwards, A.J., Smith, A.R. 

(1991) Recommended Administrative/Regulatory Definition o f Karst Aquifer; Principles for 

Classification of Carbonate Aquifers, Practical Evaluation o f Vulnerability o f Karst Aquifers 

and Determination o f Optimum Sampling at Spring. Proceedings o f the Third Conference on 

Hydrogeology, Ecology, Monitoring and Management o f  Ground Water in Karst Terrains, 

Dec.4-6, Nashville, Tennessee, p573-637.

Ray, J.A., & O ’Dell, P.W. (1993) DIVERSITY: A new method for evaluating sensitivity o f 

groundwater to contamination. Environmental Geology, 22:345-352.

Robins, N.S., Adams, B., Foster, S.S.D., Palmer, R.C. (1994) Groundwater Vulnerability 

Mapping: The British Perspective. Hydrogeologie, 3:35-42.

Robinson, M., Gannon, B., & Schuch, M. (1991) A comparison of the hydrology of moorland 

under natural conditions, agricultural use and forestry. Hydrological Sciences Journal, 

36:565-577.

Rodgers P.R. (1978) Geology o f  the Yorkshire Dales. Clapham, North Yorkshire. The 

Dalesman Publishing Company I td. ISBN 0 85206 482 9.

Rudeforth, C.C., Hartnup, R., Lea J.W., Thompson, T.R.E., Wright, P.S. (1984) Soils and 

their use in Wales. Volume 11, Soil Survey o f England and Wales. Harpenden.

Rushton, K.R., & Bradbury, C.G. (1998) Estimating runoff-recharge in the Southern 

Lincolnshire Limestone Catchment, UK. Journal o f  Hydrology, 211:86-99.

Rushton, K.R., & Tomlinson, L.M. (1999) Total catchment conditions in relation to the 

Lincolnshire Limestone in Southern Lincolnshire. Quarterly Journal o f  Engineering Geology, 

32:233-246.

200



Sasowsky, I.D. (2000) Carbonate Aquifers: A review of thoughts and methods. In: Sasowsky 

l.D. & Wicks C. (eds) Groundwater Flow and Contaminant Transport in Carbonate 

Aquifers.^dXkemdi, Rotterdam.

Shuster, E.T., & White, W.B. (1971) Seasonal fluctuations in the chemistry o f limestone 

springs: a possible means for characterizing carbonate aquifers. Journal o f  Hydrology, 14:93- 

128.

Simmers, I. (1997) Recharge o f  Phreatic Aquifers in (Semi-)Arid Areas. A.A.Balkema, 

Rotterdam.

Simms, M.J., (1998) Caves and karst o f  the Brecon Beacons National Park. BCRA Cave 

Studies Series Number 7, Publ. British Cave Research Association.

Simpson, E. (1999) An investigation into the Catchment o f the Schwyll Springs in 

Carboniferous Limestone, South Wales. Unpublished MSc thesis. School o f Environmental 

Sciences, University o f East Anglia.

Smith, D.l. & Drew, D.P. (1975) Limestone and Caves o f  the Mendip Hills. Published by 

Newton Abbot, David & Charles, for British Cave Research Association.

Stanton, W.B. (1993) Groundwater Protection Zone Report fo r  Rodney Stoke and Honeyhurst 

Sources. Unpublished Report, Environment Agency, south west region.

Thomas, T.M. (1974) The South Wales Interstratal Karst. Transactions o f  the British Cave 

Research Association, 1:131 -152.

Todd D.K. (1980) Ground water hydrology. John Wiley & Sons, New York.

Tosomeen, C.A.S. (1991) Modelling the Effects o f Depression Focusing on Groundwater 

Recharge. Unpublished Masters thesis. Minnesota University.

201



Tyc, A. (1996) The nature o f epikarst and its role in dispersed pollution o f carbonate aquifers. 

In: Kowalczyk, A. Motyka, J. and Rubin, K. (eds) International Conference: Karst fractured  

aquifers, vulnerability and sustainability, June 10-13, Katewice-Ustren, Poland.

Van Stemport, D., Ewert, L., Wassenaar, L. (1993) Aquifer vulnerability index. A GIS- 

compatible method for groundwater vulnerability mapping. Canadian Water Resources 

Journal, 18:25-37

Von Hoyer, M., & Sofner, B. (1998) Vulnerability and Risk Mapping fo r  the Protection o f  

Carbonate (Karst) Aquifers. Published by BGR, Archiv Nr. 117 854, Internal report for 

COST Action 620.

Vrba, J., & Zaporozec, A. (1994) Guidebook on Mapping Groundwater Vulnerability. 

International Contributions to Hydrology, lAH, 16:131 pp. Heinz Heise, Hannover, Germany.

Waltham, A.C., Simms, M.J., Farrant, A.R., Goldie, H.S. (1997) Karst and Caves o f  Great 

Britain. Chapman & Hall, 358pp.

Welch F.B.A. & Trotter P.M. (1961) Geology o f  the Country around Monmouth and  

Chepstow. Memoirs o f Geological Survey o f Great Britain. London, HMSO.

White, W.B. (1988) Geomorphology and hydrology o f  karst terrains. Oxford University 

Press. ISBN 01950 44444.

White, W.B. (1999) Karst hydrology: Recent developments and open questions. In: Beck 

B.F., Petit A.J. (eds) Hydrogeology and Engineering Geology o f  Sinkholes and Karst. Herring 

J.G. Publ. A.A. Balkema/Rotterdam/Brookfield.

Williams, P.W. (1983) The role o f the subcutaneous zone in karst hydrology. Journal o f  

Hydrology, 61:45-67.

Williams, H., & Brown, S.J (1989) Schwyll Bacteriophage Tracer Studies. Welsh Water

202



Authority, South Western District Laboratory, Project 85/2.

Wilson, D. & Smith, M. (1985) Planning fo r  Development, Thematic Geology Maps Bridgend 

Area. Aberystwyth, British Geological Survey.

Wilson, D., Davies, J.R., Fletcher, C.J.N. & Smith, M. (1990) Geology o f  the South Wales 

Coalfield, Part VI, the country around Bridgend. 2"“̂ Edition, British Geological Survey.

Witkowski, A., Aldenhoff, J. M., Bim, M., Fasko, P., Fendek, M., Fendekova, M., Gorski, G., 

Hanzel, V., Kullman, E., Lapin, M., Malik, P., Mortier, D., Patschova, A., Rapant, S., 

Schittecat, J., Vrana, K. (1997) PHARE PROJECT EC/90/W A T/llb plan fo r  drinking

groundwater protection in fissure and karstfissure rock environment. Final report. 

Manuscript, Archive of the Ministry o f environment of Slovak Republic.

Wood, S.J. (1998a) Assessment o f  the Impact o f  Re-opening Ewenny Quarry on the Water 

Environment. Minimix Ltd.

Wood, S.J. (1998b) Baseline Hydrological and Hydrogeological Conditions, Ewenny Quarry, 

South Wales. Minimix Ltd.

Worthington, S.R.H., Ford, D.C., Beddows, P.A. (2000) Porosity and permeability 

enhancement in unconfmed carbonate aquifers as a result o f solution. In: Klimchouck A.B., 

Ford D.C., Palmer A.N., Dreybrodt W. (eds) Speleogenesis Evolution o f  Karst Aquifers, 

ISBN 1-879961-09-1, p.463-472.

Yamane, T. (1967) Statistics: An Introductory Analysis. 2"‘̂ Edition. Harper International. New 

York.

Zwahlen, F. (ed.) (in press) Vulnerability and risk mapping for the protection o f carbonate 

(karst) aquifers, final report (COST action 620). European Commission, Directorate-General 

XI! Science, Research and Development; Brussels, Luxemburg.

203



Appendix 3.3.3 

Subcategories of the DRASTIC parameters
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Table  (i) Depth to w a te r  table subcategories

Depth to W a te r  

Table (ft)

Depth to W a te r  

Table (m)

R ating

0-5 0 - 1 .5 2 10

5-15 1 .52-4 .57 9

15-30 4 .5 7 -9 .1 4 7

30-50 9 .14-  15.24 5

50-75 15.24--22.86 3

75-100 2 2 .8 6 -3 0 .4 8 2

100+ 30.48 1

T able (ii) Net recharge subcategories

Net

Recharge

(inches/yr)

Net Recharge 

(cm/yr)

R ating

0-2 0 - 5 1

2-4 5 - 10 3

4-7 10- 17.5 6

7-10 17 .5 -25 8

10+ 25 + 9

T able  (iii) T opography  subcategories

Topograhy  

(%  slope)

Rating

0-2 10

2-6 9

6-12 5

12-18 3

18+ 1
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Table (iv) Aquifer media subcategories

Aquifer Media Rating Typical

Rating

M assive Shale 1-3 2

M etam orphic/lgneous 2-5 3

W eathered M etam orphic/lgneous 3-5 4

Glacial Till 4-6 5

Bedded Sandstone, Limestone and Shale Sequence 5-9 6

Massive Sandstone 4-9 6

Massive Limestone 4-9 6

Sand and Gravel 4-9 8

Basalt 2-10 9

Karst Limestone 9-10 10

Table (v) Soil media subcategories

Soil Media Rating

Thin or Absent 10

Gravel 10

Sand 9

Peat 8

Shrinking and/or aggregated clay 7

Sandy loam 6

Loam 5

Silty loam. 4

Clay loam 3

Muck 2

Nonshrinking and non aggregated clay 1

Table (vi) Hydraulic Conductivity subcategories 

Conductivity Hydraulic o f the Aquifer Conductivity Hydraulic o f  the Aquifer Rating

(gpd/ft2) (m /day)

1-100 .0408-4.08 r

100-300 4.08-12.24 2

300-700 12.24-28.56 4

700-1000 28.56-40.8 6

1000-2000 40.8-81.6 8

2000+ >81.6 10
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Table (vii) Vadose zone subcategories

Impact o f Vadose Zone Rating Typical Rating

Confining layer 1 1

Silt/clay 2-6 3

Shale 2-5 3

Limestone 2-7 6

Bedded limestone, sandstone, shale 4-8 6

Sand, gravel with significant silt and clay 4-8 6

M etam orphic/igneous 2-8 4

Sand and gravel 6-9 8

Basalt 2-10 9

Karst limestone 8-10 10
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Appendix 3.3.4

Subcategories and Vulnerability Categories 

of the PI Method
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Table (i) Determination of the soil properties 

(G oldscheider et a i ,  2000)

Saturated hydraulic 

conductivity (m/s)

> 10' "  

10' ^ -  10“ '  

10' ^

< 10‘‘’

Depth to a low perm eability layer

<3 0cm 

Type D

Type E 

Type F

30-100cm 

Type C 

Type B

> 100cm 

Type A

Table (ii) Determination o f  the infiltration conditions for forest 

(adapted, Goldscheider et a l ,  2000)

Forest Setting

Soil Properties Slope

<3.5% 3.5-27% >27%

Type A 1.0 1.0 1.0

Type B 1.0 0.8 0.6

Type C 1.0 0.6 0.4

Type D 0.8 0.6 0.4

Type E 1.0 0.6 0.4

Type F 0.8 0.4 0.2

Table (iii) Determination o f the infiltration conditions for 

field/m eadow/pasture (Goldscheider et al., 2000) 

Landuse: Field/IMeadow/Pasture

Soil Properties Slope

<3.5% 3.5-27% >27%

Type A 1.0 1.0 0.8

Type B 1.0 0.6 0.4

Type C 1.0 0.4 0.2

Type D 0.6 0.4 0.2

Type E 0.8 0.4 0.2

Type F 0.6 0.2 0.0
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Table (iv) Classification of the I Factor (adapted, Goldscheider et ai, 2000) 

Surface Catchment Map Infiltration Conditions Factor (O.O-l.O)

Swallow hole/sinking stream, 10m buffer 0.0 0.0 0.0 0.0 0.0 0.0

100m buffer 0.0 0.2 0.4 0.6 0.8 1.0

Catchment of sinking stream 0.2 0.4 0.6 0.8 1.0 1.0

Rest of the area 0.4 0.6 0.8 1.0 1.0 1.0

Table (v) Vulnerability classes in the PI Method (Goldscheider et al,. 2000)

Vulnerability Map P -  Map 1 - Map

Vulnerability of 

Uppermost Aquifer

71-

factor

Effectiveness of the 

Protective Cover

P-factor Degree of Bypassing 

of Protective Cover

1-factor

Extreme 0-1 Very low 1 Very high 0-0.2

High >1-2 Low 2 High 0.4

Moderate >2-3 Moderate 3 Moderate 0.6

>3-4 High 4 Low 0.8

f  .Very low r ..; ^ >4-5 Very high 5 Very low 1.0

2 1 0



Appendix 4.2 

Information Available for Karst Sources in Wales
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Table (i) Information Available for Karst Sources in Wales

Reasons for Choice Karst Source Name Grid Easting Northing Source Type Location

No known karst features Biglis Wells ST 1474 6980 borehole West of Cardiff

No known karst features Valley Court SN 0630 1280 spring East Haverfordwest

No thickness information on unconsolidated deposits/protective cover LIygad Llwchwr SN 6670 1780 spring West end of North Crop Coalfield

No thickness information on unconsolidated deposits/protective cover Ffynnon Gisfaen SO 2075 1234 spring East end of North Crop Coalfield

No thickness information on unconsolidated deposits/protective cover Shon Sheffrey SO 1266 1186 spring East end of North Crop Coalfield

No thickness information on unconsolidated deposits/protective cover Parkmill Standby SS 5320 9080 spring Swansea

No thickness information on unconsolidated deposits/protective cover Ffynnon Asaph SJ 0749 7893 spring North Wales

Possibly some thickness information Rhymney Bridge SO 1014 1058 spring-borehole East end of North Crop Coalfield

Karst features, limited protective cover information, not close to Cardiff Park Springs Standby SS 0640 9790 spring Pembroke

Karst features, protective cover information, not close to Cardiff Milton SN 0440 0290 spring-borehole Pembroke

Karst features, limited protective cover information, not close to Cardiff Pendine SN 2230 0750 borehole South West Carmarthen

Karst features, limited protective cover information, not close to Cardiff Penderyn BH SN 9523 0784 borehole Centre of North Crop Coalfield

Karst features, protective cover information, proximity to Cardiff Schwyll Spring SS 8880 7706 spring Bridgend

Karst features, protective cover information, proximity to Cardiff Great Spring ST 5075 8745 spring-borehole Chepstow
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Table (i) Cont. Information Available for Karst Sources in Wales

Karst Source Name Borehole Data Water Quality Data Karst Source Name

Biglis Wells 4 borehole geological logs Yes, some Biglis Wells

Valley Court none Yes, some Valley Court

LIygad Llwchwr none Yes, some LIygad Llwchwr

Ffynnon Gisfaen none Yes, some Ffynnon Gisfaen

Shon Sheffrey none Yes, some Shon Sheffrey

Parkmill Standby none Yes, some Parkmill Standby

Ffynnon Asaph none Yes, some Ffynnon Asaph

Rhymney Bridge possibly one borehole Yes, some Rhymney Bridge

Park Springs Standby 1 borehole, with geological log Yes, some Park Springs Standby

Milton 16 boreholes, with geological logs, 5 geophsical surveys, limited microgravity Yes, some Milton

Pendine 1 borehole geological log Yes, some Pendine

Penderyn BH 1 borehole geological log, several quarrry boreholes Yes, some Penderyn BH

Schwyll Spring 2 boreholes, with geological logs, geophysics, 10 quarry boreholes Yes, some Schwyll Spring

Great Spring 5/6 boreholes, geological logs & geophysical surveys Yes, some Great Spring
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Table (i) Cont. Information Available for Karst Sources in Wales

Karst Source Name Karst Features Scale o f Soils Maps

Biglis Wells ?

Valley Court ?

LIygad Llwchwr Swallow holes, dry valleys, caves, karstic spring

Ffynnon Gisfaen Swallow holes, dry valleys, caves

Shon Sheffrey Swallow holes

Parkmill Standby Cave; Llethrid Swallet, karst spring

Ffynnon Asaph Swallow holes, dry valleys

Rhymney Bridge Swallow holes, dry valleys

Park Springs Standby Swallow holes, dry valleys, karstic spring

Milton Conduits, surface feature (swallow holes, collapse features), no known caves, karstic spring

Pendine Swallow holes, dry valleys, karstic spring

Penderyn BH Swallow holes, dry valleys, caves

Schwyll Spring Swallow holes, dry valleys, karstic spring, caves, conduits in borehole, doline 1:25 000

Great Spring Swallow holes, dry valleys, conduits in borehole 1 ;25 000
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Table (i) Cont. Information Available for Karst Sources in Wales

K ars t S ource  Name T rac ing  C om pleted Unconsolidated Deposits Information - known from maps/boreholes

Biglis Wells no Some information

Valley Court None No thickness information

LIygad Llwchwi Yes No thickness information

Ffynnon Gisfaen yes No thickness information

Shon Sheffrey Not sure No thickness information

Parkmlll Standby Yes, but no data No thickness information

Ffynnon Asaph None, but 1 traced pollution event to source No thickness information

Rhymney Bridge Not sure Possibly some information

Park Springs Standby None Small amount of informaition

Milton Large number, close to source Some infomialion

Pendine None Some information

Penderyn BH Yes Some information

Schwyll Spring Yes, several, more to come '99 Variety of Textures of Drift Deposits and Soils Over Limestones, thicknesses known from field work and published literature

Great Spring yes River Terrace Deposits and Soils Over Limestones, thicknesses known from borehole logs supplied by the Environment Agency
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Table (i) Cont. Information Available for Karst Sources in Wales

Karst Source Name Tracing Completed Discharge Data/Abstraction Volumes Water level data, frequency o f m onitoring

BIglis Wells no Daily Yes, 2 x 1 5  min

Valley Court None ? None

LIygad Llwchwr Yes ? None

Ffynnon Gisfaen yes ? None

Shon Sheffrey Not sure ? None

Parkmil! Standby Yes, but no data None None

Ffynnon Asaph None, but 1 traced pollution event to source Some None

Rhynnney Bridge Not sure ? None

Park Springs Standby None Daily flows Yes, 1 borehole, 15 min

Milton Large number, close to source Daily flows Yes, 15 monitoring boreholes, some weekly, some 15min

Pendlne None Daily flows? Some quarry Info.

Penderyn BH Yes Yes, ? Some quarry info.

Schwyll Spring Yes, several, more to come '99 Daily flows for Restricted Time Period Yes, 2 x 1 5  min, some data in quarry reports

Great Spring yes Data exists but is unavailable Yes, 5 boreholes, 15 min
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Table (i) Cont. Information Available for Karst Sources in Wales

Karst Source Name Spring Discharges(Approximate values) Full Catchment Defined

Biglis Wells Yes, water balance

Valley Court Yes, topography

LIygad Llwchwr Yes, topography

Ffynnon Gisfaen Yes, topography

Shon Sheffrey Yes, topography

Parkmill Standby Yes, topography

Ffynnon Asaph Yes, topography

Rhymney Bridge Yes, topography

Park Springs Standby Yes, topography

Milton Yes, water balance

Pendine Yes, topography

Penderyn BH Yes, topography

Schwyll Spring 25 Ml/d (megalitres) Yes, water balance

Great Spring 650 I/d - average yield Yes, water balance ?
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Appendix 4.3.1

Field Tests Developed by the GSI for 

Classifying Subsoils

(adapted from the British Standards Institution 
BS 5930:1999 Code of Practice for Site Investigations)
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Figure (i) Flow diagram  from the Geological Survey o f Ireland (G.S.I.) that was used for defining the texture 

of unconsolidated deposits in the field (2001), for individual steps see Figure (ii)
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A: Exam ine Boulders & Cobbles
Test adapted from the British Standards Institution BS 5930:1999 Code o f  Practice fo r  Site Investigations (1999).

• Using a hammer, trowel, or pick, clean off a portion o f the trial pit wall.
• Examine whether the quantity o f  boulders/cobbles is dominant over finer material. This will usually be easily done by eye. If unsure, separate

boulders/cobbles from finer material in two sample bags and compare weights by hand.

B & C: Preparation o f  Sam ple and Apparent Cohesion Test
Test taken from the British Standards Institution BS 5930:1999 Code o f  Practice fo r  Site Investigations (1999).

• Collect a hand-sized representative sample from the cleaned-off portion o f the trial pit wall.
• Remove particles larger than 2 mm, as far as possible.
• Crush clumps o f subsoil and break down the structure o f the sample.
• Slowly add water (preferably as a fine spray), mixing and moulding the sample until it is the consistency of putty; it should be pliable but not sticky

and shouldn’t leave a film o f material on your hands. Can the sample be made pliable at the appropriate moisture content?
• If it can, squeeze the sample in your fist - does it stick together?

D: Thread Test
Test adapted from a combination of the American Society o f  Testing and Materials Designation Standard practice fo r  description and identification o f  soils 
(visual-manual procedure) (1984), and the British Standards Institution BS 5930: J 999 Code o f  Practice fo r  Site Investigations (1999).

• Ensure the sample is o f  the consistency of putty. This is very important! Add extra water or sample to moisten or dry the sample.
• Check that no particles greater than 1 or 2 mm occur in the prepared sample.
• Gently roll a thread 3mm in diameter across the width of the palm of your hand. Remove excess material.
• If a thread can be rolled, break it and try to re-roll without adding additional water.
• Repeat until the thread can no longer be rolled without breaking.
• Record the total number o f threads that were rolled and re-rolled.
• Repeat the test at least twice per sample. Water can be added between each test repetition, to return the sample to the consistency o f putty.

Figure (ii) Steps A-D o f G .S .l.’s flowchart to aid in the classification o f  subsoils
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E: Ribbon Test
Test adapted from the U nited States D epartment o f  Agriculture So il Conservation Service Soil Survey Agricultural H andbook 18. (1993).
•  Ensure the sample is o f  the consistency o f  putty. This is very important! Add extra water or sample to moisten or dry the sample.
•  Check that no particles greater than 1 or 2 mm occur.
•  Form your m oist sam ple into a large roll in your hand, approxim ately the width o f  your thumb.
•  Hold your hand and arm  parallel with the ground. Using your thumb, press the sample over your index finger to form a uniform  ribbon about thum b-w idth and

0.5cm thick. Let this ribbon hang over your index finger and continue to extrude the ribbon between thumb and index finger until it breaks. Be careful not to
press your thum b through the ribbon.

•  M easure the total length o f  the formed ribbon when it breaks (i.e. from tip o<’thumb to end o f  ribbon).
.  Repeat this test at least 3 tim es per sample to obtain an average ribbon value. W ater can be added between each repetition, to return the sam ple to the

consistency o f  putty.

F: Dilatancy Test
Test taken from British Standards Institution BS 5930:1999 Code o f  Practice fo r  Site Investigations (1999).
• Wet the sample such that it is slightly more wet (and softer) than for a thread test, but not so wet that free water is visible at the surface.
• Spread the sample in the palm o f one hand, such that no free water is visible at the surface.
• Using the other hand, ja r  the sample 5 tim es by slapping the heel o f your hand or the ball o f  your thumb. Take note o f  whether water rises to the surface or not,

and how quickly it does so.
• Squeeze the sample, again noting if  the water disappears or not, and how quickly.
• Dilatant samples will show clear and rapid em ergence o f  a sheen o f  water at the surface during shaking, and clear and rapid disappearance from the surface

during squeezing. N on dilatant samples will show no discernible sheen.
• Decide whether your sam ple has dilatancy. Beginners often find it quite difficult to determ ine the presence o f  a sheen, unless it is very obvious. It will becom e 

easier once samples with clear dilatancy are observed.

Figure (ii) C ent. Steps E-F o f G .S.I.’s flowchart to aid in the classification o f subsoils
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T ab le  (i) P a rtic le  sizes as defined in BS5930:1999

P artic le Size D escription

Boulder >200 mm Larger than a soccer ball
Cobble 60-200 mm Smaller than a soccer ball, but larger than a tennis ball

Gravel 2-60 mm Smaller than a tennis ball, but larger than match heads

Sand 0.06-2 mm Smaller than a match head, but larger than flour
Silt 0.002-0.06 mm Smaller than flour (not visible to the naked eye)

Clay <0.002 mm Not visible to the naked eye.
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Appendix 5.2.3

Borehole Logs for Great Spring Test Site 

(10 borehole logs)
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BOREHOLE LOG FOR CAERWENT

Location
Date
Borehole No 
NGR
ro la l Depth 
Diameter 
Samples taken

Just ot( iidcK uinnifu) north alony heijijeline of stuDbie field

IO-Nov-00
5
S r <16025 92252 
4 0 metres

Yes

A.si.amtafth y r  
A\K;vi,ciir'Dn
t.NVlKONMt.Nl
AGrNry

Borehole started at 0955hr
Borehole completed at 1135hr

DEPTH 
(m)

GRAPHIC
LOG

UTHOI.OGICAL DESCRIPTION

1 O l

1 51

2 5

3.0

3.51

4 01

iF ifm , medium rcOdtsh brown CLAY wilh rooilets and occasional 
Icobblos Cobbles are sub-anijular lo rojnded cf sandslone.

lo.im. Firm, med(um rcdOiSh bfov;n CLAY with occasional 
Icobbies. Cobbles are sub-anguljr to icunded of sar^dslore

I .<1m Sliff, mediutn browd, slicjhtiy safdy, slightly gravetiy 
IC L A Y  Gravel is sub-foufsded lo aivjular, Hne lo medium of 

Isandslone

Modiira le ly louse medium,'daik b tcw ii sightly clayey, sandy, 
sub-founded to rounded, fine to mednjm, GRAVEL of 
sandstone

Medium/dark brown, slirjritly stUy. s jncy f:ne to fr.edn.im, sub- 
rounded to founded GRAVl-L o f sanditone

IS lilt ,  mid brown, slightly siily CLAY.

WATER LEVEL & 
WATER STRIKES

SAMPLES
TAKEN

P S D

Perm eability

P S D  . 

P erm eab ility '.
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BOREHOLE LOG FOR CAERWENT

Location
Dale
Borehole No 
NGR
Total Depth 
Diameter 
Samples taken

JusI o il ItucK lunm ny north iiloriy he jye line  ot stubble lielo.

IO-Nov-00
6
ST 45822 92336 
4.0 metres

No

A s ia n ta e th  v r  
AVlCTVl.ClirDD

fcNVlKaNVIf.N'l
AfTFNcy

Borehole started at 1145hr
Borehole completed at 1240hr

DEPTH
(m)

10 I

1.5

2 5

3.0

3 5

GRAPHIC
LOG

LITHOLOGICAL DESCRIPTION

Soft, rcdd isli Ijrown. alujhtly clayey, sil;y, SAND. Slightly damp

Reddish brown, slifjh lly clayey, sandy f ire  to medium, sub
rounded to rounded GRAVEL of sandstone.

M oderalely light, reddish brown, vu iy  sandy Tine to rnedium 
suh-a f){ ju ljf lo founded GRAVEL of .saocsfone.

Moderately tiyht, reddisti brown, vyiy saridy. fine lo coarse, 'iub  
angular to rounded Gl'^AVEL of samJslore wiih occasional 
cobbles Cobbles ure sub rounded r f  sandstone

WATER LEVEL & 
WATER STRIKES

2 62m 

(will'.out casing)

3.98m with Casmg

SAMPLES
TAKEN

.

225



BOREHOLE LOG FOR CAERWENT

Location

Date
Boreho le  No 
NGR
Tolal Depth 
D iam ete r 
S am ples taken

- f j in  eas t o f C a s lro g i brook m grassed fie ld  

A p p ro x , 0  5 in  ilO ove s lre u tii w a fe r fevel.

13-Nov-OO
7
ST 45786 92521 
5 0 m elres

Yes

ASTA’vJTAFTH y r  
AviGYiciirnD
fc.NVlK<.KN\1t.Nl
AGrNCY

Borehole starterd at 1340hr
Borehole com pleted at 1540hr

GRAPHIC
LOG

LITHOLOGICAL DESCRIPTION

0.5B

2.5

3 0

3 5

4 0

4 5

5.0

Soft. redfJish b row n , s ik ji i l ly  s ilty , SAN D  w ith  roo tle ts . 

0  l in .  .S o ft, d a rk  re d d ish  Drown SAND.

RR ddish b row n, ve ry  sandy, su b -u n c jila r to sutJ-rounded, fine 

lo  c o a rs c , G R A V E L S  o f s3nds(cnc.

f^e d d ish  b row n, s liy h ly  c layey, v tjry  sandy, sub-angu la r to sub 

ro u n d e d , fine  to co a rse  G R A V f lS  o f sandstone w ith  

o c c a s io n a l c o b b le s  C obb les  are sub-rounded o f sands lo fie

R e d d ish  b ro w ti. ve ry  s.ir'.dy, su b -a n y u a r to sub-rounded, fme 
lo  co a rse  G K A V E l S o f sandstone

S oft, re d d ish  b row n, s lu jtitiy  c layey, y fave lly  SAND, G rave l is 

sub a n y u ia r to sub-roum Jed, fine (o coarse o f sandstone w ilh  

qua rtz .

BS o ft, re d d ish  b to w n , s ligh tly  c inyey, s ig h tly  g rave lly  SAND 

■ w ith  so m e  co b b le s . G rave l is sub-rounded lo  sub-angu la r, 

a fln e  to  m e d iu m  o f sa n d s lo c n e . Cobt)les are sub-rcunded  o f 

Is a iid s to n e .

W ATER  LEVEL & 
W ATER  STRIKES

SAM PLES
TAKEN

V
0 .4 6 m  

W il l io u t  ca s in g
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BOREHOLE LOG FOR CAERWENT

Location 
Date

Boreho le  No.
NGR
Total Depth 
D iam ete r
S am ples taken No

Bank of grassy field- 
13-Nov-OO 
8
ST 45860 92530 
2.0 metres

ASI.A'vJT.\F.TH VR 
A.vicrr').<::iirDn
fcNVlK(AN.V1t.Nl
ACtF N C Y

Borehole started at 0930hr
Borehole com pleted at lOOOhr

DEPTH
(m)

G R A P H IC
LOG

LITHOLOG ICAL DESCRIPTION W ATER  LEVEL & 
W ATER  STRIKES

SAt^PLES
TAKEN

0,5

1 0

1 5

2,0

S oft, b fO w n  s lig h lly  s 'lty . sandy, ango lc r to  sub-rounded, fin e  to 

c o a rs e  GRAV15L o f sa n d s to n e  w ith  occasional cobbles 
C o b b le s  a te  s u b -a n g u la r o f lim es tone

S oft, s lig h tly  sandy , a n gu la r to  sub-angu la r fine to coarse 

C fV '^V E l. o f sa n d s to n e  /  liin e s to n e  with som e large cobb les 

C o b b le s  a re  o f san d s to n e
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BOREHOLE LOG FOR CAERWENT

L oca tion  

Ud\H
Borehole No.
NGK
Total Depth 
Diameter
Samples taken Yes

-5 rn  e a s i oJ C o s i(0 (ji D ioo k  .n y ia s s y i  fic id  

A p p io *  0  5iti <)i)uve s l ie j tn  w a ie f lo^ei

13-Nov-CO

9

ST 45775  92501 

7 0 m etres

Asr.'iVJTAFTH VR 
A v K '.Y K iirn n

t>V lHO N V|h.V l
A f t r N f Y

Borehole started at 
Borehole completed at

1005hr

I4 0 0 h r

GRAPHIC
LOG

LITMOLOGICAL DESCRIPTION WATER LEVEL & 
WATER STRIKES

SAMPLES
TAKEN

1 0

2 .5

3 0

4 O l

4  5

5 0

6  5

Arlesian beyond -3  8 m 

HeadOCB-O Irn  AGL.

0 8 C1T1 W ith Casing

ijo ft. in id-brcw ii. siKjhiiy clayoy. sandj. angular to sub
rounded, fine (D course G fM vG L cf sandslcne with 
occosicnoi cobDIa^ Cobbles ate suD rounded of sarcstono

1 /Otn wit,fi Casing

(1 O C m w ih 2 in  Casing 

and iie p ih  of 6 rn)

J 2ni S o li in d  tfu w n  siujhtiy niijyuy sancy f ire  to coafSf', 
cu'v.tft'j GRAVf L o(

occas'O iKii cobble'^ C ob l'ios  j f u  Suh^ounoeo of sanJstorn

| 3  -lin Vetv 2 i i ‘f, m id biown s iifjl'ily  gravelly, s ity C '^-'^ 
iG rn v e is  are fmo to coaiso. s u b -fo u n i'f jj 10 suD -angtla f of 
lsands!0(io

(Very poor rocovofy) c o ii'sd  sub aniju ar GRAVEL of 
sandsloi'.o

(Very poor reccvei'y) (;ark ijroy, coiJise, sub-rourded 
GRAVEiL of liir ios to iiu  over d o sy  •pac^ed im estcne

lO ''6m with Casing 
a iid  depth o f 6 iti)

(1 witn Casirg 

a- d depth of 6 m;

\0 O I111 w itn  Casing 

and aepth o f 6 m)
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BOREHOLE LOG FOR CAERWENT

L o c a t io n  F-ield N ol Underwood collayo “ lO in I(om bottom hedgeline

Date 13-Nov 00
Borehole No. 10
NGR ST 45526 92492
Tota l D epth 1,0 metres
S am ples taken Yes

ASTA'vITAFTH \ r  
Am  (;>■].Cl irnn
fc.WlHO.NMtNI 
ArrFNCY

Borehole sta rted  at 1420hr
Borehole com ple ted  at 1430hr

DEPTH

(m)

G R A P H IC
LOG

LITHOLOG ICAL DESCRIPTION W ATER LEVEL & 
W ATER STRIKES

SAM PLES
TAKEN

0 5

Sofl. mid brown, slightly silly. .SAND

From 0 2m .Soft, niid brown, slightly c)ravellv, slighliy sthy 
CLAY. Gravels are dark jjrey, fine to nedium of limestone.

DRY

PSD ■

1,0
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BOREHOLE LOG FOR CAERWENT

Location
Date
Borehole No, 
NGR
Total Depth 
Diameter 
Samples taken

Field N of Uncicrwood cottage ‘•lOm liom boilom heGge 

13-Nov-OO 
11
ST 45524 92(500 
1.0 metres mASI.A''JT\FTH y r  

A.viGvi.ciirnrj
fc-NVlKON.VItNl
AGrNCY

DEPTH GRAPHIC 
LOG

Yes Borehole started at 
Borehole completed at

1435hr
1445hr

LITHOLOGICAL DESCRIPTION WATER LEVEL & 
WATER STRIKES

SAMPLES
TAKEN

Sofl, rnifj brown, slicjhlly silly, SAND

Fro iti 0 3fn.. Reddisli bfown, slightly sdily clayey SAND with 
som o cobbles Cobbies are sub-angular to sub-rounded of 

^sundslone

DRY

. ? ‘ PSD
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B O R E H O LE  LO G  FOR C A ER W E NT

Location
Date
Borehole No. 
NGR
Total Depth 
Diameter 
Samples taken

Field oppos ito  (a rm . n«xt lo  w a le r fe a iire

13-Nov-00 
12

ST 5
5 .0  m e tre s  ‘

Yes

H A si.a n t a e t h  yr 
A m g y i.c iif d d

fc>VlK0>NV1tNi
AfrrNfY

Borehole started at 1450
Borehole completed at 1640

DEPTH 
(m)

0 51

1,0

1,5 !

2 0

2 5

3,0

3 5

4 0

4,5

5,0 I

GRAF^HIC
LOG

LITHOLOGICAL DESCRIPTION

0.2rn. .l.oosa , rnicl-tJyfK b tow n . s ligh tly  c layey, si.ty SAND w ith 

som e roo tle ts  S a tu ra ted

V ery  soft, miU b fo w n /re d d y , ve ry  c la y e y  SAND.

Loose, re o d ish -m id  b row n, sandy, subarg i^ ia r to rounced f ire  
lo  co a rse  G R A V E L o( litiiesto i^B . atvJ sandstone w ith i q iia n / ,  

w ith  o c ca s io n a l cobbfQS C o b b le s  a re  sub rounded to sub 

an u g u la r o( liin e s lo n e

Loose, lo d d y - im d  brow n, s a rd y , fine  tc coarse, s l o  anyu la r to 

roun d e d  G R A V E L o f (unes iono  w ith  occasional cobbles 

C o b b le s  a re  sub  angu la r lo  sub  rounded o f lim estone

R e d d y -b fo w n  s liyh lly  smy SAND

il^ e d d y -b fo w n  S A N D  w ilh  som e gravels G ravel Is sub-rounded 

| t o  s u b -a n g u la r o f 'im esU jne.

WATER LEVEL & 
WATER STRIKES

SAMPLES
TAKEN

A rte s ia n  be yo n d  -2 .4 n i 

H ead ~ 0  0 1 m  A G L

PSD

Permeability
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BOREHOLE LOG FOR CAERWENT

Location
Date
Boreho le  No, 
N CR
Tota l Depth 
D iam eter 

S am ples taken

M ill Itftid , C e iw een  tlo lin iis  A p p ro x  35tn w e s i of C astrogi

0 1 -Dec-00 
13
ST <15899 92692 
6 m etres

Yes

ASIA'sITAFTH y r  
AM(TYix:iirDn

fcNVlKON.VItN’l
AorNCY

B oreho le  s ta rted  at G935hr
B oreho le  com ple ted  at 1145hr

DEPTH 
(m)

4.0

.1.5

5.0

'3 5

6 0

G R A P H IC
LOG

LITH O LO G IC AL DESCRIPTION

R ecld is li b row n , s iig h lly  silUy S A N D , w th  occas iona l roo tle ts  to 

0. IfTl

R e d d ish  b row n  s liy h lly  s illy , s lig h lly  g ravelly SAMD w ith  som e 

g re e n y -g re y  m o ttle s  o f re d u c tio n , w iln  occas iona l cobb les of 

liiT ies lone  G rave) is fine  lo  n ieU ium  sub-arigu la r to su b 

roun d e d

f^edd ish  b row n, s lig h lly  s illy  SAND 

! ^rn

f^edd ish  b ro w n  s ligh tly  sitty, sandy , fins to  coarse  sub-angu la r 

to su b -ro u n d e d  G I^A V E L  o f lim e s to n e  w ith  occas iona l ccD tles . 

C o b b le s  a re  su b -ro u n d e d  o f lim e s to n e

In c re a s in g ly  s ilty  and  c lny nch  v/itti depth w ith grey-Drown, 

y ra v u l s i/.ed l ia b le  fra g m e n ts  o f l;m es one

R e d d ish  b row n , c la ye y  sandy, fin e  to  coarse, sub-angu l^ ii lo 

s u b -ro u n d e d  G R A V E L c f  lim e s to n e  wrth som e cobbles 

C o b b le s  cU6 lo u n d e d  o f lim esto rm

3 7m S lilf  red d ish  b row n, s ligh tly  siHy CLAY 

,3 .8 rn  R e d d ish  b row n , o ligh ly  s iltv  lirie SAND

F irm , re d d ish  b ro w n  sandy C LA Y

■1 f jn i S tiff, le d d is h  b io w n . s ligh ly  siliy CLAY

f<edish b row n , g ra v e ily  C LA Y  G ra v y  is f ne to coarse sub- 

t in g u a r to  ro u n d e d  o* lim e s to n y

B e d ro ck  • L im e s to n o

W A T E R  LE V E L & 
W A T E R  S TR IK E S

1,7 8 m  w ith  3 m e tre s  ca s in g  

d e p th  o f  ho !e  - 6m

3 .7 5 m  w ith  C a s in g

SA M P LE S
TAKEN

PS D

P S D

P e rm e a b ility
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BOREHOLE LOG FOR CAERWENT

Location
Date
Borehole No. 
NOR
Total Depth 
Diameter 
Samples taken

N ext 10 do im e  A p p ro x  50 tn  o f Casuogi 

01-Dec-00 
14
ST 45874 92660 
6 metres

No

ASI.A'sITAFTH y r  
AMCrrlClirTjD

t N V lK O N M L N l
ArrPNCY

Borehole started at 1155hr
Borehole completed at 1340hr

LITHOLOGICAL DESCRIPTION WATER LEVEL S 
WATER STRIKES

DEPTH
(m)

GRAPHIC
LOG

SAMPLES
TAKEN

F irm , re d d ish  b io w ii.  slu jtU ly s ilty  C LA Y  w ilh  occas iona l ro o tle ts  

lo 0 15ni

S liff. s lig lit iy  s illy , s lig h tly  g ra ve ily  C LA 't G rave l is fine, sub- 

a n g u fa r tu  s u b -rr ju n d e o  o f s a fid s to n e

R e d d ish  b row n , c la ye y , sandy, fina  tu  coarse, su b -angu la r to 

s u b -ro u n d e d  G R A V E l. o f san d s to n e

2 5m  

(W ithout ca s in g )

3 .8m  w ith  C as ing  

ris in g

N o s a n ’.p ltf re co ve re d  - p u s liin y  sam ple  m atena l in lo  cavity 

be low

C o n tin u a tio n  o f abovo '^?

4 6m  w ilh  C a s in g

N o s a n ip le  re co ve re d  • p u sh ing  sam p '?  m ate ria l in to  cavity 

be fow ?
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Appendix 5.3.2

Borehole Logs of Wells Drilled in the Area 

Surrounding the Ribblehead Test Site 

(6 borehole logs)
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RECORD OF WELL
Vi* .̂ R . A .  Ecunes' S ta tio n  Hot 

A i  ................................................................ ’ ...........................................

R ibb lehead ,

Town or Viljage.I^.P/'eton^via C a r n fo r th  

County .....................................

Far [iislinU'.’ tiw (jiily I.ICOIK'C No.

y y  ^ N.

S ix-inch  C o u n ty  Sheet ........ ^ I f f . ( ' J ' S . j x e . .

Six-incli N a tio n a l G rid  sh ee t a n d  reference ..................................................

F o r

S ta le  w h e th e r  o w n e r, te n a n t, b u ild e r, c o n tra c to r , co n su ltan t, etc. 

A d d re ss  ( if  d iffe ren t fro m  ab o v e ) ...............................QVXO^.r...............

Level o f  g ro u n d  su rfac e  a b o v e  sea  level ( O . D . ) .......................................................... ft ( .............................................................m )

I f  w ell to p  is n o t a t g ro u n d  level, s ta te  how  fa r ^ |^ '! ^ !  ...............................................ft ( .....................................................

S H A F T . ..3.80'....... ft ( . ./ . / .6 .', .8 .3 . . .m ) ;  d ia m e te r  ®." .Vt ( . / 5 .? . ’. ^ . . . . m m ) ;

H E A D IN G S  (p lease  a tta c h  d e ta ils— dim ensions  an d  d irections)

B O R E ..................................ft ( .................................. m ); d iam eter: a t t o p .................................in  ( ...................................cm ); a t

b o t to m ..................................in  ( ................................. cm )

F u ll d e ta ils  o f  p e rm a n e n t lin in g  tu b es  (position , leng th , d iam eter, plain , slo tted , e tc .)  ....................................................

80 f t .  o f  6" c a s in g  tube w a s fixed  and cennent grouted

C. ..................................................... ..............................................

W a te r  s tru ck  a t d e p th s  o f ....................? .9 .9 ..r? .r ................. ft ( . . . . ^ . P . ^ ? 4 ....................................... m ) be low  well to p

R.est level o f  w a t e r . . . ? .................... ft ( . . 0 . ' . A P . . . . m )  well la p . S uction   ft ( . . ^ .  r.C?. ^^... m )

Y ield  o n ................................. d a y ^  test p u m p in g  a t . . . . 1 9 .9 ........... galls ( . ? ? , ' . per . .  .1 ') ° ^ ! '.........  w ith

• d e p re ss io n  t o  ® 9 9  fl ( . . ^ / . ! . ^ f . ^ . . . .m )  below  well top . R ecovery to  rest level i n .................................  ™ours ^

C a p a c ity  o f  p u m p .............................g  P-h, ( ........................... m ^/h) j

D a te  o f  m e a su re m e n ts .......................................................................

D E S C R IP T IO N  O F  P E R M A N E N T  P U M P IN G  E Q U IP M E N T :

M ak e  a n d /o r  ty p e ................................................................................................ M otive p o w e r...............................................................

•S C a p a c ity ..................................g a lls  ( .......................... •.'..'.m^) per hou r. S uc tion  a l ................................. ft ( ....................................m)
J

below  well top . A m o u n t p u m p e d ..............................................  galls ( ............................................... m ^) p e r d ay . E stim ated

c o n s u m p tio n ..................................galls ( ........................ m^) per week

W ell m ad e  b y  f r r ) M R . O i ? S  ..............................   D ate  o f  s in k in g ............ ! ..........................

A D D IT IO N .A L  N O T E S  A N A L Y S IS  (p lease a tta ch  copy if  availab le)

R ccfivcd  froni

::::::::::::::::::::: |
O ne ........*4*,.'--.1-^ ' .................   j
O b s e r v u t i o n  w e l l  ........................................................ i
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FXACr SITE 

OF W ELL

• d e l e t e

AS

NECESSARY

TEST

CO N D ITIO N S

NORM AL

XiNDITION S

t£>C OF 

STRATA 

OVERLKAF

JRECORD OF WELL

A t  f ' . . ' - r .

...........

Town or V illaRe^ f? . . .  . T f ' . .

C o u m y ........... / t . . ’. ......................

N .1 4 8 0 3 ........

50/ 2 0 '
iT-i>3L,S l4̂ S 0 9 l

S D

Six-inch National Grid sheet and reference..

..............................................For

Stale whether owner, iu iU « 7  contractor, consuUani, £tc.:...........0. .Vv'! (?■.

Address (if different from above) •<3CO-

Level of ground surface above .sea level (O .D .). ft ( . . .  

. . . f t  (.

■ m )

. m)

■ m);

If well top is not at ground level state how far ........................

SH A FT........................ft ( ........................in): diameter........................ft {.

HEADINGS (please attach details—dimensions and directions)

BORE, . .  ft ( ............................. I l l) ;  diameter: ill to p .........^ ................ in (.

/  "at bottom  ............... in ( .............................. inin)

Full details of permanent lining tubes (position, length, inner and outer diameters, plain slotted etc.):

. mm);

 h i.. ./.h..

Water struck at depths of .5,r.7,,.-... ,̂?,c?...tt (...........
Rest level of water................... ft (. • m) wf'l lop. Suction at.

Yield on ^  ^  hours'*
dars'

............. m) below wel\ lop

 ft ( .........................m)

test pum ping at. ./f-O.C> .. .galls per . ( ......................... j/s) with

depression to ....................... ft ( . ? ? , ^ b e l o w  well (op Recovery to rest level i n .....................  hours

Capacity of p u m p .. . .g.p.h. ( ....................... 1/s)

Date of measurements...............................................

DESCRIPTION OF PERMANENT PUMPING EQUIPMENT;

Make and/or t y p e  Cf.   Motive p o w er.. / .  ? . . .  / .̂

Capacity. 7^0O.. . .galls ( .......................m*) per hour. Suction at .. 7 -  • • ft ( ..................................... m)

below well lop. Amount pum ped....................................gi<lls ( ...................................... m*) pt*r day. Estimated

c o n su m p tio n .............................galls ( ..............................m*) pt-r week . ^

Well made by ^f-Jr. . i * ............... (?.< . i > . : ................... Date of sinking. ..  ./I. ..  l.̂ .l. P.
 ......................  I ̂A D D i n O N A l L S  A N A L Y S T S  ( p l e a s e  a t t a c h  ( o p y  if  a v a i l a b l e )

R eceived from . . .

O bscrvd iiun  w r l l ............

R r r o r d r r ............................

ER l o g ..............................
Sill* m ark ed  <n)
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Location e.i3(?ct neyiO
Drillhole no.
Sheet / of / /

Type o f d rillin g .

Rig____________

B it____________

. Angle Irom  horizonta l__

Bearing N ------------------------ E-

G round level __________

Co ordinates E __
n , . .  
' • N  —

Water t4/^e level.
U

? 8
1 S' 
o  & SI

Notes e g. colour 
water return, avir>g 

inslrumentition,- 
umplir>o disc.

Depth
$nd

diameter

Redix:«d
leve< ^  sf

" I

Le^ervd Description

?
•  "2 £ 5IS o> 9
?

S 'O C ^  z c / a y -

- h y f

IIC 5

O H -  3 30

V e A iccJ  ̂ r c * c ( ^ e i>
SuS  —

tVI ^  ^   ̂
cA y U o c -

c^cxy

f  2.  ^  35

< 2^4 - 4  A 3

727 f  j i  d u j ^ ^ t n j  
A s - t ' ,  6'tu^4~ sy f- ĵ e ^ .

7^ “  ? 3 
CO-*,

^rc% c/e** r f  ^ ^ O tr
o-

<y ec<iC
co r* <J

C£‘ !f< p U e ^ p
p  ^ {  • f / /

rc .

£ J  
3 0

U '
I 3^

/tv

£j4 £i?
2 i | i

-yx

12.

IZ

L m i c ^ 0 i ~ c y

» P«90i» j la

*♦ -  ̂  bc^*A eV rr.i ei - c*0».r *r

8 " ^  C

Conlf#cto# 

Oal« t>n<th«d .
mh:

Logged by /  ^

Date / 7 / f . S j

Fifl (X)
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S o l 7 7 w £ / i l  ^ ^ s z 2 5

Drillhole no. 3
Sheet of ?.

Type o f d rillin g .

Rig--------------------

B it____________

, Angle from horizontal___

Bear ing N ------------------- E

Ground level ___________

Co-orcjij^aies E

Water table level _

I?
c S'
Q 3 1 II

Notes «.g. colour 
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Appendix 5.4.5

Borehole Logs from Tormarton Test Site 

(7 borehole logs)
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DCP
Unit 9, Pontnewynydd Small Business Centre

Pontnewynydd 
Pontypool 

NP4 6AD 
Tel /  Fax 01495 740055 

Mobile: 07977 446549 
Email: stuart.tod@virgin.net

20 August 2000 
FAQ Mr. Simon Neale
Environment Agency
Rivers House
St. Mellons Business Park
St. Mellons
Cardiff

Cotswolds Sampling & Testing. 11/8/00

Simon,
Please find enclosed logs & invoice for the work carried out on Friday 11‘'’ August.

Dynarric Cone I Penetration

Borehole Logs 

BHl
0.0-0.15m Turf & Topsoil
0.15-1.1 Om Soft light brown slightly gravelly CLAY
1.10-1.15m Dense coarse GRAVEL & COBBLES
1.15-2.80m Very soft light grey and brown very plastic CLAY
2.80-3.0m Soft mottled grey and brown slightly gravelly CLAY with lithorelics

and shell fragments (Completely weathered MUDSTONE)

BH2
0.00-0.40m Turf & Topsoil
0.40-1,00m Dense light brown very clayey limestone GRAVEL
1.00-1.50m Soft-very soft brown slightly gravelly CLAY
1.50-2.00m Firm-stiff orange and white very gravelly CLAY (Completely

weathered LIMESTONE)

EH2
0.00-0.40m Turf & Topsoil
0.40-1.00m Dense mottled light and dark brown and yellow very clayey angular

GRAVEL (Completely weathered LIMESTONE)

BM
0.00-0.50m Turf & Topsoil
0.50-0.80m Dense mottled light and dark brown and yellow very clayey angular

GRAVEL (Completely weathered LIMESTONE)

Stuart A. Tod BSc.fHons.). MSc.. trading as DCP 
VAT registered No. 736 6203 37
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dcpQ im p

DCP
Unit 9, Pontnewynydd Small Business Centre

Pontnewynydd 
Pontypool 

NP4 6AD 
Tel /  Fax 01495 740055 

Mobile: 07977 446549 
Email; stuart.tod@ virgin.net

Dynamic Cone I Penetration

20 August 2000

0.00-0.50m 
0.50-1.00m

BH6
0.00-0.30m 
0.30-1.3m 
1.30-1.50m

BH7
0.00-0.40m 
0.40-1.00m 
1.00-1.10m

T urf & Topsoil
Dense mottled light and dark brown and yellow very clayey angular 
GRAVEL (Completely weathered LIMESTONE)

Turf & Topsoil
Soft brown slightly silty slightly gravelly CLAY 
Hard yellow oolitic LIMESTONE

Turf & Topsoil
S tiff brown slightly silty slightly gravelly CLAY 
Hard yellow oolitic LIMESTONE

Stuart A. Tod BSc.(Hons.>. MSc.. trading as DCP 
VAT registered No. 736 6203 37
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Appendix 6.4.1 

Depth to Water Table Data for Schwyll Test Site
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T ab le  (i)

DRASTIC Grid Reference Depth to G roundw ater
points___________ X______________Y (feet),__________________

5 290311 176494 223
25 290105 176847 33
35 290121 176772 26
5 290556 176602 213
5 290610 176807 227
5 290970 176810 227
50 290140 176336 0 (spring)
50 288790 177110 0 (spring)
5 289339 176676 101
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Appendix 7.3.2

Calculated Travel Times for Unconsolidated and 

Consolidated Deposits
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Table (i) Travel times for unconsolidated deposits
P e rm e a b ility  (m /d ) S p e c if ic  ^ 'ie ld k /n k /n * d h /d l =  v e lo c ity  o r  d is ta n c e  in  1 D a y I M o n th 1 Y e a r 10 Y e a rs I m 2m 3 m 4 m 5 m 6 m 7m 8m K e y

1000 red =  m m utes

Coarse G ra ve l 0.23 4347.83 434.78 13043.48 158695.65 1586956.52 3.3 6 .6 9.9 13.2 16.6 19.9 23.2 26.5 lun i: ' -

M e d iu m  G ra v e l 0 .24 4166.67 416.67 12500.00 152083.33 1520833.33 3.5 6.9 10.4 13.8 17.3 20.7 24.2 27.6 ,■ - ...........

F ine G ra ve l 0.25 4000.00 400.00 12000.00 146000.00 1460000.00 3.6 7.2 lO.K 14.4 18.0 21.6 25.2 2K.X dark  i:rocn m onth '.

100 liL 'lil h luc  \c .irs

A llu v ia l Sands, coarse sands 0 .27 370.37 37.04 111 l . l  1 13518.52 135185.19 3K.9 1 ' 1 " 2 ; , j 4 ' dark  b lue  =  > 10 years

10

A llu v ia l Sands, m e d iu m  sands 0.28 35.71 3.57 107.14 1303.57 13035.71 (>■' 1 V 4 20 j 1 1 1 I 1 ■’ 2 .0

I

F ine Sand 0.23 4.35 0.43 13.04 158.70 1586.96 ' -I (. <) "  2 1 1,': 1 vS If) 1 ' '• 4

O.I

S ilt 0.08 1.25 0,13 3.75 45.63 456.25 X l u 1 1.1 1.6 1.‘) 2 1

0.01

C la y 0 .03 0.33 0.03 1.00 12.17 121.67 n <in n . . i M ) 5.0 6.0 7.(1 X 0

0.001

C la y 0 .03 0.03 0 .00 O.IO 1.22 12.17 t o o 1 > ^ 4 . : ■̂ ,0 X

Table (i) Continued
P e rm e a b ility  (m /d ) 9m 10m 11m 12m 13m 14m 15m 16m 17m 1 8n i 19m 20m 25m 30m 40m 50m 60m 70m 80m 90m 100m

1000

Coarse G ra ve l 29.H 33.1 36.4 39.7 43.1 46.4 49,7 53 0 56 3 (>2,« 6(> 2 X2.X 132,5 165.6 I9X .7 23 I X 265 .0 2**8.1 331.2 M m utes

M e d iu m  G ra ve l 31.1 34.6 3K.0 41.5 44.9 4K.4 5 I,S 55 58 X r>2,2 65.7 69 I X6.4 103.7 13X.2 172.8 207.4 241 .9 276.5 3 M .0 345.6

Fine G rave l 32 4 36.0 39.6 43.2 46.8 50.4 54.r) 57.6 61.2 f>4.X hK.4 72,0 <*0.0 108.0 144.0 1X0,0 216.0 252 .0 2XX.0 324.0 3W).o

100

A llu v ia l Sands - coarse sands '  1 •V -i 1 10 1 t 1 II 1 ■ 1 • ' 1 '  1) i 1. ■ 1"  \ 1 ! ■ I I n ! ■ = 11.- V

10

A llu v ia l Sands, m e d iu m  sands ' i ; - 4 J 1 ^ I '  (1 S 1 1 1 1 4 I) i (. X 6 4 2x l) . i \ - .

1

F ine  Sand I 1 1,: 1.2 1,^ 1,4 1,5 1.5 I.^J 2.3 3 ,! v x 4.(1 5.4 (> 1 0.9 7 7 M o m h s

0.1

S ill : ,4 2,7 2.9 'v2 ■̂ ,5 V7 4 0 4.3 4 5 4.N 5.1 5.. ' f>.7 X.O !(».? 1,1 1.3 ! .( ' l.S 2.0 - > \ ’ars

0.01

C la y 0 II) 0 1 1.0 12.0 I v O 14,0 1.^0 Kv O P ,0 IX 0 ! ‘ >,0 20.0 2>M lO.O 40.0 50 0 > 0 6.7 7 ^ X,

0.001

C la y X " 10.0 10.8 11.7 12,5 13.3 14,2 15.0 15.8 16.7 20.8 25.0 33.3 41.7 50.0 58.3 66.7 75.0 83.3 >10 Years
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Table (Ii) Travel Times for Consolidated Deposits

Permeability (m/d) Specific Yieid l</n l</n*dh/dl 1 IVIonth 1 Year 10 Years 1m 2m 3m 4m 5m 6m 7m 8m

Cavernous Limestone (pers com. Drew 2001) 1000 0.14 7143 14285.71 428571.43 5214286 52142857.14 6 12 18 24 0.5 0.6 1 1

Sandstone (Freeze & Cherry, 1979) 100 0.21 476 238.10 7142.86 86905 869048 6 12 18 24 30 36 42 48

Sandstone (Freeze & Cherry, 1979) 100 0.27 370 185.19 5555.56 67593 675926 8 16 23 31 39 47 54 1

Sandstone (Freeze & Cherry, 1979) 10 0.21 48 23.81 714.29 8690 86905 60 121 181 242 5 6 7 8

Sandstone (Freeze & Cherry, 1979) 1 0,21 5 2.38 71.43 869 8690 10 1 1 2 2 3 3 3

Tuff (Todd, 1980) 0.2 0.21 0.95 0.48 14.29 174 1738 4 6 8 11 13 15 17

Schist 0.2 0.26 0.77 0.38 11.54 140 1404 3 5 8 10 13 16 18 21

Limestone (F&C) 0.1 0.14 0.71 0.36 10.71 130 1304 ? 5.6 8.4 11.2 14 16.8 20 22
Sandstone (F&C) 0.1 0.21 0.48 0.24 7.14 87 869 4 8,4 12.6 16.8 21 25.2 29 1

Limestone (F&C) 0.01 0.14 0.07 0.04 1.07 13 130 28 2 3 4 5 6 7 7

Sandstone (F&C) 0.01 0.21 0.05 0.02 0.71 9 87 1 3 4 6 7 8 10 11

l able (ii) Continued

9m 10m 11m 12m 13m 14m 15m 16m 17m 18m 19m 20m 25m 30m 40m 50m 60m 70m 80m 90m 100m Key
Cavernous Limestone 1 1 1 1 1 1 2 2 2 2 3 3 4 5 6 7 8 9 10 pink = seconds
Sandstone 54 1 i ; 2 J 4 6 7 y. 10 red = minutes
Sandstone 1 1 1 o 2 2 2 2 2 2 3 3 4 5 6 8 9 10 12 13 orange hours

Sandstone 9 10 11 1 1 1 1 1 1 1 1 ? 3 3 1 4 ■•4 hq lll ‘ i H v -

Sandstone 4 .1 5 5 5 6 6 7 7 8 ■ I 1."! 17 21 25 29 1 1 1 dark qreen = months
Tuff 19 21 23 27 29 1 1 1 1 1 1 2 2 3 4 4 5 6 6 7 turquoise = years

Schist 23 26 1 1 1 1 1 1 2 2 2 2 3 3 4 5 6 7 8 9
Limestone * 5 1 1 1 1 1 1 2 2 2 2 2 3 4 5 6 7 7 8 9
Sandstone 1 1 2 2 2 2 2 2 2 3 3 3 4 4 6 7 8 10 11 1 1

Limestone 8 9 10 11 1 1 1 1 1 1 1 2 2 2 3 4 5 5 6 7 8

Sandstone 1 1 1 1 2 2 2 2 2 2 2 2 3 4 5 6 7 8 9 11 12
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Appendix 7.5

Soils and Vegetation as Indicators of Source Areas of Runoff
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Soil

Soil morphology may be used as a surrogate for estimating the extent of saturated areas. 

Soil characteristics may also be used as indicators of saturated conditions over periods of 

one to several weeks. Brown mottling indicative of oxidised sections, is one indicator of 

saturated areas and the depth at which mottling occurs in the soil profile reflects the 

depth o f the water table for periods of about 2 months during the season when the 

saturated areas are most extensive (Dunne et ai, 1975).

Vegetation

Plants reflect broad regimes of soil moisture and other parameters such as light or 

nutrients (Dunne et al., 1975). In a study carried out by Lee (1999), certain plants were 

found to be characteristic o f wetter and drier soil conditions. It should be noted that this 

study involved areas of more than 3m of subsoil and that low lying areas where the water 

table is high were excluded from this study. Those plants that are characteristic of drier 

soil conditions included: Clover, Plantain, Creeping Thistle, Nettle, Daisy, Docks, 

Meadow Buttercup, Oxeye Daisy. Plants that are indicators o f wetter soil conditions 

include Creeping Buttercup, Marsh Thistle, Yellow Flag Iris, Self-heal, Great Willow 

Herb, Ragged Robin, Marsh Horsetail. Indicators of ‘drier’ soil conditions generally 

appear to survive over a wider moisture gradient than indicators of ‘wetter’ conditions. 

Therefore the indicators of ‘wetter' conditions have more value in the assessment of 

groundwater recharge and vulnerability (Lee, 1999).

In summary both Dunne (1975) and Lee (1999) conclude that vegetation may be an 

indicator o f the general recharge regime with a characteristic vegetation being indicative 

of wetter and drier soil conditions.
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Appendix 10.2

Image Generated from LiDAR Data for Priddy Test Site
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Image Generated from LiDAR Data 
for Priddy Test Site

White areas represent locations absent of data 
Trees at field boundaries are also shown

Depressions of at least 0.5m depth 
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Cyril Delporte
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Universite de Neuchatel,
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