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S u m m a r y

This research project was established to investigate the varying environmental impact 
of a landfill waste mass after the installation of a fully engineered landfill capping 
system. Nant-y-Gwyddon Landfill Site is a waste disposal site situated in the 
Rhondda Fawr in South Wales, UK. The site was established on an area of high 
ground overlooking the densely populated valley floor. The key environmental body 
at risk from the site was identified as the layered aquifer system supported by the 
cyclical geological strata dominated by sandstone aquifers separated by less 
permeable siltstone, mudstone and coal seams. The research adopts an integrated 
approach, where the understanding of the changes occurring in the waste mass are 
directly linked to predicted changes in the contamination levels in the groundwater 
system. Emphasis is also given to the mechanisms for contaminant transport between 
the waste mass and the environmental systems. As such the entire landfill system 
including the surrounding environment is considered as a set of closely interconnected 
systems.

A monitoring system was designed to observe the changes occurring to the waste 
mass in terms of leachate level and saturation conditions after the installation of the 
landfill cap in an attempt to assess the changing leachate generation rates and quality 
within the waste mass. The key findings from the waste mass are then used to 
interpret variations in contaminant levels in the groundwater systems. Geophysical 
investigations highlight the extent of the leachate contamination detected in the 
groundwater hydrogeologically down gradient of the waste mass. The findings from 
groundwater monitoring are then used to develop a hydrogeological numerical model 
for the site using the program Visual MODFLOW. The key findings from 
groundwater monitoring and modelling highlight the importance of the unsaturated 
zone beneath the site in providing a source of contaminants which are mobilised 
during increased groundwater levels triggered by rainfall events. The majority of the 
contaminant loading was determined to be sourced from the area where a direct 
pathway exists between the waste mass and the Main Aquifer system. Predictions for 
future trends of contamination levels are then made in response to the findings and 
show a dynamic system intrinsically linked to the development of the waste mass and 
the meteorological conditions on site.
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Chapter 1 Introduction

CHAPTER 1 INTRODUCTION

Nant-y-Gwyddon Landfill Site is a closed waste disposal site in the South Wales 

valleys, located in a densely populated area with a history of intense coal mining. The 

site was closed in March 2002 and was installed with a fully engineered capping 

system in the summer of 2005. This research project was designed to monitor the 

changes occurring on site in response to the capping system and the likely 

implications for the changing environmental impact of the site. This chapter outlines 

the key aims of the project and provides an overview of the research.

1.1 A im s & O b je c t iv e s

The project is based on an integrated approach, with each aspect of the landfill system 

playing a key role in assessing the current and future environmental impact of the site 

and the likely influence of the installation of the capping system. Where possible, the 

data presented in this thesis are categorised into three key periods of development for 

the site.

- Period 1. During which the site was active and receiving waste. Late 

1980’s to March 2002. This data set is based on historical data provided by 

the site operators.

- Period 2. The period after the closure of the site in March 2002 to August 

2005. The site was temporarily covered with a colliery spoil cap and waste 

was no longer being received.

Period 3. The period after the installation of the fully engineered landfill 

cap in August 2005 to the present.

The research project began in the final part of Period 2 with the majority of the data 

acquired from the post capping period (Period 3). Within the thesis the individual 

systems in operation on site are presented separately but the integrated approach 

means that the interrelationship between them is always taken into consideration. In 

essence, the data sets generally only consider single aspects of the landfill site, but the
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significance of the data is highlighted when the systems are considered as a whole. 

Figure 1.1 shows the interaction between the waste mass and the key environmental 

systems.

R elease  of landfill g a s  to the  a tm o sp h e re  and  
underlying strata.

R e lea se  of leachate  to th e  s tra ta  b en ea th  th e  landfill 
site through the basa l liner o r leach a te  rem oval system .

T ransfer of leachate  to th e  groundw ater sy s te m s  and  
resultant su rface  w ater sy stem s.

Figure 1.1. Diagrammatic explanation of the interaction between the waste mass and 
the environmental systems around Nant-y-Gwyddon Landfill Site.

To understand the changing impact of the site in the future it is important to fully 

understand the mechanisms in operation at present and in the past. This knowledge 

forms the basis of a conceptual model which can then be applied to numerical 

modelling of the system as a whole.

The main aims of the research project are outlined below in terms of necessary data 

acquisition and understanding of the physical mechanisms that are important for 

understanding the interaction of the site with the wider environment.
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1. The Site

a. Develop a conceptual site model based on historical and desk 

study information to determine the current understanding of the 

interactions between the waste mass and the surrounding 

environment.

2. Waste Mass

a. Monitor the changes in the waste mass in response to the 

installation of the landfill cap in terms of leachate saturation and 

generation.

b. Establish the initial condition of the site in terms of leachate 

chemistry and any response to the landfill cap.

c. Monitor the impact of the cap on uncontrolled emissions of 

landfill gas and improvements in capture efficiency.

3. Environmental Systems

a. Gain an understanding o f  the groundwater systems in operation 

and their interaction with the other environmental systems.

b. Understand the historical and current impact of the site in terms 

of chemical trends in the groundwater and surface water systems.

c. Identify the presence, structure and extent of any contamination 

plume from the site.

4. Hydrogeological Conceptual Model

a. Identify the transport mechanisms in operation which transfer 

leachate to the groundwater and other environmental systems.

b. Develop an integrated conceptual model to represent the 

interaction between the waste mass and the environment and 

demonstrate the impact of the landfill cap.

5. Future predictions

a. Use an integrated approach based on data from the waste mass, 

environmental systems and the hydrogeological conceptual 

model to predict the likely impact of the site in the future through 

a process of numerical modelling.

6. Provide an assessment of the overall impact of the landfill cap in terms of 

the effect on all aspects of the integrated system.
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1.2 R e se a r c h  Co n te x t

Nant-y-Gwyddon Landfill Site is a waste disposal site located in the South Wales 

coalfield. The site was established on an area of elevated land overlooking the densely 

populated Rhondda Fawr valley and began receiving waste in the late 1980’s with a 

fully engineered basal liner and leachate removal system. Whilst the majority of the 

waste mass consists of municipal waste a significant proportion of industrially 

sourced waste was also deposited. The industrial waste included a large percentage of 

calcium sulphate filter cakes which when deposited along side municipal waste led to 

the generation of high levels of hydrogen sulphide in the landfill gas emissions from 

the site. Political pressure from local residents and the outcome of an independent 

report for the Welsh Assembly Government (Purchon, 2001) led to the early closure 

of the site. Waste disposal at the site ceased in March 2002. At the start of this 

research the site consisted of two phases. Phase One was filled and temporarily 

covered with a colliery spoil cap, whilst Phase Two was fully lined but had never 

received waste. The remaining void space accounted for approximately nine years of 

tipping.

The site is underlain by the beds of the Upper Coal Measures, consisting of thickly 

bedded sandstones inter-bedded with siltstone, mudstone and coal measures. The 

cyclicity o f the strata creates a number of stacked aquifer systems below the site. 

Localised fissures in the strata means the individual water bodies are likely to have a 

degree of connectivity between them allowing the transport of contaminants to the 

lower aquifer systems. The environmental monitoring systems around the site include 

20 groundwater monitoring boreholes which fully encircle the waste mass, a number 

of surface water monitoring points and landfill gas extraction wells. These monitoring 

points are utilised to provide continual monitoring of the groundwater and leachate 

bodies throughout the development of the site and the installation of the final capping 

system.

1.3 Th e sis  O u tu n e

After this chapter, Chapters 2 and 3 provide an introduction to the research in terms of 

the general context of landfilling as a means of waste disposal and to the history and
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setting of Nant-y-Gwyddon Landfill Site respectively. The general methodology and 

sampling protocol is outlined in Chapter 4, providing details on the acquisition of data 

and explanations of monitoring techniques.

Chapter 5 deals with the leachate and landfill gas systems on the site. The long term 

monitoring data is combined with continual monitoring data from this research project 

to provide an assessment of the changing quality and quantity of leachate produced by 

the site throughout the three key periods of development considered here. Cross 

borehole electrical resistivity surveys produce a record of the response of the site to 

the installation of the cap in terms of the degree of saturation of the waste mass. The 

landfill gas system is also considered, both in terms of overall production rates and 

emissions to the sub-strata and through the capping medium.

The impact of the site on the groundwater system is considered in Chapter 6. An 

assessment of the individual groundwater systems in terms of hydraulic gradients and 

groundwater level variations is outlined. Using historic and current data, the 

groundwater quality is assessed taking into consideration the position of the 

monitoring location with respect to the waste mass and the variation between 

individual aquifer systems. The continual monitoring data acquired during this 

research project highlight a variation of the electrical conductivity of the groundwater 

in boreholes adjacent to and down gradient of the site in response to rainfall events on 

site. The cause of these events is investigated in terms of significant contaminant 

species and seasonal variations.

Chapter 7 considers the detailed investigation into the delineation of the leachate 

plume down gradient of the site. Two geophysical techniques, electromagnetic and 

electrical resistivity, are presented to investigate the variations in ground conditions in 

the region immediately down gradient of the site. Combined with groundwater 

monitoring data, the surveys help to identify the physical extent of the groundwater 

contamination caused by the landfill waste mass.

The information acquired in the previous chapters is combined into a hydrogeological 

conceptual model which is used as the basis for numerical modelling of the site in 

Chapter 8. Visual MODFLOW is used to model the findings from previous sections
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of the thesis and is then used to help in the prediction of future trends in the 

environmental systems associated with the site. The key findings from the research 

project are discussed in Chapter 9 and conclusions and recommendations are 

presented in Chapter 10.
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CHAPTER 2 RESEARCH CONTEXT

2.1 In tro d u ctio n

A landfill site represents a complex hydraulic and chemical environment often made 

more problematical due to the presence of perched water tables and the continual 

degradation of the waste mass. The natural interaction between hydrological and 

geochemical processes within the waste mass is also influenced by the engineering 

controls associated with restoration and remediation including capping, gas 

management and leachate removal systems. The surrounding systems of the 

groundwater and surface water also require consideration, with the potential for 

contaminant transport into the natural environment.

The legal aspects of regulation and control of landfill operations have a direct 

influence on the quality of engineering used in barrier construction and management 

systems dealing with leachate and landfill gas. Knowledge of the waste stream 

entering a site also indicates the potential quality and quantity of leachate and landfill 

gas production.

This review outlines the basic concepts concerned with all aspects of landfilling 

operations including waste degradation processes and engineering techniques used in 

the construction of waste disposal cells.
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2.2 Prin c iples  o f  Wa s t e  Ma n a g e m e n t

Waste disposal processes are controlled by the legislative framework that sets out the 

operational standards required for waste acceptance, treatment and the engineering 

aspects of landfill construction. The procedures are designed such that pollution risks 

and negative impacts are minimised.

2.2.1 T ypes o f  Landfill

Disposal of waste to landfill remains the primary method of waste disposal in the UK. 

Recent trends have led to increasingly large volumes of waste being diverted to 

recycling facilities. The modem landfill site represents a fully engineered waste 

disposal facility with active management systems to deal with the resultant leachate 

and landfill gas produced during the period of decomposition. However containment 

sites are relatively new developments and many older sites are still based on older 

methods of waste disposal.

2.2.1.1 Dilute and Disperse

Landfills built before the mid 1980’s were typically designed on a principle of dilute 

and disperse (EA, 2001). The location of such sites was chosen so that the attenuation 

capacity of the underlying strata was sufficient to remediate the impact of the waste 

mass. These systems usually relied on groundwater to dilute the leachate and disperse 

the resultant leachate plume in the underlying strata. Recent legislation has increased 

the basic requirements of landfill design to require additional controls to remove this 

type of disposal method. However, many currently active and recently closed sites 

still rely on a principle of dilute and disperse.

2.2.1.2 Total Containment

Current legislation means that the majority of active landfill sites are designed on a 

principle of total containment. This requires the site to include a basal liner made of 

either synthetic or natural materials with a proven level of impermeability. The 

presence of a liner means leachate will build up in the base of the site and active
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management systems have to be installed to remove and dispose of the leachate. 

Management o f the landfill gas is also required. At the end of the disposal period, the 

total containment is achieved by installing a capping membrane which is sealed to the 

lining system to provide complete containment of the waste. Management of the 

leachate and landfill gas is required for an extended period of time until the site is no 

longer deemed to be a risk to the surrounding environment.

2.2.1.3 Landfill Bioreactors I Sustainable Landfills

A recent development in landfill engineering is the introduction of enhancement 

systems to increase the rate of decomposition so that stabilisation is reached within 

one generation (30 to 50 years) (EA, 2001). The majority of conventional landfills can 

be assumed to be operating as inefficient bioreactors with the products of 

decomposition (leachate and landfill gas) being continually removed from the waste 

mass. In a managed bioreactor, the waste is flushed with leachate and/or water to 

remove the majority of the pollutant load from the waste mass (IWM, 1999). This 

process increases the rate o f stabilisation of the waste mass and can be used to reduce 

the time scale for the management of the site. These methods require increased 

infrastructure and management of the site during the operation and are often coupled 

with onsite treatment of the resultant leachate.

2.2.2 Waste in the UK

Current waste production rates in the UK reflect the nature of today’s society. Recent 

trends show an increase in levels o f biodegradable waste being disposed of in 

municipal facilities. The increased use of plastic in packaging and manufacturing has 

led to changes in waste stream composition and volume. The UK produces over 100 

million tons of waste each year, nine tenths o f which is disposed of in landfills (East, 

1997).

Municipal waste makes up only 8 per cent of the waste produced in the UK (Defra, 

2004) but forms the vast majority of the waste disposed of in landfills and shows an 

annual increase o f 3% per year. This reflects an overall increase in both per capita 

production and the UK population. Wales shows slightly lower rates of recycling than
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England with 92% of municipal waste in Wales being disposed of via landfill (NAW, 

2003). The recently implemented Landfill (England and Wales) Regulations 2002 

outline the required levels of reduction in waste disposal for all member states of the 

European Union. With the emphasis on recycling, future municipal waste sites are 

likely to receive increasingly biodegradable rich waste streams, increasing the 

importance of well engineered landfill gas and leachate management systems to 

ensure environmental protection.
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2.3  L e g is l a t iv e  Fr a m e w o r k

2.3.1 Pollution C ontrols

The legislative framework for waste disposal was first introduced in 1936 under the 

Public Health Act. Enforcement of the law was primarily on a reactive basis and was 

used to respond to public complaints related to waste. The legislative powers were 

part of the remit of the local public health authority (Garbutt, 1995), but in effect the 

focus was directed to statutory nuisances such as vermin and not the environmental 

impact of waste disposal (Wolf, et al., 2002).

In response to a series of incidents concerning the uncontrolled disposal of toxic 

wastes, the Deposit of Poisonous Wastes Act 1972 was introduced with specific 

legislation applying to landfilling practices (Bell, 1997). It was seen as a temporary 

legislation before the introduction of the Control of Pollution Act (COPA) 1974. 

COPA 1974 represented the first attempt at comprehensive environmental legislation 

and pollution control in the United Kingdom. It introduced the requirement for local 

Waste Disposal Authorities (WDA) to issue and review waste disposal licences for 

the disposal of controlled wastes (Bell 1997). This legislation remained in force until 

the introduction of the Environmental Protection Act (EPA) 1990. Waste disposal is 

covered in Part II of the Act.

The EPA 1990 introduced a more extensive regulatory framework with tighter 

controls on all aspects of waste disposal; it also shifted the focus of the legislation 

from one of waste disposal to that of waste management. Most notable of all aspects 

of the legislation, with respect to waste disposal, was the introduction of a statutory 

duty of care that applied to all stages of waste collection, treatment and disposal with 

‘cradle to grave’ regulation. The act dealt with the short comings of the previous 

legislations by separating the operational and regulatory functions of the local 

authorities (Bell, 1997). This led to the creation of the Local Authority Waste 

Disposal Company (LAWDC) to deal with operational requirements of waste 

disposal. Local Authorities remained the regulatory bodies until the amendment of the 

law under the Environment Act 1995 and the creation the Environment Agency as 

regulator. The licensing system set up under the COPA 1974 was extended such that
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the issuing and surrendering of the license became harder and the lifetime of the 

license was extended post closure. The new licensing regulations, however, were not 

brought into force until May 1994 with the introduction of the Waste Management 

Licensing Regulations. All previous licenses issued under COPA 1974 were 

transferred to the new regulations. The Waste Management Licensing Regulations 

were also used as a vehicle to introduce European legislation in the form of the Waste 

Framework Directive (75/442/EEC) which established the need for national waste 

strategies to comply with European guidelines.

Current legislation is dominated by the introduction of the European Landfill 

Directive (99/31/EC) in July 1999 that was brought into force in England and Wales 

on the 15th June 2002 through the Landfill (England and Wales) Regulations 2002 

under the Pollution Prevention Control Act 1999. The key aims of the European 

directive were to bring about harmonisation of waste management practices in Europe 

and for progressive waste reduction in all countries (Wolf, et al., 2002). Many aspects 

of the regulations were already in operation in the United Kingdom at the time of it’s 

implementation (Burnley, 2001). The key points in the Landfill (England and Wales) 

Regulations 2002 were as follows:

• Classification of landfill sites in to three categories: hazardous, non- 

hazardous or inert, based on waste intake. The co-disposal of hazardous 

and non-hazardous wastes was outlawed

• The submission of conditioning plans for all existing sites by 16th July 

2002.

• Introduction of higher engineering and operating standards.

• Progressive diversion of biodegradable waste away from landfills such that 

volumes are reduced to:

75% of the amount produced in 1995 by the year 2010.

50% of the amount produced in 1995 by the year 2013.

35% of the amount produced in 1995 by the year 2020.

• The deposition of certain wastes including liquid and some hazardous 

wastes was prohibited.
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• Introduction of the pre-treatment of wastes prior to landfilling.

The Integrated Pollution Control (IPC) and Integrated Pollution Prevention and 

Control (IPPC) are regulatory regimes designed to deal with a smaller number of 

highly polluting industries and therefore include the control of larger landfill sites, 

namely those capable of receiving over 710 tonnes of waste per day and with a total 

capacity o f over 25,000 tonnes (Wolf, et al., 2002). The IPPC regime was introduced 

to UK legislation through the Pollution Prevention and Control Act (PPCA) 1999 to 

implement the European Integrated Pollution and Control Directive (96/61/EC), it 

also introduced the PPC (pollution, prevention and control) licensing regime.

2.3.2 Discharge Consents

Under the Water Industry Act 1991, the discharge of trade effluents to sewer, 

including landfill leachate, is prohibited unless authorised by the sewage operator. 

Where the site is controlled by the IPC scheme it also requires authorisation from its 

regulatory body (Kearsey, et al., 1999).

2.3.3 Groundwater Protection

The protection o f groundwater is currently covered by the European Groundwater 

Directive (80/68/EEC), implemented in the UK under the Groundwater Regulations 

1999. This legislation requires the member states to prevent the direct or indirect 

release of List One substances to the groundwater system and to limit the release of 

List Two substances (EA, 2002). The terms for List One & Two substances were also 

fully defined. In England and Wales, these requirements are covered by Regulation 15 

of the Waste Management Licensing Regulations 1994. Groundwater protection is 

also covered by the Landfill (England & Wales) Regulations 2002, which requires the 

consideration of the nature of the surrounding geology and hydrogeology and the 

collection and treatment of leachate and contaminated water.
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2.4 Landfill  E n gineering

Until recently there were two principles of waste disposal that controlled the design 

and management of landfill sites. Dilute and disperse systems allowed for the 

pollutants to be diluted and attenuated by the surrounding environment and total 

containment systems utilised engineered or naturally occurring barriers and covers to 

prevent the escape of pollutants. Recent legislation has effectively banned the use of 

dilute and disperse methods and increased the requirements of liners and capping 

systems such that the responsibility of the site remains with the operators post closure. 

In most cases, extensive engineering is now required for the construction of 

containment cells, final covers and management systems for leachate and landfill gas.

2.4.1 Liner Systems

Liner systems are designed to provide an impermeable barrier between the waste mass 

and the underlying strata to protect against the migration of leachate and landfill gas 

and the ingress of groundwater. The efficiency of the liner depends on the level of 

protection provided by the barrier; they are therefore designed to have minimum 

permeability and hydraulic conductivity to resist the seepage forces of the leachate. 

Well designed leachate management systems maintain a low leachate head on top of 

the liner systems and reduce hydraulic gradients across the liner. The hydraulic 

performance of a landfill liner is judged on its ability to control leakage, the 

contaminant travel time through the liner and its capacity for attenuating contaminants 

(Drury, 1997). Contaminant travel time is the time taken for contaminants to pass 

through a liner, low conductivity liners increase travel times and allow for the 

potential reduction in leachate toxicity via biological and chemical degradation. The 

attenuating capacity of a liner is directly linked to the materials used in its 

construction. Leakage rates for liners should be minimised in the design and 

construction phases, acceptable leakage rates are site specific and are outlined at the 

design phase. Migration of leachate through the liner is therefore influenced by the 

conductivity of the liner material and the hydraulic gradient across it.
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2.4.1.1 Liner Classification and Design

The key construction components for landfill liners consist of locally available clay 

rich soils, bentonite enriched soils with low clay content, flexible manufactured 

membranes and geosynthetic clay liners consisting of bentonite clay held between 

geosynthetic membranes (Smith and Staff, 1997). Construction techniques can use 

these components individually, or more commonly, in composite or double layer 

barriers. For hazardous waste or in especially sensitive areas, multilayer systems may 

be used.

Single Liners

The most simple liner systems are based on single liners and are rarely used in 

modem sites, however many currently active sites have single liners. Failure of the 

single liner leads to the containment cell becoming compromised. Typically these 

liners are constructed from compacted mineral liners made from naturally occurring 

soils, geomembrane liners or geosynthetic clays such as bentonite rich clays designed 

to have a low permeability.

Composite Liners

The most commonly used composite liner is a geomembrane placed on top of a 

compacted clay liner. Composite liners provide a combination of the advantages of 

separate components and increases the overall protection provided by the liner. The 

geomembrane provides a low conductivity liner and decreases the leakage rate while 

the clay liner provides protection in the case of liner failure and increases the 

breakthrough time of the contaminants by decreasing advection and diffusion rates 

and providing a degree of attenuation.

Double and Multi Barrier Systems

Double barrier systems are often used with a drainage medium between two 

geomembranes. In the event of the failure of the uppermost liner the drainage medium 

provides a leak detection and collection system for leachate with the lower liner 

preventing the ingress of groundwater. Multi barrier systems are commonly used in
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sensitive areas where special waste is being deposited. They are constructed from a 

number of single and composite liners.

Compacted Clay Liners (CCL)

If natural clays are found in the region of new landfill sites, properties such as low 

permeability can be used prevent the migration of contaminants from the site. 

However they are rarely used alone and without compaction since proving the 

absence of hydraulic imperfections is difficult across the entire site (Privett, et al., 

1996). They are commonly used in conjunction with imported mineral liners and 

geomembranes and may form the basal or protection layer for the liner.

Compacted mineral clay liners in the UK are required to have a minimum thickness of 

lm and a designed hydraulic conductivity of less than 10'9 m/s. Natural clays may be 

enhanced with minerals such as bentonite and the process of compaction minimises 

the presence of void spaces or discontinuities. The liners are constructed from layers 

or lifts of clay compacted on top of each other, the interface between lifts must be 

well bonded to prevent high conductivity conduits existing between layers (Daniel, 

1993a). Off setting each layer means that vertical discontinuities between lifts are 

hydraulically unconnected. CCL systems are vulnerable to desiccation, especially in 

arid regions. They are also prone to crack under differential settlement, increasing the 

permeability of the liner.

Bentonite Enriched Soils (BES)

The addition of bentonite to local soils improves the hydraulic properties and can 

achieve conductivity values of 10‘10 m/s. The swelling property of bentonite also acts 

as a self healing property sealing small cracks and discontinuities.

Flexible Membrane Liners (FML)

Geomembrane liners are constructed from sheets of material welded together to 

produce a continuous membrane. Each seam is tested for faults and the overall 

hydraulic conductivity can be in the region of 10'12 m/s. High density polyethylene
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(HDPE) and low density polyethylene (LDPE) are typically used. HDPE is favoured 

for liner systems as it provides good chemical resistance and is easy to construct. 

However, it is susceptible to cracking due to settlement and offers a low angle of 

friction, typically 8°. LDPE is slightly more flexible with an improved friction angle 

but with less resistance to chemical attack (Smith and Staff, 1997). Geomembrane 

liners are susceptible to damage from the waste mass and have no means of protection 

once damaged.

Geosynthetic Clay Liners (GCL)

Geosynthetic clay liners (GCL) consist of a layer of low conductivity clay, generally 

bentonite, held between two sheets of geotextile or geomembrane. The use of GCL 

systems allows for ease o f construction and quality assurance. They also possess a self 

sealing property, once the clay is hydrated, is swells to fill any void spaces between 

the adjoining sheets and forms a seal. Any perforations to the geomembranes will also 

be sealed by the bentonite clay and contaminant transport through the perforation will 

be slowed by the presence of the low conductivity clay (Daniel, 1993a). These 

systems can be expected to provide conductivity values in the region of 10'11 m/s.

2.4.1.2 Contamination Migration through Liners

Leachate at the base of a landfill cell will progressively migrate through the liner. The 

time taken for the contaminants to reach the underlying strata is a reflection of the 

liner design and construction and the head of leachate above the liner. Contaminant 

migration is dominated by the processes of advection and diffusion. Advective 

migration complies with Darcy’s Law based on the characteristics of the liner and 

leachate head on the liner. The relationship between leachate head and breakthrough 

time for contaminants (time taken for contaminant to migrate through the liner) is 

shown in Equation 2.1.

d 2n ^t = ------------------------------------------- Equation 2.1
k{d  + h)

Where:

t = breakthrough time in years
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d = liner thickness in metres

h = head of leachate in metres

k = permeability of liner in metres per year

n = effective porosity

Damage to liners will locally increase the permeability of the liner and hence decrease 

the breakthrough time of the contaminants.

Diffusion of contaminants complies with Fick’s Law and occurs due to a

concentration gradient of contaminants between the landfill and underlying strata.

Where advection is considerable the influence of diffusive processes are minimised,

however in the case of low permeability landfill liners the advective processes occur

slowly, making diffusion a more significant process. If advective velocities of less

than 6x10*10 m/s occur, diffusion begins to play an important role in the transport of
1 *)contaminants and with velocities less than 6x10' m/s diffusion becomes dominant 

over advection (Privett, et al., 1996). In landfill liners, if the design standard for 

hydraulic conductivity of 10*9 m/s is observed then advective velocities of 2xlO'10m/s 

are common place and diffusion is therefore a less important mechanism. The 

mechanisms of mass transport of contaminants is discussed further in Section 2.8.

Geomembranes are effectively impermeable barriers with typical hydraulic 

conductivities of 10'12 m/s (Smith and Staff, 1997). Therefore diffusion is the key 

contaminant migration process. The key properties are the resistance to tearing and 

puncture and the chemical resistance of the material. Once the membrane is ruptured 

the advection of contaminants becomes locally significant.

2.4.1.3 Attenuation of Contaminants

The materials used in clay liner systems have the ability to attenuate the migration of 

some contaminants, indicating that the contaminants will migrate through the liner at 

a slower rate to the solute. The attenuating properties of liners may either be in 

naturally occurring clays or in imported geosynthetic clays. The key methods of 

attenuation are ion exchange and precipitation (Daniel and Shackleford, 1989). The 

attenuation of contaminants is finite and will become exhausted with time. In

Sarah R A Ling 18



Chapter 2 Research Context

composite liners, the attenuation capacity may not be fully reached as it is isolated to 

areas directly below puncture sites in the flexible membrane. Attenuation techniques 

partition the contaminants onto the solid phase of the liner with cadmium and mercury 

showing a strong affinity for attenuation (Drury, 1997). Biological degradation and 

radioactive decay may also occur and are a function of the individual contaminant and 

the surrounding environment. Remobilisation of attenuated contaminants is also 

possible if they are replaced by a compound with a higher attenuation affinity.

2.4.1.4 Resistance to Leachate

Clay liners are susceptible to attack from the chemicals within leachate and the waste 

mass. The structure of the soil can be destroyed by strong acids and bases, leading to 

channelling of the clay and a localised increase in permeability. Initially the acids 

precipitate solids at the surface and decrease the permeability of the soil, since the 

minerals in the soil neutralise the acid and cause precipitation. With many pore 

volumes of acid passing through the soil these solids are remobilised and the acids 

begin to attack the structure of the soil. Organic chemicals have the ability to cause 

clay minerals to flocculate and the overall structure to crack, increasing the 

permeability o f the soil. Clays with high negative charges, such as sodium bentonite, 

are particularly susceptible. Leachate with a pH less than 3 or greater than 11 is of key 

concern but is rarely encountered in municipal landfill leachate, the concentrations of 

these chemicals are unlikely to affect the permeability to a significant degree, 

however, long term exposure will decrease the validity of the clay liner (Privett, et al.,

1996).

2.4.2 Management Systems

Collection and removal systems are installed in the waste mass to allow the controlled 

extraction and disposal of leachate and landfill gas. The removal of leachate and 

landfill gas helps to minimise the overall impact of a landfill on the surrounding 

environment.
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2.4.2.1 Leachate Collection Systems

In general, leachate collection systems consist of perforated pipes within a drainage 

medium of gravel at the base of the landfill cell. The main aims are to collect leachate 

and transfer it to outside the landfill for disposal. This prevents the build up of 

leachate within the waste mass minimising leachate migration. High leachate heads 

can also influence the stability of the side slopes because high pore pressures can 

trigger slope failure or lateral seepage of leachate from the waste mass (Ramke, 

1989).

The drains are arranged on the base of the landfill and consist of central spine drains 

with spurs reaching out across the site. The leachate flows into a low point in the 

landfill and is pumped from the sump to the leachate holding tanks. Minimum slope 

angles are 1 in 100 for spur drains and 1 in 200 for central spine drains to allow for 

adequate drainage of leachate away from the waste mass.

Common causes of leachate collection system failure tend to be either due to 

subsidence of the waste mass causing damage to the infrastructure or encrustations 

blocking the drainage pipes and medium. Clogging of drainage systems is common 

and can often be resolved through high pressure deeming of the drains. Analysis of 

encrustations recovered from drainage systems (Ramke, 1989) indicate the main 

constituents are calcium, iron and carbonate. The mechanism for precipitation may be 

a result of oxygen ingress forcing changes in the local redox potential or reduced gas 

pressures around the drainage systems.

2.4.2.2 Landfill Gas Collection Systems

The landfill gas produced as a result of the anaerobic decomposition of the waste 

mass must be collected and processed under controlled conditions. The key 

constituents of landfill gas are methane and carbon dioxide, both of which have 

significant impacts both on the surrounding environment and health implications for 

the local residents. Landfill gas is also a key source of greenhouse gases and 

uncontrolled releases should be avoided. Trace gases such as hydrogen sulphide are 

toxic and denser than air and so collect in topographically low areas. Collection 

systems are generally installed to the base of landfill cells with additional wells
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included in the capping layers. They can be passively vented or actively extracted 

from the landfill. Dependant on the volumes produced, the landfill gas is either used 

as a resource to generate electricity or is bunt in an on site flare system. The time 

scales when dealing with methane production generally runs to several decades and so 

management systems are therefore required for long time periods (Koemer, 1993).

2.4.3 Capping systems

Cover systems limit the infiltration of meteoric water into the waste mass. Ingress of 

meteoric water leads to greater volumes of leachate being generated and therefore 

requiring treatment. It is also linked to increased leachate head on the landfill liner 

which can lead to higher rates of seepage into the underlying strata (Koemer and 

Daniel, 1997). The cover system prevents the escape of landfill gas and leachate to the 

environment. It also removes direct human contact with the waste and reduces 

associated nuisances such as wind blown litter, pests and rodents. The cover should 

ultimately provide a growing medium for agricultural restoration layers whilst 

maintaining separation from the waste mass. Oweis and Biswas, (1993) use numerical 

modelling to produce predictions of leachate generation when a cap is in place. Their 

findings highlight that leachate generation is sensitive to infiltration from rainfall via 

the cap and in turn the effectiveness of a capping system can be judged on the 

measured leachate levels in individual waste masses. Their calculations were based on 

a low permeability cap (<10‘ cm/sec) with modelled structural failures. The 

monitored decline in leachate head in the waste mass is seen as a good indication of 

cap effectiveness.

2.4.3.1 Key Landfill Cap Components

Landfill covers are designed to meet the needs of the specific site based on the waste 

type, meteorological conditions on site and proposed end use for the landfill. When 

the cover is being designed the landfill gas and leachate management systems are also 

considered and extraction wells and recirculation systems added or upgraded as 

required.
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Surface Layer

The uppermost layer is a restoration layer typically consisting of topsoil to minimise 

erosion of the underlying layers and promote transpiration of meteoric water back to 

the atmosphere. It also provides a stable layer for agricultural restoration. 

Alternatively this surface layer can include a geosynthetic erosion control layer or non 

soil based products such as cobbles or paving material depending in the site 

requirements and climate (Daniel and Koemer, 1993).

Protection Layer

The protection layer stores water that has passed through the surface layer until 

transpiration rates increase such that it can be returned to the atmosphere (Koemer 

and Daniel, 1997). It also protects the underlying engineered barriers from burrowing 

animals and surface interference and minimises the likelihood of human and animal 

interaction with the waste. The protection layer protects the underlying layers from 

wetting-drying cycles associated with meteorological events and freezing during cold 

weather. It is generally constructed using locally available material.

Drainage Layer

The high permeability drainage layer reduces the head of water on the impermeable 

barrier and reduces pore water pressures in the surface and protection layers to 

prevent slope failure. The drainage layer also increases the water storage capacity of 

the upper layers. The drainage medium is either constructed from locally sourced 

natural materials such as sand and gravel or geotextiles and geogrids that can act as a 

drainage medium and a filter for the water entering the cap (Daniel and Koemer, 

1993). Drainage pipes can also be included in the design to channel the water more 

efficiently. These drains require cleaning and maintenance to ensure their optimum 

performance.

Hydraulic and Gas Barrier Layer

The barrier layer forms the key component o f the cover system (Daniel and Koemer, 

1993) and minimises percolation of meteoric and surface water through the cap into
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the waste mass. It directly blocks water due to its low permeability and indirectly 

forces the storage and drainage of water in the overlying layers (Koemer and Daniel,

1997). The second purpose of the barrier layer is to minimise the uncontrolled escape 

of landfill gas to the atmosphere and lateral migration of leachate. Traditionally these 

layers were compacted clay covers, but are now more typically geomembranes with 

construction techniques similar to the liner systems. The geomembrane chosen as a 

cover material has to withstand possible exposure to ultraviolet light and be flexible 

enough to withstand differential settlement at the surface of the landfill. Composite 

covers are also used, combining the advantages of geomembranes, compacted clay 

covers and geosynthetic materials. The choice of barrier reflects the waste 

characteristics and local climate.

Gas Collection Layer

The gas collection layer provides a collection medium and management system for 

the waste gases that are produced by the degradation of the waste mass and is 

manufactured from permeable materials such as natural gravels or geotextiles. Gas 

flow may occur naturally under pressure or gases may be extracted actively by the use 

of an induced negative pressure. The gas accumulates in the gas collection layer and 

exits the cover system through a series of vents and wells.

Foundation layer

The foundation layer forms the basal layer in direct contact with the waste. It may 

also form the interim cover installed after completion of landfilling and before 

permanent restoration. It provides a stable, compacted layer for the construction of 

subsequent layers in the cover system.

2.4.3.2 Failure of Capping Systems

Common causes for the failure of landfill covers include settlement or subsidence of 

the waste mass, slope instability, inadequate infiltration causing cracking, improper 

landfill gets and leachate management, long term erosion of the capping materials and 

unacceptable end use and aesthetics (Koemer and Daniel, 1997).
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Settlement of the waste mass is likely to cause differential subsidence at the surface 

due to the heterogeneous nature of the waste mass. The design of the cover system 

should allow for the stresses associated with settlement and should not be 

underestimated. Settlement can also lead to ponding of water at the surface in 

localised depressions; this can cause localised increases in infiltration rates through 

the cap. Instability of the cover materials should be considered at the design stage 

with final slope angles taking into account the local meteorological characteristics of 

the site, the materials intended for use and other factors such as expected subsidence 

rates for the waste. Geomembranes and geotextiles may provide slip planes along 

which failure is most likely to occur. Geogrids can help to increase the friction 

between the capping material and waste and between the capping material and 

restoration layers to minimise the risk of slope failure.

Maintenance of the leachate and landfill gas management systems is important. High 

leachate levels may lead to surface breaks out of leachate through the capping 

material. High gas pressures can cause up lift o f geomembranes and increased stresses 

can lead to rupture of the cover system increasing the risk of slope failure (Koemer 

and Daniel, 1997).

Erosion of the cap will occur due to the long term down gradient movement of 

material (Koemer and Daniel, 1997) and will be closely linked to construction 

methods and the local climate. Vegetation can help to minimise the risk of erosion and 

must be maintained, erosion control layers, which can be pre-seeded before being 

installed, are used on sites with a high risk of erosion (Daniel and Koemer, 1993). 

Exposure of underlying components of the cap such a geomembranes may lead to the 

invalidation of the materials due to exposure to ultraviolet light.

2.4.4 Landfill S tab ility

The principal stability failures in landfills either occur in poorly consolidated waste 

prior to capping or within capping materials once the site is fully restored. Liner 

systems can also fail in a similar way to cover systems before waste disposal has 

occurred. The overall stability of the waste mass is controlled by a number of factors, 

including the strength and compaction characteristics of the waste, the strength of the
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surrounding soil and cover material, the slope angles used and the hydrological 

characteristics of the site (Oweis, 1993). In all cases, the presence of water will act as 

a destabilising force, indicating the need for effective drainage mechanisms in the 

waste mass and the engineered aspects of the landfill.

The most common ways for cover systems to fail due to instability are outlined below 

(Koemer and Daniel, 1997).

- Surface layers sliding off geomembrane surfaces.

- Surface layers with underlying geotextile or drainage layer sliding off 

geomembrane surfaces.

- Surface layers, drainage material and geomembrane sliding off compacted soil 

surface such as a compacted geosynthetic clay.

The common factor in all situations is the presence of an almost planar slip surface 

that is parallel to the slope angle and integral to the design of the capping system. 

These failures occur along interfacial shear planes (Oweis, 1993).

Instability in landfills will be due to either excessive slope angles of final covers and 

waste profiles or high pore pressures either caused by poor leachate management or 

high infiltration of meteoric or surface water. Acknowledgment of suitable angles of 

friction for the materials used in the cover design and use of drainage medium to 

remove water from the cover system and waste mass can reduce the risk of damage 

due to instability. Drainage is particularly important at the toe of the slopes and 

insufficient drainage here can cause pore pressures within the cover to remain high 

and trigger a failure (Koemer and Daniel, 1997). Even where a drainage system is 

present it can become blocked with fines from the restoration material or frozen in 

cold weather which will reduce the effectiveness of the drainage medium. Failures can 

be prevented with the use of simple design techniques such as reducing slope angles 

and interrupting long slopes with benches to remove the planar nature of the slope.
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2.5 Landfill W a s t e  De g rad atio n

The degradation of the waste mass in a waste disposal facility generates leachate and 

landfill gas. The composition and volume of these products is directly influenced by 

the composition of the waste mass, the local environmental influences and the 

engineering methods undertaken on site relating to landfill operation and management 

systems. The generation of waste products also leads to the creation of complex 

hydrological and chemical systems within the waste mass that actively interact with 

the surroundings.

The chemical composition of the waste mass has a direct impact on the production of 

leachate and landfill gas. Biodegradable materials possess the greatest potential for 

leachate and landfill gas generation, with cellulose and hemicellulose forming the 

highest methane potential in municipal waste disposal sites (Barlaz and Ham, 1993). 

In typical sites, these constitute 91% of the potential methane production. The 

decomposition of other organic compounds such as proteins and soluble sugars make 

up the remaining percentage.

2.5.1 M icrobiology

The decomposition of waste is primarily undertaken by the microbial population of 

the waste mass. Organic substrates such as cellulose and hemicellulose maintain a 

succession of microbes that respond to the changing environments within the waste 

mass as the organic fraction decomposes (Barlaz and Ham, 1993). There are three 

distinct groups of bacteria that are involved in the production of methane within the 

waste mass. The first are the hydrolytic and fermentative micro-organisms that 

undertake the degradation of waste whilst oxygen is still present. These bacteria are 

responsible for hydrolysing the organic matter and producing soluble sugars, amino 

acids, long chain carboxylic acids and glycerol. This stage is important in the 

degradation process since the organic matter has to be made soluble before it can be 

used as a substrate by the subsequent bacteria (Christensen and Kjeldsen, 1989). Once 

the simple, easily converted organic matter has been exhausted the hydrolysis of the 

waste mass may become the limiting factor in the decomposition sequence. Initial 

products are then fermented, producing short chain carboxylic acids, alcohols, carbon
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dioxide and hydrogen. Acetate is also produced and is recognised as a precursor to the 

production of methane. The second group of micro-organisms to become dominant 

within the waste mass are the obligate proton reducing acetogens (Barlaz and Ham, 

1993). They convert the products of the fermentation stages to acetate, carbon dioxide 

and hydrogen. The final group of bacteria consist of obligate methanogenic bacteria. 

The nature of the bacteria means that any ingress of oxygen will limit the rate of 

production of methane in the waste mass. They act upon a limited number of 

substrates including formate, methanol, methylamines, acetate and hydrogen in the 

presence of carbon dioxide. The methanogenic bacteria can be considered as two 

distinct groups; the hydrogenophilic bacteria that convert hydrogen and carbon 

dioxide to methane and the acetophilic bacteria that convert acetic acid to methane 

and carbon dioxide. Energetically, it is the action of the hydrogenophilic bacteria 

converting hydrogen and carbon dioxide that proves most favourable (Barlaz and 

Ham, 1993). However, evidence from sludge digesters indicates that up to 70% of 

methane produced comes from the conversion of acetate to methane (Christensen and 

Kjeldsen, 1989). Studies have not shown the relative importance of these processes in 

landfill systems.

The successive colonisation of the waste mass by these groups of bacteria creates an 

idealised five stage decomposition process as discussed below. Site specific 

characteristics may lead to the inhibition or truncation of the sequence or parts of the 

sequence (Christensen and Kjeldsen, 1989). The hydrolytic and fermentative bacteria 

dominate the first two stages of decomposition with the acetogenic and methanogenic 

bacteria controlling Stages Three and Four respectively. Stage Five represents a 

recolonisation of the waste mass by aerobic bacteria. The simplified degradation 

process is shown in Figure 2.1.
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Process Gases Leachate

Acetic Acid 
Hj C O j

Organic Waste 
Fraction

STAGE III
Acetogenesis

STAGE IV
Methanogenesis

STAGE V
Oxidation

STAGE I
Hydrolysis / Aerobic 
Degradation

STAGE II
Hydrolysis & 
Fermentation

Figure 2.1. Major stages of waste decomposition (after DoE, 1995).

2.5.1.1 S tage  1: Hydrolysis I Aerobic D ecom position

In the initial stages of decomposition, the waste mass contains a considerable amount 

of oxygen in the void spaces around the waste and dissolved in the moisture. The first 

stage of decomposition is therefore aerobic and continues until the oxygen in the 

waste is exhausted. Both oxygen and nitrogen are consumed at this stage (Barlaz and 

Ham, 1993). The duration of this first stage is therefore dependant on the degree of 

compaction and composition of the waste, the time period that the site is operational 

and the methods of daily and temporary cover used within the waste mass. It 

characteristically lasts only a few weeks. During subsequent stages of decomposition 

oxygen will diffuse into the surface of the waste mass but the action of aerobic 

bacteria will reduce the levels of oxygen such that the aerobic zone is unlikely to 

extend more than a metre into the waste mass (Christensen and Kjeldsen, 1989). 

Leachate generation will be minimal at this stage and landfill gas will be dominated 

by carbon dioxide.

Sarah R A Ling 28



Chapter 2 Research Context

2.5.1.2 Stage 2: Hydrolysis I Fermentation

The subsequent anaerobic stages occur once the initial oxygen is exhausted and 

indicate the rise in abundance of anaerobic microbes that colonise the waste mass as 

oxygen is depleted. The anaerobic bacteria consist of both obligate and facultative 

bacteria. This stage sees a gradual increase in carbon dioxide and hydrogen 

production as organic matter is converted into organic sugars and then further broken 

down into carbon dioxide, hydrogen, ammonia and organic acids.

2.5.1.3 Stage 3: Acetogenesis

During the third stage the rate of carbon dioxide and hydrogen production decreases 

as acetogenic bacteria colonise the waste mass. Acetic acid is produced and methane 

production is initiated.

2.5.1.4 Stage 4: Methanogenesis

Stage 4 represents the long term degradation of the biodegradable waste and is the 

time period of maximum leachate and landfill gas generation. It initiates between six 

months and two years after the deposition of the waste. Typical gas composition 

produced at this time is 60% methane 40% carbon dioxide.

2.5.1.5 Stage 5: Oxidation

Once the degradable waste is fully decomposed there is a progressive recolonisation 

of the waste mass by aerobic bacteria as oxygen infiltrates the waste. Any residual 

methane will be oxidised into carbon dioxide and water. The reactivation of aerobic 

processes can lead to the remobilisation of some heavy metals that were rendered 

immobile by redox potentials present during the anaerobic stages of decomposition 

(DoE, 1995).

The time scale of decomposition and waste disposal operations indicates that an active 

waste disposal site may have a waste mass that is undergoing different stages of 

decomposition at one time.

Sarah R A Ling 29



20 - 4

Phase II III IV V

Figure 2.2. Trends in landfill gas generation. After Christensen and Kjeldsen, (198

2.5.2 Hydrogen Sulphide
Hydrogen sulphide is a dense, toxic gas that forms a trace constituent of landfill 

with a concentration less than 1%. It is produced in a reducing environment ii 
presence of hydrogen. With the introduction of sulphate bearing wastes sue 

calcium sulphate from industrial sources the hydrogen sulphide content in landfil 

increases to potentially toxic levels. The soluble sulphate salts are reduced by obli 

anaerobic bacteria typically in the third and fourth stages of decomposition, 
introduction of oxygen into the waste mass will inhibit the production of hydr< 

sulphide gas as the reducing environment is removed. Sulphate reducing bacteria 
act as competitors for hydrogen and reaction substrates in the waste mass, suppres 

the methane production in the waste mass due to the higher energy yields froir 

sulphate reduction (Christensen and Kjeldsen, 1989).
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2.5.3 Governing Factors

Research has indicated that the two key limiting factors for the onset of 

methanogenesis are moisture content and pH. The micro-organisms responsible for 

methane production are sensitive to pH and are most effective between 6.8 and 7.4. 

Methane production falls rapidly below approximately 6.5 (Barlaz and Ham, 1993). 

The recycling of leachate is commonly used to enhance methane production by 

maintaining moisture levels, and when used in parallel with neutralisation of the 

leachate, can help to maintain pH levels within the waste mass at optimum levels.

The absence of oxygen in the waste mass is necessary for the anaerobic bacteria to be 

the dominant processes in the waste mass. Methane production is hindered in the 

presence of high oxygen levels with the obligate methanogenic bacteria most sensitive 

to its presence, requiring a redox potential of less than -330 mV.

Other factors such as oxygen and hydrogen can also act as inhibiters due to high or 

low levels within the waste mass and generally indicate an imbalance in the 

dominance of the micro organisms in the waste. Nutrients can also act as limiting 

factors with phosphorous most likely to inhibit the anaerobic processes.

2.5.4 The Effects of Co-disposal and Hazardous Waste

The co-disposal of waste is no longer legal under UK legislation but many waste 

disposal sites have previously accepted both municipal and hazardous wastes for co

disposal. The dual deposition not only allows the dilution of hazardous wastes but 

also makes use of attenuation processes within the waste mass that may be sufficient 

to minimise the risk from hazardous wastes (Cossu and Serra, 1989).

There are two key concerns that arise from the co-disposal of waste, the inhibiting 

effect on the degradation process of organic matter and the release of toxic substances 

via leachate and landfill gas emissions (Cossu and Serra, 1989). During the 

decomposition of the waste mass both heat and carbon dioxide are given off and can 

enhance the air stripping effect on volatile compounds associated with hazardous or 

special waste (Barlaz and Ham, 1993).
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2.5.5 Enhancement Techniques

Techniques to enhance the rate of decomposition in a waste mass are used to reduce 

the long term management of the site. Leachate concentrations and landfill gas 

production will reach completion at a faster rate than normal and settlement of the 

waste mass is likely to occur sooner after closure making long term restoration easier. 

The longer term validity of the infrastructure such as basal liner and management 

systems are less important if the site poses a reduced environmental risk over the long 

term (Stegmann and Spendlin, 1989). It also means that the production of landfill gas 

is more likely to occur over a short period of time but produce larger quantities of 

emissions. This makes generation of power on site more cost effective and may make 

landfills a valid source of energy in the short term. Increases in landfill gas production 

are reported as being from two to twelve fold (Reinhart and Al-Yousfi, 1996). The 

key benefits and drawbacks outlined in Anex (1996) are given below.

Potential Benefits

- Increased landfill gas production, increased potential as an energy resource

- Lower leachate strength

- Reduced landfill monitoring

- Accelerated settlement time leading to reduce time span for maintenance of 

management systems.

Potential Drawbacks

- Added cost of leachate recycling systems and maintenance

- Increased likelihood of failure of leachate management systems

- Increased risk of lateral migration of leachate due to higher moisture levels

- Increased hydrostatic pressures on the landfill liner lead to increased leakage 

rates and groundwater contamination.

There is no current agreement on the optimum moisture content for waste degradation 

as the process is known to be influenced by a number of environmental factors 

including temperature, pH, nutrition and toxicity (Anex, 1996).
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The principal method for degradation enhancement involves the recirculation of 

leachate into the landfill to maintain moisture levels throughout the waste mass 

(Stegmann and Spendlin, 1989). As discussed above, moisture content can act an 

inhibiting factor both at elevated and reduced levels. The recycled leachate is 

distributed across the surface of the waste mass and allowed to percolate through the 

waste. Advantages of leachate recirculation include distribution of nutrients and 

enzymes, pH buffering, the dilution of previously localised inhibitors and the 

redistribution and recycling of methanogens (Reinhart, 1996). The concept of leachate 

recycling has been proven in lysimeter tests and small scale experiments to have a 

number of beneficial effects on the degradation of the waste mass and overall leachate 

quality. However, full scale operations are difficult to optimise since the cost of 

apparatus and damage caused by settlement means that any installations require 

regular maintenance to maintain optimum performance. The site specific nature of 

landfill sites also makes designing single solutions difficult.
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2.6 Land fill  Ga s

Landfill gas is one o f  the two main products of decomposition of a landfill waste 

mass. In modem landfill sites gas extraction systems are installed to remove the 

landfill gas to prevent uncontrolled release or migration.

2.6.1 C o m p o sitio n

The principal components of landfill gas are methane and carbon dioxide (Nastev, et 

a l , 2001). Each component can be hazardous when management systems are 

ineffective. Methane is flammable and poses a threat to vegetation and agriculture but 

is a potentially useful energy resource, carbon dioxide is toxic and can lead to 

asphyxiation in high concentrations and it is also linked to vegetation damage. 

Oxygen depletion in low lying areas can cause asphyxiation and in capped areas 

where methanogenesis is occurring, oxygen ingress can cause fire and explosion risks. 

Whilst the composition of landfill gas will vary according to site characteristics and 

the age of the waste mass the principal components are relatively constant with lower 

levels of trace constituents. The typical composition is outlined in Table 2.1 

(Tchobanoglous, e /a /., 1993).

Component Percent (dry 
volume)

Methane 45-60
Carbon Dioxide 40-60
Nitrogen 2-5
Oxygen 0.1-1.0
Sulphides & Disulphides 0-1.0
Ammonia 0.1-1.0
Hydrogen 0-0.2
Carbon Monoxide 0-0.2
Trace Constituents 0.01-0.6

Table 2.1. Typical constituents of landfill gas from municipal waste. (Tchobanoglous, et 
at, 1993).

Analysis o f the trace components of landfill gas have identified up to 116 individual 

components at varying levels (Tchobanoglous, et a l., 1993) the majority of which are 

classified as VOC’s (volatile organic compounds).
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2.6.2 Production and Quality

The quality and quantity o f landfill gas that a waste disposal site produces is 

dependant on the type of waste, the stage of decomposition and other site specific 

variables including moisture content and oxygen levels. Results from lysimeter tests 

have indicated that the volume of landfill gas produced varies from 10 to 20 litres per 

kilogramme of waste per year although production rates can vary greatly (Ham and 

Barlaz, 1989). Mass balance calculations are also used to estimate the likely volume 

of landfill gas production. The production of landfill gas as part of the degradation 

process is considered in Section 2.5 and Figure 2.2 outlines the generalised production 

of the individual components of landfill gas over the lifetime of the site.

The general calculation for predicted gas production during methanogenesis from 

different substrates is given below as Equation 2.2.

rr \t A a - b - 2 c  + 3 d .rr _ ,4a + b - 2 c - 3 d  .„ TT A a -b  + 2c + 3 d JXTTr CaHbOcNd = (-------- --------- )H20 +(   )CH 4 + (-------- --------- )COi + dNHi

Equation 2.2

Using this calculation derived by Tchobanoglous (1977, as cited in Ham and Barlaz, 

1989) for cellulose, one of the principal methane producing substrates, gives a gas 

composition of approximately 50% methane and 50% carbon dioxide.

The nature of landfill sites will mean that the generation of landfill gas will not be 

homogeneous across the site. The local waste characteristics and the stage of 

decomposition of the waste mass in different areas should mean that the production 

characteristics will vary both in time and throughout the waste mass. The moisture 

levels and movement of leachate through the system will influence the rate of gas 

production. Dry landfill sites experience reduced methane production due to the 

reduction in efficiency of microbial action and the disruption of the balance of 

microbial systems (Ham and Barlaz, 1989).
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2.6.3 Extraction and Utilisation

The extraction of landfill gas serves a number of purposes. It prevents the build up of 

gases in sealed landfills and so preserves the integrity of the liner and capping system. 

The extracted gas can be flared or exported off site for further treatment. It is also 

important for the removal of potentially toxic or carcinogenic fractions from landfill 

gases.

In the majority of sites, the landfill gas is collected via a number of gas wells drilled 

directly in to the waste mass after filling is completed. These wells are drilled to 

approximately 80% of the waste depth and a negative pressure is applied to the gas 

wells to extract the gas. The rate of extraction is controlled at each well head and a 

gas main will transport the landfill gas away from the site to an available treatment 

facility.

Thermal destruction through flaring is commonly used to reduce the environmental 

impact of the gas. Methane is combusted to carbon dioxide which is significantly less 

potent as a green house gas than methane. Flaring systems are also run at sufficiently 

high temperatures to enable the destruction of the majority of VOC and trace 

components in the gas (Tchobanoglous, et al., 1993). Where the production of landfill 

gas is large enough, gas generators can be installed to enable the generation of 

electricity from the gas which can be exported to the national grid. In older sites, the 

rate of landfill gas production may be insufficient for active extraction and these sites 

are installed with passive venting systems to prevent the build up of pressure in the 

waste mass.
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2.7 Leachate

The composition of leachate varies with the age of the landfill and type of waste 

disposed on silo (Henry, 1989). Understanding the hydrological processes in operation 

within the waste mass and how the leachate system interacts with the surrounding 

environment can help to predict the degree of environmental impact a waste disposal 

site has on the surrounding ground and surface waters. The principal factors 

influencing the generation of leachate are the meteorological characteristics of the 

area, the design parameters of the final or temporary cover and the characteristics of 

the waste (CaPriani and Cossu, 1989).

2.7.1 Generation

The generation of landfill leachate occurs when water comes into contact with the 

waste and Picks up dissolved and suspended materials (Qasim and Chiang, 1994). A 

combination of physical, microbial and chemical processes transfer pollutants to the 

percolating water creating leachate (Christensen, et a l, 2001). Leachate is also a 

product of the decomposition process and the result of the disposed of liquid wastes 

and sludge. Leachate generation may also vary in response to the seasons with 

increased generation rates during wetter periods.

2.7.2 Composition & Quality

The quality o f leachate produced by a landfill is highly site specific and reflects the 

nature of the waste mass in terms of composition and stage of degradation. Studies 

have shown that landfill leachate contains a higher pollutant load than raw sewerage 

(Qasim and Chiang, 1994). Christensen, et al., (2001) produced a review of available 

literature to produce a summary of the biogeochemistry of leachate plumes generated 

by municipal, commercial and mixed industrial waste masses. To fully understand the 

nature o f leachate plumes a good understanding of the nature of leachate itself is 

needed. Christensen, et al., (2001) define four groups of pollutants likely to be found 

in landfill leachate;

- Dissolved organic matter (measured by COD, TOC and also includes methane 

and fatty acids).
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- Inorganic components (major ions).

- Heavy metals.

- Xenobiotic organic compounds (XOC’s) -  generally present in low 

concentrations and typically include BTEX chemicals, phenols and herbicides.

Key indicators, common to all landfills are the COD (chemical oxygen demand) and 

BOD (biological oxygen demand) which vary with the age and decomposition stage 

of the landfill. The ratio of BOD to COD is often quoted. Acetogenic landfills 

typically have a BOD/COD ratio of greater than 0.4, indicting high levels of organics. 

This is typically associated with low pH and methane content. At this stage leachate 

often contains high concentrations of soluble compounds along with increasing levels 

of ammonia and heavy metals. Even small quantities of leachate pose a significant 

environmental risk (EA, 2001).

During methanogenesis, the BOD/COD ratio drops to below 0.1 and pH rises to 

neutral or slightly alkaline (Ehrig, 1989). Overall concentration drops but high 

concentrations of certain compounds such as ammonia persist (EA, 2001). Typical 

composition o f  leachate from both acetogenic and methanogenic landfills is presented 

in Table 2.2 given as mean values presented in Waste Management Paper 26B (DoE, 

1995). Stantom, et a l,  (2004) present findings of the temporal changes observed in 

leachate samples from a municipal waste landfill in the USA. They report a general 

declining trend in major ion chemistry along with short term variations potentially 

linked to seasonal variation.
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Determinand1 Acetogenic2 Methanogenic2
pH 6.73 7.52
COD 36,817 2,307
BODs 18,632 374
Ammoniacal Nitrogen 922 889
Chloride 1,805 2,074
TOC 12,217 733
Alkalinity 7,251 5,376
Conductivity (pS/cm) 16,921 11,502
Nitrate 1.80 0.86
Nitrite 0.20 0.17
Sulphate 676 67
Phosphate 5.0 4.3
Sodium 1,371 1,480
Magnesium 384 250
Potassium 1,143 854
Calcium 2,241 151

1 Values in mg/1 except pH and conductivity
Mean values

Table 2.2. Typical composition of leachate from a methanogenic and acetogenic 
landfills (DoE, 1995).

2.7.3 Water Balance Calculation

The water balance calculation provides a volumetric estimation of the amount of 

leachate produced by an individual landfill based on the site characteristics (hydraulic 

conductivity of cover material, age of site) and the meteorological regime of the 

surrounding area (intensity and distribution of rainfall and potential evaporation). At 

the design stage, a waste balance calculation determines the likely leachate production 

and consequently the drainage requirements and design for the landfill. Leachate head 

and discharge rates also effect the degree of leakage from the liner and the overall 

environmental impact of the proposed landfill (Peyton and Schroeder, 1993).

Figure 2.3 shows the pathways available to precipitation incident on the waste mass. It 

is based on the concept of conservation of mass, where the volume of water entering 

the site is equal to the volume leaving the site plus or minus the change in water 

storage. The proportion of the water either infiltrating the waste mass, forming runoff 

or being stored in the waste influences the volume and quality of the leachate and 

surface runoff generated. In fully capped landfill sites the surface run off is monitored 

but treated as clean water, whereas in uncapped sites, or areas of sites, all water
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coining into contact with the waste is considered to be leachate and requires further 

treatment as outlined in the appropriate site licensing documents.

The situation outlined in Figure 2.3 identifies the key aspects of water distribution 

within a landfill. The precipitation incident on the waste mass will either evaporate 

back into the atmosphere, be converted into surface run off or percolate into the waste 

mass. The proportion of the water reaching the subsurface will then either drain 

laterally through the cover material, evaporate from the surface or via plants due to 

evapotranspiration or percolate through the cover material into the waste mass. Once 

in the waste mass it can than either be stored in the waste mass, discharged via the 

leachate management systems or leave the waste mass through the base of the landfill.

Reports from active landfills (Canziani and Cossu, 1989) indicate that the maximum 

leachate production rates occur towards the end of winter and spring, apparently 

indicating the significance of evapotranspiration in the summer months to reduce the 

degree of infiltration into the waste mass.
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Figure 2.3. Pathways for infiltration of meteoric water in to waste mass of a capped 
site. After Koemer and Daniel (1997).
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2.8 E n viro n m en tal  Im p a c t  of  Landfilling

The design of landfill liner and management systems is such that the impact on the 

surrounding environment is minimised. However, even the best engineered systems 

will have a negative impact on environmental quality. Failure of engineering systems 

with time also means an increased likelihood of environmental contamination as the 

waste mass ages. The surrounding environment is considered at risk from the direct 

escape of the waste or from the uncontrolled release of leachate or landfill gas.

2.8.1 Groundwater Contamination

The groundwater system is most at risk in areas of shallow water tables and high 

rainfall. Historically, many sites were designed on the principle of dilute and disperse 

where leachate was free to drain into surrounding groundwater systems. Whilst the 

majority of research into leachate plumes concentrates on these older sites and those 

in sensitive areas, containment sites also commonly show evidence of leachate 

contamination of the groundwater in the form of leachate plumes.

Contamination of the groundwater by pollutants derived from the landfill waste mass 

and its decomposition products will occur either due to escape through the base of the 

landfill into the surrounding aquifers or through contaminated surface run off 

infiltrating into the ground.

Once in the groundwater system, the pollutants will lead to elevated levels of 

individual contaminants and changes in the environmental characteristics such as 

biological and chemical oxygen demand and levels of suspended solids. The 

pollutants generally form a contaminant plume beneath the landfill cell, elongated in 

the direction of groundwater flow (Deutsch, 1997). The leachate released from the 

base of the landfill is low in dissolved oxygen due to anaerobic decomposition of the 

waste mass. Once released, the oxygen levels in the leachate increase and the 

chemical concentrations are diluted creating changes in redox conditions within the 

leachate plume (Christensea et al., 2001). The key trends in contaminant plume 

characteristics are shown in Figure 2.4. As the plume advances three sections can be 

identified, the inner core is very similar to the source of pollution, the diluted
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advancing front forms the active zone where attenuation of contaminants occurs in the 

surrounding wall rock and the neutralised zone on the outside which has similar 

characteristics of the unaffected groundwater (Daniel, 1993b). Tuxen, et al., (2006) 

identified steep vertical gradients in electrical conductivity and concentrations of 

chloride and oxygen across a leachate plume. Conductivity and chloride 

concentrations were elevated whilst oxygen levels fell with respect to uncontaminated 

groundwater. These gradients occurred at a small (<lm) fringe at the edge of the 

plume. It is at the fringe of the plume where the natural attenuation processes are most 

significant.

Waste Mass
>ch4
co2co2

c h 4
Direction of 
Groundwater Flow FeS,

(g) HS

NH4 Mn:
FeCO,

Fe5
MnCOj

Fe(OH),

Figure 2.4. Chemical characteristics of contaminant plumes beneath a typical landfill 
site (Deutsch, 1997).

With sufficient dilution, the contaminant levels in groundwater will reduce to 

acceptable levels, however, the distance from the site at which this dilution is reached 

is a factor o f the aquifer characteristics. Any receptors or groundwater abstraction 

points close to the site require protection from the possible pollution. Water samples 

taken from the wells allow for changes in contaminant concentration to be monitored. 

Leachate plumes may also be detected due to increases in groundwater temperature 

directly down gradient o f the site as the degradation process releases energy 

(MacFarlane, etal., 1983).
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Most contamination plumes are narrow and do not exceed the width of the landfill 

(Christensen, et al., 2001) indicating advection is the primary method of mass 

transport. The natural attenuation capacity o f the surrounding sediment may limit the 

effects of the plume to an area generally less than 1000m in length (Christensen, et 

al., 2001).

2.8.1.1 Mass Transport of Contaminants

Transport mechanisms in groundwater are controlled by mass transport equations 

dominated by advection, diffusion and mechanical dispersion, all of which adhere to 

the law of conservation of mass. Advective processes, controlled by groundwater 

flow, dominate the transport in the majority o f situations and only when the hydraulic 

gradient and groundwater flow are negligible does diffusion play a key role in the 

distribution of contaminants (Schwartz and Zhang, 2003).

Advection

Advection describes the transport of solutes in groundwater with the flow of water. In 

general it forms the main process for carrying dissolved mass in the groundwater 

system. The direction and speed of the transport of solute is therefore determined by 

the Darcy equation. (Fetter, 1993);

v
X

K ^ d h  
ne dx

Equation 2.3

Where

ne

dh

dx

groundwater velocity in x direction 

hydraulic conductivity in x direction 

effective porosity

hydraulic gradient in x direction

In terms of mass transport, the mass flux can be described as (Fetter, 1993);

Equation 2.4
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Where

Fx = mass transport due to advection

v, = average linear velocity of groundwater flow

ne = effective porosity

C = concentration

Diffusion

The diffusion of contaminants occurs in response to the presence of a concentration

gradient between two points. The process is controlled by Brownian Motion (Todd

and Mays, 2005), where the rate of diffusion is proportional to the concentration

gradient. The behaviour of the contaminants is governed by Fick’s Law (Equation

2.5). The negative sign indicates that the motion is from an area of greater

concentration to one of lesser concentration.

dC 
dx

Equation 2.5

= -D .

Where

Jdif = mass transport due to diffusion

Dm = proportionality constant for molecular diffusion

dx
concentration gradient in x direction

The proportionality for molecular diffusion is created by the random molecular 

movements of molecules due to their inherent kinetic energy. For diffusion in 

sediments Fick’s Law can be simplified in terms of Mass Flux into Equation 2.6.

. dC
J m -  - n eD  ----  Equation 2.6

dx
Where

Jdif = mass transport due to diffusion

nc = effective porosity

D* = effective diffusion coefficient

dC
dx

concentration gradient in x direction
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The effective diffusion coefficient is measurable for known sediments and includes 

factors for the tortuosity of the travel path in porous material and proportionality 

constant for molecular diffusion.

Mechanical Dispersion

Mechanical dispersion occurs when a contaminated body of water mixes with an 

uncontaminated one (Todd and Mays, 2005) and is caused by non-homogeneous 

materials in groundwater aquifers. Local variations in the porosity and grain size of an 

aquifer lead to the local variations of groundwater velocity. This causes mechanical 

dispersion of the contaminant linked to the advective flow of the water body as a 

whole (Schwartz and Zhang, 2003). Mechanical dispersion is more dominant in the 

direction of groundwater flow than in the vertical system, where diffusion is likely to 

dominate.

Dispersion

Dispersion is the combined effect of diffusion and mechanical dispersion and can be 

considered as a moving front of contamination with a different concentration to the 

surrounding groundwater body. Advection is the dominant influence on the transport 

of groundwater contamination but the force of dispersion leads to lateral spreading of 

the contamination not caused by advection alone. It is the combination of processes 

that creates characteristic plumes of contamination that tend toward normal 

distribution of contaminants across the plume (Schwartz and Zhang, 2003) in all three 

directions. The direction where advection dominates (predominant direction of 

groundwater flow) generally shows the most elongated pattern of dispersion.

2.8.1.2 Natural Attenuation

The attenuation of pollution uses the natural properties of the surrounding media to 

inhibit the transport of pollutants. The same concepts are commonly utilised in 

artificial techniques for groundwater remediation. The natural attenuation techniques
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are responsible for minimising the transport of pollution and creating localised areas 

of pollution (Todd and Mays, 2005).

Filtration

The filtration of solid particles by porous media is a function of pore size and overall 

porosity. It removes suspended solids from the groundwater, but since landfill liners 

are designed to have a low porosity the level of suspended solids escaping from the 

landfill site is likely to be minimal. Filtration can also help to remove the products of 

precipitation or flocculation occurring in the groundwater.

Sorption

Sorption relies on the natural charges present on the surface of clay particles and acts 

as a major mechanism for the retention of pollutants. Pollutants in the groundwater 

system are adsorbed onto the surface of minerals such as clays and are held there 

though electrostatic forces. The amount of pollutant retained in this way is dependant 

on the affinity of the element to be adsorbed. It is also finite and the pollutants are 

likely to be released if a change occurs in the chemical environment such as pH and 

redox potential or chemical concentrations. This means that at the end of the anoxic 

period of decomposition contaminants may become remobilised. Ion exchange 

between adsorbed contaminants may lead to the release of previously immobilised 

contaminants if the concentration of an ion with a higher adsorption affinity increases.

Chemical Precipitation

The precipitation and dissolution of naturally occurring minerals and those derived 

from contaminants are controlled by the surrounding environmental factors such as 

pH and redox potentials, both of which are altered by the degradation of organic 

matter within a landfill. The anoxic environment beneath a landfill generally has a 

low pH and is highly reducing, leading to the increased solubility of elements such as 

iron and manganese, the levels of which are typically below 0.1 mg/1 in unaffected 

aquifers (Deutsch, 1997). These levels will rise in the reducing environments, but 

once the polluted groundwater has been diluted by the influx of unaffected
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groundwater these levels should return to normal due to the precipitation of iron and 

manganese minerals.

Dilution

The dilution of contaminants is a reflection of not only the dispersion of the 

contaminants through transport processes but also the mixing of polluted water bodies 

with the surrounding, unpolluted groundwater. If there is no immediate receptor in the 

vicinity of the pollutant source, sufficient dilution can be used to reduce the levels of 

contamination to below acceptance criteria where no further action is required.

Microbial Decomposition

Organic pollutants in groundwater will undergo natural decomposition due to 

microbial activity within the groundwater. Simple, short chain organic compounds 

will be most readily degraded with more complex long chain compounds persisting 

for longer periods of time. The activity of bacteria will reflect the nature of the 

surrounding environment, with similar trends as those seen within the waste mass. 

Where oxygen levels are low directly beneath the landfill, the anaerobic bacteria will 

dominate producing methane and acetic acid as a by product. Where the water 

becomes diluted with the surrounding groundwater, dissolved oxygen levels will rise 

(Deutsch, 1997) and aerobic decomposition of the pollutants will lead to the 

production of carbon dioxide.

2.8.2 Landfill Gas Migration

The uncontrolled release of landfill gas can occur into the air or the underlying strata. 

Landfill gas can also be dissolved into the leachate system and be released into down 

gradient leachate plumes. The subsurface migration of landfill gas generated within 

the waste mass of a landfill site has a number of detrimental effects including air 

depletion in soils causing damage to vegetation, the build up of flammable and 

explosive gases in confined areas, the risk of asphyxiation and associated odour and 

health risks (Campbell, 1989). Methane is explosive when at levels of between 5% 

and 15% in air (Nastev, et al., 2001). Landfill gas is released from the site via the
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surface and through the lining material into the subsurface where fissures in the 

underlying strata act as conduits and allow long distance migration of landfill gas. 

This is especially important in areas of mining where artificial conduits increase the 

likelihood of landfill gas migration.

The migration off site is caused by pressure gradients both within the waste mass and 

with the surrounding strata and atmosphere (Nastev, et a l, 2001). The off site 

migration is therefore controlled by the volume of gas produced on site, the 

management systems in operation and the porosity of the surrounding media. Lateral 

migration within the waste mass, caused by compaction processes and daily cover 

methods also increases the build up of pressures around the edges of the waste mass 

favouring off site migration. Atmospheric fluctuations also influence the rate of 

landfill gas migration. Periods of high atmospheric pressure lead to reduced levels of 

emissions and conversely periods of low atmospheric pressure favour landfill gas 

migration from the waste mass (Nastev, et al., 2001). As with leachate migration, 

landfill gas will migrate though liner and capping systems due to Darcian flow but 

due to the lower viscosity of gases the flow will be increased, however gas pressure 

gradients tend to be reduced from those of leachate (DoE, 1995). Landfill gas will 

also pass through liners as a result of diffusion. Ward, et a l , (1996) indicate that 

natural attenuation processes, principally oxidation of methane, will mitigate low 

level emissions with increasing distance from the site.

The migration of landfill gas can be minimised through both passive and active 

methods. The use of extraction trenches that allow passive venting of subsurface 

landfill gas are useful for sites that have relatively low production rates and shallow 

depths of waste disposal (Tchobanoglous, et al., 1993). Active systems involve the 

removal of landfill gas either from on site gas wells or from monitoring wells outside 

the limits of the waste mass.

2.8.2.1 Air Quality Considerations

Landfill gas emissions from landfill sites can cause a public nuisance linked to odours 

and potentially hazardous gases released from the waste mass. Well managed removal 

systems should control the emission of gases at hazardous concentrations, but
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components such as hydrogen sulphide, VOC and trace gas content of the landfill gas 

are of special concern where local residents are living in close proximity of the 

landfill site.

2.8.3 Surface Water Contamination

Surface water contamination will occur the after release of leachate or contaminated 

surface runoff reaches surface water bodies such as streams and lakes. The initial 

effects will be to raise the biological and chemical oxygen demand of the water and 

increase the concentration of suspended solids in the water body. Organic matter and 

ammonia both exert an oxygen demand on surface waters (Barlaz, et al., 2002). 

Releases from landfill sites tend to be short lived and infrequent. However, damage 

can be caused to local water resources with a resultant decrease in population 

densities of some sensitive organisms. Regular monitoring of surface water quality 

provides a background quality assessment but may miss individual pollution events 

and short duration releases.
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2.9  E n viro n m en tal  M onitoring

The regulatory framework for waste disposal requires suitable degrees of 

environmental monitoring to ensure the landfill site is not having an adverse effect on 

the surrounding environment. Monitoring regimes are outlined on a site specific basis 

and are controlled by the regulatory authority, the Environment Agency.

2.9.1 Basic Monitoring Requirements

The basic monitoring requirements are outlined in the Working Plan for each site 

designed to comply with current legislation. The minimum monitoring requirements 

for landfill sites in England and Wales are set out in Schedule 3 of the Landfill 

(England and Wales) Regulations 2002. The basic requirements are outlined in Table 

2.3.

Frequency of Sampling Number of 
Monitoring 

PointsOperational
Phase After Care Phase

Leachate Volume Monthly Every Six Months 1 per point of 
dischargeComposition Quarterly Every Six Months

Surface Water Quarterly Every Six Months 1 up stream 
1 down stream

Groundwater Level Every Six Months Every Six Months 1 up gradient
2 down gradientComposition Site Specific Site Specific

Landfill Gas Monthly Every Six Months 1 per section of 
landfill

Topography Site Structure Annually N/A
N/A

Settlement Annually Annually

Table 2.3. Minimum monitoring requirements for landfill sites based on Schedule 3 of 
the Landfill (England and Wales) Regulations 2002.

Whilst the legislation outlines minimum requirements actual monitoring regimes are 

likely to be more comprehensive than the values given above. Monitoring locations 

will be chosen to represent the sensitivity of the surrounding area, type of waste being 

deposited and the nature of the surrounding environment and industry. Monitoring 

programmes are designed on a risk-based approach (EA, 2001) to provide an early 

warning system for pollution. The monitoring system should remain in place until the 

surrender of the waste management licence. Samples are collected for analysis against 

a suite of compounds outlined on a site by site basis. In the case of landfill gas these

Sarah R A Ling 51



Chapter 2 Research Context

are the major components of the gas including methane, carbon dioxide, oxygen and 

nitrogen as well as additional gases such as hydrogen sulphide and VOC’s. For 

leachate, groundwater and surface water samples the analysis suite will include the 

major components of leachate and natural waters such as physio-chemical indicators 

and major ions (EA, 2001) including List I and List II substances. Biological 

measurements may also be taken.

When analysis suites are being outlined respective trigger values must also be 

determined. These values indicate at which point a sample is deemed to have 

exceeded suitable levels for a specific component and further action is required 

(Leeson, et al., 2003). These trigger values require constant re-evaluation with respect 

to the risk assessment of the site and potential developments including ageing of the 

waste mass.

2.9.2 Additional Monitoring

Basic monitoring regimes are designed to act as a method of identifying failures in 

management systems and contamination of the surrounding environment. Once a 

contamination event has been identified, further monitoring may be required. 

Geophysical techniques enable non-intrusive visualisation of leachate contamination 

which can be coupled to geochemical sampling from fixed monitoring points 

(Martinho and Almeida, 2006, Mota, et al., 2004, Olofsson, et al., 2006). Commonly, 

groundwater conductivity is measured using geophysical techniques with dissolved 

contaminants increasing the electrolytic characteristic of the groundwater. Key 

methods include electrical resistivity and electromagnetic methods, both systems 

depend on the leachate plume being more electrically conductive due to increased 

levels of dissolved contaminant (Lopes, et al., 2006). The identification of leachate 

plumes down gradient of the site can also be resolved to identify the approximate 

location of liner failures causing groundwater contamination (Mota, et al., 2004).

Chloride is a key ion in landfill leachate and generally follows groundwater flow; 

therefore chloride and conductivity are among the most common chemical analyses in 

groundwater monitoring (Olofsson, et al., 2006).
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2.10 Cl o se d  La n d f ills

The closure of a waste disposal site is part of the operational process and is controlled 

by legislation relevant to the site. Before a site can be officially closed a closure plan 

must be submitted outlining the future plans and provisions for the site. After the 

closure of a site the licensing documents for the site still remain in place and will 

control the after care requirements. Financial responsibility for the site resides with 

the operators at the time of closure and financial provisions must be outlined as part of 

the closure plan. These costs should cover the capping and remediation of the site and 

the continued monitoring until the site is no longer a potential risk. European 

guidance sets the aftercare period at a minimum of 30 years whilst in some countries, 

such as the Netherlands (Diaz, 2006) the monitoring period remains indefinitely. A 

modem approach to landfilling is to aim for sustainability such that the need for 

aftercare is not passed onto the next generation (IWM, 1999).

2.10.1 Remediation and Restoration

The main aim of landfill closure is the final remediation of the site and release of the

ground for future use. The primary aspect and initial phase of restoration is the 

installation of a landfill cap to control water ingress into the site and prevent access to 

the waste mass. The responsibility of monitoring and maintenance exists until 

completion criteria are met such as (Waste Management Paper 4);

• the site is stable,

• and is free of continuing discharges that require active site 

management.

The point at which these conditions are met are determined on a site by site basis.

2.10.2 Post Closure Trends in Environmental Impact

In dilute and disperse sites, the long term trends in environmental impact can be

expected to be a slowly decreasing level of groundwater contamination and landfill 

gas production. Management systems in place during the operational phase should be 

sufficient to monitor the changes occurring to the surrounding environment. Leachate 

quantity should decrease gradually after capping because rainwater is no longer
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adding to leachate generation (Lopes, et al., 2006). The use of lining and capping 

systems generally extend the life of the waste mass such that monitoring regimes 

require being in place for longer lengths of time. The efficiency of drainage media and 

lining systems are likely to reduce with time and geomembranes used as lining and 

capping systems will lose efficiency. Whilst defect-free geomembranes are 

impossible, post installation failures caused by subsidence, penetration of waste and 

other environmental stresses, including degradation caused by leachate will become 

more significant (McQuade and Needham, 1999). Ammonia persists in landfill 

leachate as there is no mechanism for its biodegradation in anaerobic conditions. It 

has been therefore suggested that ammonia posses the most significant long term 

pollution problem (Barlaz, et a l , 2002).

2.10.3 Landfill Cap Performance

A properly installed and maintained landfill cap and associated management systems 

should provide adequate protection to the waste and minimise the ingress of water and 

release of leachate and landfill gas. Studies show (Barlaz, et a l , 2002) that leachate 

production is reduced by 75% one year after the installation of the cap, 90% after 2-4 

years and was negligible after 9 years. The results are obtained from several sources 

and time scales are irrespective of basal liner systems.

Long term performance of capping systems is hard to determine but can be aided by 

regular maintenance and monitoring. Subsidence of the waste mass and erosion of the 

cover layers will reduce the integrity of the liner system. Soil capping systems with no 

geomembrane liner are prone to cracking in dry weather increasing permeability and 

rainwater intrusion. Other studies (Albright, et a l , 2004) concentrate on water ingress 

through the capping material and on its overall stability. However, very few studies 

are available on the impact on groundwater quality or leachate levels in active sites 

after the installation of capping materials. A number of remediation case studies are 

reviewed in Section 2.11.
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2.11 R e m e d ia t io n  C a s e  S t u d ie s

A number of research projects have been carried out to monitor the changes to a 

landfill site during remediation processes. Not all of these sites become non- 

operational during the remediation and the term remediation can apply to a large 

number of operations. Overviews of a number of remediation case studies are given 

below.

2.11.1 Dyer Boulevard Landfill, Florida, USA

The study conducted by Stantom, et dl., (2004) outlines the assessment of 12 years 

worth of leachate quality data obtained from a landfill cell. Dyer Boulevard Landfill is 

located in Florida, USA with a semi-tropical climate. The site was operational from 

1968 to 1992 with a series of smaller complexes at different stages of development 

and with varying engineering approaches. The cell studied here was lined and 

operational from 1984-1990. The basal liner consists of a single PVC liner with a 

leachate collection system. Closure of the site was completed in December 1992 and 

included the installation of a 20mm PVC liner over the top surface of the landfill 

covered by approximately 46cm of sand and 15cm of locally derived soils over the 

top and side flanks. The site contains approximately 327,000 metric tonnes of 

municipal waste.

The analytical results of the leachate cover the period December 1988 to May 2001. 

The key findings indicated the major components (alkalinity, chloride, sodium and 

ammonia) all showed general increases in concentration during the initial stages of 

sampling (active landfilling) with a general decrease in concentrations once the site 

was closed and sources of fresh waste were removed. Components such as BOD and 

COD, whilst not showing marked increases or decreases in values, did exhibit a 

reduction in the amplitude of their fluctuation indicating the conditions within the 

waste mass were becoming more stable.

Some correlation between rainfall prior to sampling and leachate quality was 

identified. For chloride concentrations, this is a positive correlation to rainfall prior to 

closure indicating the flushing of relatively fresh waste releasing readily soluble
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chloride. After closure the correlation becomes negative, potentially due to the 

absence of a plastic liner at the sides of the waste mass and the diluting effect of 

infiltrating rainwater. Some elements did show an increase in concentration after 

closure including iron and manganese. This can be explained by changes in redox 

conditions mobilising species of these elements. After the installation of the cap the 

infiltration of oxygen rich rainwater is significantly reduced or removed. Without the 

introduction of oxygen, the conditions within the waste mass are likely to become 

more reducing. This paper provides a concise assessment of temporal trends in 

leachate quality after closure but fails to make an assessment of changes in 

groundwater or environmental impact of the site.

2.11.2 Arpley Landfill Site, Cheshire

Arpley landfill site is located on the banks of the River Mersey, near Warrington in 

Cheshire. The site opened in 1988 and at the time of the remediation was still 

operational. The site is large and is set in 130 hectares of land. It continues to receive 

800,000 tonnes of waste per year. The remediation process and its impact are outlined 

in Robinson, et al., (2003). During a period when the site saw a change of 

management leachate levels within the waste mass were 8 metres above the 

compliance level of 1 metre leachate head on the liner. Tipping in the site had taken 

place in 3 main phases, each with a different degree of lining and basal drainage 

reflecting changing legislation during construction of each phase. High levels of 

leachate and the absence of high specification capping was also impacting on the 

generation and extraction of landfill gas.

The installation of leachate pumps as well as a dedicated pneumatic leachate 

collecting system facilitated the removal of 120,000 m3 of leachate at the time of 

reporting (less than 2 years after initiation), 60,000 m3 in the first 8 months. 

Combined with progressive capping of competed areas, leachate heads in all phases 

were considerably reduced to levels close to the compliance level of 1 metre or within 

compliance within a time frame of approximately 2 years. The site also installed a 

comprehensive treatment plant for the remaining leachate generated allowing the final 

effluent to be discharged to local surface waters.
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2.11.3 Stangate East Landfill, Kent

A detailed 16 year study of conditions beneath an “attenuate and dilute” landfill are 

described by Robinson, et al., (1999). Stangate East landfill site was designed with an 

attenuation blanket made from locally sourced natural soils (a mix of calcareous sand 

and silt). Permeability values for the basal blanket were in the region of 2 x 10'9 m/s. 

The aim of the project was to monitor the generation of leachate and its migration 

through the attenuation layer. The site was constructed in a void space left by 

quarrying a sandy limestone, tipping took place from 1981-1988 of predominantly 

municipal waste with a 30m waste profile. The site was progressively capped with 

locally derived soils with lysimeters installed below the cap to monitor infiltration 

rates. Results from the lysimeters indicate a low level of surface runoff and the waste 

mass was eventually capped with a synthetic material.

Monitoring of the attenuation layer at varying depths highlighted the breakthrough 

curve of the conservative ion chloride appearing first with delayed responses from 

non-conservative species such as ammoniacal nitrogen and potassium. Leachate is 

detected in both groundwater monitoring boreholes and in the local water course. In 

terms of the latter, leachate contamination was detected by increased levels of tritium1 

in the water whilst other leachate components (chloride and ammoniacal nitrogen) 

remained at background levels. The paper highlights the need for understanding of 

leachate migration even in sites with relatively low levels of leachate head 

(approximately 0.5m above the basal liner). It also highlights the importance of the 

natural attenuation properties of soils in remediating leachate migration through the 

low permeability liner.

2.11.4 Ferry Road Landfill, Cardiff, South Wales

Cherrill and Phillips, (2004) report the remedial actions undertaken to reduce the 

environmental impact of the Ferry Road landfill after a change in hydrogeological 

setting. The site was designed as a dilute and disperse waste disposal site and operated 

from 1971 to 1994, receiving municipal waste from the city of Cardiff. During the

1 leachate is characterised by elevated levels of tritium with respect to the natural 
environment
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impoundment of Cardiff Bay groundwater levels beneath the site increased and 

remedial action was required to mitigate the discharge of leachate and landfill gas into 

the impounded water.

The site was initially located in the river channel left after the meander of the River 

Ely was shortened. The site is underlain by alluvial deposits which provide a 

relatively impermeable barrier to the alluvial gravels below. During investigations it 

was identified that the river channels had cut through the alluvium, hydrogeologically 

connecting the landfill and the high permeability alluvial gravels that discharge into 

the Rivers Ely and Taff. A high hydrogeological gradient existed in the gravels and 

regular flushing by the tidal influence provided sufficient dilution to avoid further 

remediation. However, as part of the impoundment of Cardiff Bay, previously tidal 

regions lost the variation in groundwater levels and hydrogeological gradients in the 

gravels were greatly reduced. As a result remedial action was undertaken to minimise 

the volume of leachate entering the alluvial groundwater system. The key aspects of 

remediation were;

- Reactivation of some areas at the flanks of the landfill and deposition in a new 

containment cell on the top of the site under a new Waste Management Licence.

- Capping of the original waste mass with a low permeability cap.

- Installation of a cut off wall down gradient of the site to prevent leachate 

migration through localised made ground.

- Installation of leachate pumping wells to maintain leachate levels just below the 

pieziometric head present in the alluvial gravels.

- Installation of gas extraction and flaring / generation plant to remove the passive 

venting of landfill gas into the sub-strata and atmosphere.

The conceptual model presented by Cherrill and Phillips, (2004), including the main 

aspects of the remediation are shown in Figure 2.5.
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Figure 2.5. Conceptual Model of Ferry Road Landfill Site showing implemented 
remediation techniques. From Cherrill and Phillips, (2004).

The aims of the remediation were to reduce infiltration rates, whilst maintaining 

moisture content within the waste mass and achieve low levels of leachate head. By 

keeping levels in the leachate wells to below the pieziometric head of the gravels 

creates a local hydrogeological gradient towards the landfill, minimising leakage to 

the surrounding strata and the now non-tidal Cardiff Bay which became more 

sensitive to environmental contamination once the regular flushing from tidal 

influence was removed. After the engineering works were completed the site was 

landscaped and as part of a larger remediation project is now located in an area of 

retail parks and open spaces.

2.11.5 Check!ey Landfill Site, S taffordshire

Checkley Landfill Site is located in Staffordshire and was operational from 1989 to 

1995 (Higgins, et a l., 1997). The site is approximately 4 hectares in size and received 

predominantly domestic waste. Prior to the remediation, leachate breakouts and 

landfill gas migration were evident, side slopes were steep and the site was uncapped 

with landfilled waste evident at the surface with high levels of infiltration. Monitoring 

indicated localised methane migration into the sub-strata and limited migration of 

leachate. Remedial action included;

- Installation of additional leachate pumping wells

- Re-profiling of the site to aid surface water drainage

- Comprehensive capping

-Installation of additional landfill gas extraction wells
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- Installation of a bentonite cement slurry wall with integrated HDPE membrane 

to minimise landfill gas migration.

Whilst no monitoring data is available for the changes in environmental impact of the 

site, this high level engineering approach to the site will ensure both the exclusion of 

infiltration and minimise off site migration of both landfill gas and leachate.

2.11.6 Summary

The case studies above outline the wide range of technologies available for the 

remediation of waste disposal sites and the monitoring of their environmental impact. 

Within the European and North American setting remediation techniques range from 

pro-active leachate extraction and treatment systems to the implementation of natural 

attenuation. One notable observation indicates a lack of a “whole system” approach 

with individual studies concentrating on specific aspects of remediation and long term 

monitoring. Current emphasis on sustainability would highlight the need for a 

comprehensive approach taking into account not only changes in terms of waste mass 

but also considering the impact of those changes on the wider environment.
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CHAPTER 3 DESK STUDY

REVIEW

3.1 Desk  S t u d y

3.1.1 S ite Location
Nant-y-Gwyddon Landfill Site is situated on Mynydd-y-Gelli and Llwynypia 

Mountain, an area of high ground above the Rhondda Fawr Valley, at National Grid 

Reference (NGR) SS 980 940. It is situated 1.7km north west of the centre of 

Tonypandy the nearest settlements are Gelli 500m to the north and Clydach Vale 

700m to the south. The flanks of the hillside slope steeply to the base of the valley to 

the north, south and west. To the west the land rises towards Mynydd Bwllfa. A site 

location plan is shown in Figure 3.1. Figure 3.2 shows the area surrounding the site, 

highlighting the densely populated valley floor.

Nantygwyddon Landfill Site

LWYN>̂ tA_
-

Site Boundary

Extent of Landfill

Figure 3.1. Site Location Plan
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Figure 3.2. View north-west from Nant-y-Gwyddon access road overlooking the 
communities of Gelli, Ton Pentre and Treherbert.

3.1.2 Site Description

The waste disposal site was established in a natural depression in the hillside at the 

head of the Nant-y-Gwyddon (Encia, 2004). The depression was lined and a bund 

constructed across it to allow the development of a waste disposal site. The base of 

the containment cell is believed to be at an elevation of 320m above ordnance datum 

(AOD) with the final capping surface at a maximum elevation of 359mAOD. The site 

ceased waste disposal in March 2002 and final capping was completed in the autumn 

of 2005. The site was designed in two phases and due to the early closure only Phase 

One received waste. Phase Two was fully engineered but as part of the remediation 

and final capping of the site the lining system was removed and the area re-profiled.

The land immediately surrounding the site is predominately scrub land with areas of 

colliery spoil waste and exposed bedrock. The site offices and flare stack are located 

at the top of the access track in the north of the site. Gelli Spoil Tip Number 232 from 

the Gelli Colliery is located in the north east of the site. Outside the site boundaries 

the land is mainly forestry commission plantations and pasture land. The Hen Dr’er
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ring platform and cairns lie to the north of the site and are recorded as Bronze Age 

Ancient Monuments. A cross section through the waste mass based on final capping 

profiles through northing 4000 is shown in Figure 3.3.

3.1.2.1 Site Access

The main entrance to the site is via the metalled road from the B4223 running through 

the community of Gelli. The road is dedicated for site use only and has locked gates at 

the base of the road adjacent to the civic amenity site. The site boundary is marked by 

secure metal fencing.
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3.1.3 Site History

3.1.3.1 Waste Disposal History

The Nant-y-Gwyddon Landfill Site is a waste management facility licensed under the 

Waste Management Licensing Regulations 1994. The site started receiving waste in 

the late 1980’s and continued until its closure in March 2002. The site contains two 

fully engineered phases with Phase One the only one to receive waste. Waste disposal 

was ceased approximately 9 years before the anticipated completion of the waste 

mass. Approximately 1.4 million cubic meters of waste are present in Phase One with 

the waste mass built as a land-raise approximately 30m above surrounding areas 

(Encia, 2003).

A time line of key events is given below and is compiled from data given in Purchon, 

(2001) and Encia, (2004).
/ I t5 September 1983: Planning permission granted for new landfill site.

16th June 1987: Licensing regulations for the site approved.

27th September 1988: Site officially opened.

5th March 1995: Waste Management License is granted to Rhondda Waste 

Disposal Limited by Rhondda Borough Council.

May 1995 onwards: Calcium sulphate waste accepted.

31st January 1997: Waste Management licence altered so as to prohibit the 

receipt of any further calcium sulphate waste.

8th May 1998: Waste Management licence altered to require capping, leachate 

control and landfill gas management systems.

23rd September 1999: Waste Management licence transferred to Amgen 

Rhondda Limited. 

l(fh March 2002: Landfilling on site ceased.

April 2005: Final capping and restoration begins.

August 2005: Complete containment of the waste mass is achieved.

Waste Intake

During its operational phase Nant-y-Gwyddon received a mixture of waste from 

household, commercial and industrial sources. The disposal of hazardous, special or
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difficult wastes was prohibited. The waste mass contains approximately 1.4 million 

tonnes of waste deposited at an approximate rate of 100,000 tonnes per year (Encia,

2003). Municipal waste makes up 80% of the waste mass.

Between May 1995 and January 1997 the industrial waste also included a high 

proportion of calcium sulphate waste in the form of industrial filter cakes. This 

constituted between 10 and 11% of the waste intake of the site over this period (Encia,

2004). Data indicates that between March 1995 and February 1997, 29,664 tonnes of 

calcium sulphate waste was accepted by the site (Entec, 1998). The deposition of this 

waste caused the generation of large quantities of hydrogen sulphide gas and triggered 

public concern in the surrounding communities. The licensing terms for Nant-y- 

Gwyddon were altered to prohibit any further deposition of similar waste.

3.1.3.2 Historical Land Uses

The following information (Table 3.1) has been compiled using historical Ordnance 

Survey maps and other sources (Arup, 2000, Encia, 2004, Foulkes, 2000, Kearsey, et 

al., 1999) and presents an overview of the changes that occurred on site from 1877 

onwards.
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Date & Scale Description

1877

(1:2,500)

The land is predominantly shown as rough grazing land with a small 
number of enclosures. The head waters of the Nant-y-Gwyddon stream 
are shown in an area of land now covered by the landfill site.

1885
(1:10,560)

The hillside now shows a greater number of field boundaries and 
enclosures with an increase in the wooded areas on the flanks of the 
hillside. Four collieries have been established in the local area. Ton 
Colliery 850m to the west, Gelli Colliery 1km to the north, Llwynypia 
Colliery 1.4km to the south east and Bridringallt Colliery 1.6km to the 
north. The Taff Railway runs along the valley bottom and passes within 
1km of the site to the north. It is connected to the Gelli, Ton and 
Bridringallt Collieries via subsidiary railways and tramways.

1900/1901
(1:2,500
1:10,560)

Ton Colliery has been renamed Eastern Pit. Gelli Colliery has expanded 
and a small tramway now connects it to a series of quarries between 
500m and 700m of the site boundary. A number of coal adits and 
airshafts are now evident, one of which is an air shaft positioned close to 
the location of the current access road. A series of quarries are shown to 
the south east and south west of the site.

1919
(1:2,500)

No changes are shown.

1921
(1:10,560)

The impact of the mining industry has increased such that a number of 
spoil heaps and air shafts have appeared close to Gelli Colliery. 
Brookvale Colliery is now located 400m SE of the site as well as a small 
quarry within 50 m of the site linked to Brookvale Colliery via a tramway.

1938/1945
(1:10,560)

No changes are shown.

1962
(1:2,500)

A large spoil heap from Gelli Colliery lies adjacent to the northern 
boundary of the site with a disused tramway linking it to Gelli Colliery.

1965
(1:10,560)

A small spoil heap is now marked on site linked to Gelli Colliery via an 
aerial ropeway. Llywnypia Colliery, Bodringallt Colliery and Eastern Tip 
have now closed and are marked as disused. All quarries to the south 
and north of the site are now marked as disused.

1992
(1:10,000)

The current site boundaries are now all marked with evidence of the 
outline of the waste mass and a tank in the south eastern point of the 
site. The access road is also marked. Gelli Tips are marked as disused. 
The spoil heaps from Eastern Pit and Llwyn-y-Pia are now removed. 
Industrial estates have been built on the sites of the Gelli and Cambrian 
Collieries.

Table 3.1. Historical land uses for the area immediately surrounding Nant-y-Gwyddon 
Landfill Site.

Mining History

The Rhondda Fawr has been commercially mined since the 1860’s with four main 

collieries operational in the vicinity of Nant-y-Gwyddon Landfill Site (Encia, 2004).

Llwynypia Colliery Est. 1866

Gelli Colliery Est. 1869
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Cambrian Colliery Est. 1873

Eastern Colliery Est. 1873

The following seams were worked in the vicinity of the current landfill site.

No 2 Rhondda 

No 3 Rhondda 

Abergorki 

Pentre

Two Feet Nine 

Six Feet / Lower Six Feet 

Upper Nine Feet 

Lower Nine Feet / Bute 

Yard

Seven Feet 

Five Feet 

Gellideg

Most of the seams lie below the valley floor and were mined using shafts. In addition 

to these the No. 1 Rhondda Rider, No. 1 Rhondda and Daren Rhestyn Seams also show 

signs of adit mining primarily for domestic use. No. 2 Rhondda was worked from 

level entrances at Gelli and Blaenclydach (Arup, 2000). The majority of works took 

place before 1940 with the exception of the Cambrian Colliery which remained 

operational until 1962 (Encia, 2004).

The extent of the area utilised for coal extraction was limited by two factors. The 

limits set by the mineral leases and natural boundaries such as faults or natural 

thinning of the lenticular coal deposits. Adjacent to the eastern boundary of the site 

the Dinas Fault runs approximately NW-SE, a corresponding fault, the Cymer Fault, 

lies to the north east both of which would have formed a natural boundary to the 

extent of the mining in the direct vicinity of the site.

The historical legacy of the mining excavations will increase the risk of localised 

subsidence and provide conduits for groundwater flow and preferential pathways for 

transport of contaminants.
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3.1.4 Current Site Conditions

The site is closed and no longer receives waste. The entire waste mass has now been 

capped and the waste is fully contained. The unused area of Phase Two has been 

removed and re-profiled to include a surface water settlement lagoon. Leachate is 

currently collected via the leachate management system and discharged to the local 

sewer. Landfill gas is collected and is passed to a landfill gas engine for the 

generation of electricity. Environmental monitoring is ongoing.

3.1.5 H ydrology

On site records of rainfall indicate a long term average in excess of 1900mm per 

annum (Encia, 2004). Monthly variations in rainfall are shown in Figure 3.4 for the 

years 2003 to 2006. Data are not available for the period November 2004 to February 

2005.
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Figure 3.4. Monthly trends in rainfall recorded at Nant-y-Gwyddon Landfill Site for the 
years 2003 to 2006.

The monthly rainfall data presented in Figure 3.4 highlight the high levels of rainfall 

seen on site particularly during the winter months. However, it is also shown that high 

levels of rainfall are possible throughout the year.

Sarah R A Ling 69



Chapter 3 Desk Study and Engineering Review

The site is close to the watershed between the Rhondda Fawr and Clydach valleys and 

surface water run off is shed from the hillside via small streams including the Nant-y- 

Gwyddon, the head of which lies within the site boundary, and Cae Dafydd to the 

south of the site. Both of these streams form tributaries to the Afon Rhondda Fawr 

and are also contributed to by groundwater issues down slope. The Nant-y-Gwyddon 

Stream flows in a north to north easterly direction and it is joined by a number of 

smaller watercourses including one exiting the Gelli spoil tips. The confluence 

between the Nant y Gwyddon and the Afon Rhondda Fawr is located at NGR SS 988 

946.

The Afon Rhondda Fawr is the principal water course of the Rhondda Fawr valley 

and has an intense, short lived response to rainfall events (Encia, 2004). A long term 

average flow rate for the Afon Rhondda at Pontypridd (down stream of the confluence 

of the Rhondda Fawr and Rhondda Fach) is recorded as 19 cumsecs (BGS, 1986). 

Records from the Environment Agency indicate that the river meets quality standards 

both up and down stream of the confluence with the Nant-y-Gwyddon Stream. The 

land to the north west o f the site is marshy and a number of ponds are present at the 

boundary of the site in this area. Springs issue on the southern flank of the hillside at 

an elevation of approximately 330m AOD.

The surface runoff from the site is likely to be rapid due to minimal vegetation on the 

slopes. Prior to capping, rainfall incident on the temporarily covered waste mass was 

considered as contaminated and runoff was collected and disposed of along with 

leachate via the local foul sewer. On site, the rainfall incident on the permanently 

restored cap on the eastern flank of the site is discharged via settlement lagoons to the 

Nant-y-Gwyddon Stream.

3.1.6 Geology

3.1.6.1 Solid Geology

The site lies within the boundaries of the South Wales Coalfield. The Carboniferous 

deposits consists of a 5000m thick cyclical sequence deposited in a basin with 

prograding deltaic sediments and terrigenous detritus (George, 1970). The
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predominant lithologies in the region are sandstone, shale and coal measures. Figure

3.5 shows an extract from the geological map of the region.

Myndd-y-Gelli and Llwynypia mountain are made up of the Rhondda and Llynfi beds 

of the Westaphalian Upper Coal Measures, dominated by the Pennant Sandstone 

Formation (Barclay, et al., 1988). They are comprised of upwards coarsening 

mudstones, siltstones, sandstones and coal measures with associated seat earth 

deposits. From mining and borehole records it is shown that the beds maintain an 

approximately constant dip of between 5 and 7 degrees to the east (Arup, 2000, Encia, 

2004). The site lies within a down faulted block bounded by two north east -  south 

west trending faults, the Dinas Fault to the west and the Cymer Fault to the east. The 

Dinas fault runs adjacent to the western edge of the site and is reported to have a 

throw of 61m (C.L.Associates, 1998b).

The mineral deposits of the Rhondda Fawr, and the South Wales Coalfield as a whole, 

have been extensively exploited with large scale extraction in the valley bottom. The 

coal seams outcropping on the flanks of the mountain below the site have not been 

excavated on a large scale, although small scale adit mining is evident.

The geological strata below the site is shown in Figure 3.6 and can be divided into 

three sections, the beds above the No. 1 Rhondda Rider Coal Seam, the beds between 

the No. 1 Rhondda Rider to the No. 2 Rhondda Seams and those below the No. 2 

Rhondda Coal Seam. Descriptions are based on a number of references (Arup, 2000, 

C.L.Associates, 1998a, Woodland and Evans, 1964).
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Geology above the No. 1 Rhondda Rider Coal Seam

The geology is dominated by massive sandstones that cap the mountains above the 

Rhondda Fawr. They are reportedly (Arup, 2000) greater than 67m thick and contain a 

number of discontinuous siltstone bands up to 9m thick. The main siltstone bands 

occur 25m, 37m and 60m above the Rhondda Rider. Due to the topography of the site 

the 60m siltstone is not present across the whole site and the 25m siltstone is not 

believed to be persistent across the site. The siltstone band 37m above the No. 1 

Rhondda Rider is believed to be present in some form across the majority site and 

groundwater is retained above it. This groundwater formed the head waters of the 

Nant-y-Gwyddon before the construction of the site.

The No. 1 Rhondda Rider is the uppermost coal seam encountered below the site at an 

approximate depth of between 20 and 70 m below ground level (BGL) (Klinck and 

Trick, 2001) and outcrops on the northern flank of Mynydd-y-Gelli at an approximate 

height of 300m AOD (Encia, 2004). The seam is less than 0.5m thick and has not 

been commercially exploited.

Geology between the No. 1 Rhondda Rider and No. 2 Rhondda Coal Seams

These beds contain the coal seams of the No. 1 Rhondda, Daren Rhestyn and No. 2 

Rhondda, each of which are approximately 0.5m thick and are underlain by a 

sequence of mudstones and seat earths, approximately 10m thick below the No. 1 

Rhondda and 20m thick below the Daren Rhestyn. The coal seams are interspersed by 

sandstone beds up to 30m in thickness.

Geology below the No. 2 Rhondda

The No. 2 Rhondda Coal Seam marks the boundary between the Rhondda Beds and 

the underlying Llynfi beds (Woodland and Evans, 1964). The No. 2 Rhondda coal 

seam was extensively mined in the base of the valley. The remainder of the Llynfi 

Beds are dominated by several tens of metres of mudstone deposits.
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Figure 3.6. Geological Strata below Nant-y-Gwyddon Landfill Site. (Arup, 2000, 
C.L.Associates, 1998a, Woodland and Evans, 1964).
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3.1.6.2 Superficial Geology

The region was within the bounds of the last glacial extent and U-shaped valleys are 

typical of the region. Whilst previous site investigations have identified superficial 

deposits in the region of the head waters of the Nant-y-Gwyddon (Golder, 1999a), 

there are not believed to be any remaining glacial deposits below the containment 

facility (Encia, 2004) due to clearance before construction. Similar boulder clay 

deposits were identified below Gelli Tips (C.L.Associates, 1998a) and were described 

as dark grey to red brown angular gravel to cobbles in a matrix of silty very sandy 

clay up to 2.5m thick (Smith, 1997) overlying weathered sandstone deposits.

Localised peat deposits of insignificant thickness are known in areas where drainage 

is limited but all traces were removed during site preparation (Klinck and Trick, 

2001). Glacial sand and gravel deposits are found in the base of the river valleys and 

on the flanks of Mynydd-y-Gelli and Llwynypia Mountain (Arup, 2000).

3.1.7 H ydrogeo logy

3.1.7.1 Regional Hydrogeology

The site is located on a Minor Aquifer (Jones, et a l , 2000). The hydrogeology of the 

local region is described in the Hydrogeological Map of South Wales produced by the 

British Geological Survey (BGS, 1986). The map shows the site situated on the Upper 

Coal Measures of the South Wales Coalfield with the location of the landfill marked 

(Figure 3.7). The Upper Coal Measures contain massive sandstone beds which 

support large quantities of groundwater in multi layered aquifer systems divided by 

individual sandstone aquifers (Jones, et a l , 2000). Hydraulic conductivity between 

individual aquifers is provided by disturbances and subsidence caused by the 

extensive mining in the region. The porosity of the sandstones is generally low, in the 

region of 2%, with the permeability of the strata created by natural joints and fissures. 

Infiltration rates of up to 250mm/year provide the base flow to local streams with 

spring lines located at the base of the sandstone beds.

The response of the aquifer systems and springs to rainfall is rapid with 

characteristically flashy streams and rivers in the surrounding catchments.
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Groundwater velocities up to 570m/day have been recorded in the Upper Coal 

Measures in areas known to be influenced by tension zones. Borehole yields do not 

commonly exceed 51/s although adits and mineshafts may experience yields up to 

1001/s. Transmissivty values have been measured from 0.1 to 25m2/day, although the 

presence of mine workings are likely to have greatly increased the higher value.

3.1.7.2 Site Hydrogeology

The hydrogeology of the site is determined by the cyclical nature of the underlying 

geology. According to Environment Agency records the site is situated on a minor 

aquifer and overlain by soils with a low leaching potential (Encia, 2004).

The high permeability o f the Pennant Sandstone Formation allows rainwater to readily 

enter the groundwater system through surface infiltration. The limited primary 

permeability o f the bedrock is enhanced by fractures in the sandstone which aids 

water flow through the system. Fissures extending for 3m in lengh (Parish, 1992) 

were seen at the surface directly below Phase Two. The permeability is also increased 

as a result o f the mining activity in the region, along with disturbances through 

settlement The excavations of shafts and adits provide large artificial conduits for the 

flow of water and can have a significant impact o f the drainage o f a region. The fault 

zone associated with the Dinas Fault is also likely to increase permeability due to 

localised fractures and the development o f preferential pathway systems.

Once rainwater has entered the sandstone beds it will percolate vertically downwards 

until it reaches less permeable strata, namely one of the siltstone bands known to be 

present in the sandstone beds or one of the coal seams and associated mudstone beds. 

On reaching these strata, groundwater flows along the dip of the beds (5° east).

Investigations into the underlying geology have identified that the No. 1 Rhondda 

Rider Coal Seam and associated mudstone bands retain the major aquifer below the 

site (C.L.Associates, 1998b). Springs on the flanks of the hillside correlate to the 

outcrop of the seam. Prior to the constriction of the site, a tracer test (Halcrow, 1984) 

identified that the majority of infiltrating rainwater exits the system at this point on
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the eastern flank of the site; similar springs are also associated with the outcrop of the 

Daren Rhestyn and No. 1 Rhondda Rider Seams.

Three additional aquifers were identified associated with the major siltstone bands in 

the thick sequence of sandstones that cap the hillsides at 25m, 37m and 60m above the 

No. 1 Rhondda Rider Coal Seam. As discussed in Section 3.1.6, the aquifer underlain 

by the siltstone band 37m above the Rhondda Rider is the only other persistent body 

of water below the site, referred to as the Higher Aquifer. This water body originally 

provided the head waters for the Nant-y-Gwyddon (C.L.Associates, 1998b). Since the 

construction of the containment facility it is likely that this body of water will come 

into contact with the under liner drainage systems discussed in Section 3.2.3 

(C.L.Associates, 1998b).

It is likely that due to naturally occurring joints and fissures there will be vertical 

transmission of water from the Higher Aquifer to the No. 1 Rhondda Rider Aquifer 

and through the No. 1 Rhondda Rider to the underlying strata. It is assumed that 25% 

of the water that infiltrates into the ground reaches deeper strata and does not exit in 

the vicinity of the valley (Arup, 2000).

There is one known private water abstraction point close to the site at Bwllfa Farm 

(NGR SS 9704 9415), approximately 1km west of the site. Since the abstraction point 

is up gradient of the site it is unlikely that the site should interfere with the water 

abstraction.
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3.2 E n g in e e r in g  R e v ie w

At the time of construction, the site was built as an example of best practice. The 

containment principle by which it is built requires fully engineered basal and capping 

membranes with active management systems for leachate and landfill gas extraction. 

The site was constructed in two phases with the liner for Phase One, installed in 1985, 

covering an initial area of 24,000m with an additional 98,000m of liner put in place 

in 1991 to include the area known as Phase Two (Atkins, 1993). Drainage systems 

were installed above and below the liner in both phases prior to waste disposal and the 

waste mass retrofitted with gas extraction wells once the waste mass had progressed 

to a sufficient depth. An area on the eastern flank of the waste mass was capped prior 

to the site closure with the remaining area of 5.6ha capped in the summer of 2005. 

Each aspect of the landfill engineering is discussed below. An illustrated aerial 

photograph of the site is shown in Figure 3.8 and the site infrastructure and layout is 

shown in Figure 3.9.

. Surface water 
lagoons

PHASE TWO

Figure 3.8. Aerial photograph of Nant-y-Gwyddon landfill site prior to closure showing 
key infrastructure. Photograph courtesy of Amgen Cymru Limited.
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3.2.1 L iner D esign

The description of the basic liner system, as described in a number of reports (Atkins, 

1993, C.L.Associates, 1998b, CES, 1999, Encia, 2004, Parish, 1992), is based on 

original designs, since complete CQA documents and as built records are unavailable. 

The system consists of:

1. 300 mm graded colliery spoil drainage and protective mat cover

2. 2.5 mm textured HDPE membrane

3. 300 mm graded colliery spoil sub-liner drainage and protective mat cover

4. Under drainage collector pipes in no-fines granular surround and geotextile 

wrap, connected to surface water outfalls.

Before the installation of the liner the ground surface was excavated and compacted. 

Any fissures seen in the exposed bedrock were cement grouted or covered by a 

concrete plinth dependant on the size of the discontinuity. The fissures in Phase Two 

ranged in size from a few centimetres to 0.5m in length (Parish, 1992) creating 

substantial pathways to the underlying strata. Leachate drainage systems were 

installed on top of the uppermost layer of colliery spoil. On site measurement of the 

newly installed colliery spoil protection layer indicates it had a permeability in the 

range of 1 x 10'7 m/sec (Parish, 1992). A dividing bund (Jones’ Bund) between Phases 

1 and 2 was installed in late 1997 and was lined on both sides (Golder, 1999b).

The long term integrity of the basal liner is impossible to assess after the disposal of 

waste and questions have been raised o f the quality o f the installation of the liner in 

the initial phases o f development (Raybould, 1994) in terms of site preparation and 

grading and the arrangement o f lining material on the base of the site. In 1999 a 

mobile leak location survey (MLLS) was carried out on the exposed section of the 

liner in Phase Two (Corrie, 1999). The survey involved an electric current being 

passed between two metal electrodes, one within the cell above the liner and one in 

the surrounding ground isolated from the inner electrode. If any leaks are present the 

potential difference applied between the two electrodes will be able to pass through 

the liner and will be detected. The survey identified nine individual flaws in the liner 

and two more were located by the operators where the liner was exposed through the
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protection layer. The size of the flaws varied from small to moderate. Phase One may 

be considered to show at least similar trends.

3.2.2 Landfill Gas M anagem ent

The landfill gas field at Nant-y-Gwyddon is controlled and managed via a number of 

landfill gas extraction wells installed through the waste mass. The landfill gas 

produced in these wells is collected and directed via one of three gas manifolds 

(Figure 3.10) to the main gas pipeline. Prior to August 2006 the gas was burnt on site 

using a high temperature enclosed flare which has subsequently been supplemented 

with a gas engine to enable electricity generation from the methane produced on site 

(Figure 3.11). A flare system is still present on site to provide a secondary system if 

required. The engine and flare exert a negative pressure on the gas field and therefore 

the system requires no additional extraction. The abstraction rates of the gas wells are 

balanced individually to maximise methane recovery and prevent oxygen ingress into 

the waste mass. The capping material on the surface limits the emission of landfill gas 

through the waste mass direct to the atmosphere. The wells penetrate to different 

depths into the waste up to a maximum of 80% of the known waste depth or to within 

5m of the basal liner system. They typically consist of 160mm diameter HDPE pipe 

with gravel surround and a lm  thick bentonite seal at the surface. End caps are used to 

control water ingress. The boreholes are spaced assuming a maximum radial zone of 

influence of 50m from the borehole when newly installed (Amgen, 2002a).

Figure 3.10. Landfill gas manifold at Nant-y-Gwyddon.
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Figure 3.11. Landfill gas generation plant at Nant-y-Gwyddon, showing generator and 
flare system.

3.2.3 Leachate Management

The total containment principle by which Nant-y-Gwyddon is designed means that 

leachate head on the basal liner must be maintained at minimal levels by the use of 

leachate drainage systems to limit leakage through the liner and the potential 

environmental loading of the site on the surrounding area. By maintaining low 

leachate levels, gas production rates are also enhanced.

Since Phase Two was never used for waste disposal, leachate is only generated by the 

waste mass occupying Phase One of the engineered system. Leachate is collected 

from three points (Amgen, 2002b); the leachate drainage system installed beneath the 

waste mass prior to waste disposal, a secondary leachate collection system installed in 

the inert bund on the north eastern side of the waste mass and from a region close to 

the dividing bund between Phases 1 and 2. The last of these locations was originally a 

low point in the edge of the waste mass where leachate and contaminated surface 

water collected, in response this leachate was pumped to the leachate drainage system. 

As part of the final capping and restoration a permanent collection and drainage point 

was installed and connected to the existing drainage system.
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These systems are coupled to the under drainage system installed to remove 

groundwater and surface water from beneath the liner and reduce hydrostatic 

pressures. The under drainage system has three manhole access points within the 

waste mass as well as additional inspection points away from the waste mass. The 

manholes are welded to the primary liner to prevent the leachate entering the 

groundwater drainage system but a number of reports identify a failure to prevent this 

(CES, 1999, Golder, 1999b) causing contaminated water to pass through the liner to 

the under-drainage system.

3.2.3.1 Primary Leachate Drainage System

The primary leachate collection system can be divided into two sections referred to in 

engineering reports as the upper and lower systems (C.L.Associates, 1998b, CES, 

1999, Golder, 1999b). The primary leachate drainage system was designed such that 

when areas of the landfill were unfilled the under-drainage network could be used to 

divert uncontaminated surface water runoff from the lined areas away from the 

leachate system to minimise leachate production. The same network could then be 

converted to the leachate drainage system by blocking the outlet to the under drainage 

system when filling had progressed sufficiently far. On failure of these plugs, a 

pollutant pathway is established for the discharge of leachate to the local surface 

water system. In the light of this, these drains have been subsequently sealed using a 

flexible membrane and sealant. The access manholes for the under drainage systems 

have also been blocked to prevent the ingress of leachate from the waste mass.

The lower leachate drainage system consists of a series of HDPE pipes draining the 

eastern edge of the site with twin drains transporting the leachate off site through the 

inert bund. The upper system is more substantial and covers the remainder of Phase 1 

and Phase 2 with 15 manholes connected by HDPE pipes in a gravel surround. This 

drains off site via the northern flank of the waste mass and joins the lower system 

where it passes to a settlement lagoon (Figure 3.9).
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3.2.3.2 Secondary Leachate Drainage System

This system is designed to drain leachate away from the inert bund at the eastern edge 

of the site to prevent build up of leachate behind the bund and to maintain the stability 

of the structure. A vertical stone column extends across the bund and drains into the 

basal system at manhole L5a (Figure 3.9) where it is removed off site into the main 

disposal system (Amgen, 2002b).

3.2.3.3 Jones’ Bund Collection Point

On the eastern side of the dividing bund between Phases 1 and 2, referred to as Jones’ 

Bund, is a natural low point next to the western edge of the waste mass. Jones’ Bund 

is a lined inert bund running approximately north to south across the lined system and 

separates the waste in Phase One from the unfilled areas in Phase Two. Prior to 

capping, leachate collected in the depression from a combination of leachate breakout 

direct from the waste mass and contaminated surface water runoff from the waste 

mass that was not permanently capped. After final capping a collection sump was 

installed and connected to the main leachate drainage system.

3.2.3.4 Eductors

In the late 1990’s it was observed that a high leachate head was present in the landfill 

gas extraction wells and a number o f eductor pumps were installed to remove leachate 

directly from the gas wells. Eductor pumps operate by pumping water (or leachate) at 

a sufficient pressure to draw up leachate from the well the pump is installed in. The 

removed leachate is drawn into the recirculation system and any excess is disposed of 

via the leachate drainage system. The system can be operated away from the waste 

mass and can control pumps in a number of wells. Two reports refer to the systems as 

being prone to clogging from fines and report an extraction rate of approximately 

15m3 per day (CES, 1999, Golder, 1999b). This system is no longer operational. 

Pneumatic pumps are currently used in three gas wells to control leachate levels after 

the installation of the cap.
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3.2.3.5 L eachate  D isposal

The leachate leaving the site from the main leachate drainage systems is directed to a 

holding tank before being disposed of via the foul sewer. Leachate collected from 

Jones' Bund was initially pumped to three settlement and attenuation lagoons (Figure 

3.12) before being added to the main holding tank. A large percentage of the water 

collected here was contaminated surface water run off and since final capping this is 

no longer classed as leachate. As a result the three attenuation lagoons have been 

removed and leachate is pumped directly to the leachate system. Once the leachate 

has been removed from waste mass the pipeline passes through a settlement chamber 

into a leachate holding tank from where it is discharged to the foul sewer at the foot of 

the hill. The rate of release is controlled and recorded with the current discharge 

consent for a maximum of 61/s. Arup (2000) predicted a generation rate of ll/s from 

the main leachate collection system, so drainage from Jones’ Bund is regulated to a 

maximum production rate of 51/s.

Figure 3.12. Leachate lagoons at Nant-y-Gwyddon prior to removal.

3.2.4 Capping Pre  -  2005

Prior to the closure of the site an area on the eastern flank of the landfill site was 

covered with 4000m2 of LLDPE with a polyethylene (PE) woven geotextile lining
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(Babtie, 1999). Reports indicate the construction quality was variable (Golder, 

1999a). This permanent capping covered approximately 38% of the 9 hectare site.

After the cessation of waste disposal at Nant-y-Gwyddon Landfill Site the site was 

temporarily capped with a minimum of 300mm of graded, compacted colliery spoil 

from Gelli Tips. Both the temporary and permanent capping systems minimise rainfall 

percolation with estimated infiltration rates of 10% and 5% respectively, (Encia,

2004) these are generally lower than standard estimates due to the steep sides on the 

flanks of the waste mass leading to greater rates of surface water run off.

3.2.5 F inal Capping and Rem ediation

Previous phases of restoration were aimed at necessary actions to stabilise the waste 

mass. Large scale remediation was planned and undertaken in the summer of 2005. 

The initial phase of the final restoration at Nant-y-Gwyddon installed a welded 

geomembrane capping system over the remainder of the uncapped waste mass along 

with re-profiling of the final waste levels to aid stabilisation and surface water 

drainage. A photographic record is provided in Figure 3.13 to Figure 3.15. The key 

aspects of the capping system are outlined below and a cross section of the upper 

section of the cap is shown in Figure 3.16.

Figure 3.13. Textured LLDPE Liner used as the primary capping barrier.
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Figure 3.14. Construction of a surface water drain during capping.

Figure 3.15. LLDPE sheeting being positioned on prepared ground on western flank of 
the waste mass.
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Figure 3.16. Cross section of upper half of the capping system, showing (from bottom 
to top) LLDPE capping membrane, geocomposite drainage geosynthetic, protection 
layer of processed colliery spoil and restoration layer of unprocessed colliery spoil. 
Photograph courtesy of P. Brabham.

3.2.5.1 C ap B edding  Layer

Prior to the installation of the capping layers the current cover material was re- 

profiled using compacted colliery spoil to provide a suitable base for the installation 

of subsequent layers. The bedding layer of compacted graded colliery spoil was then 

laid across the entire site to a minimum depth of 200mm after being screened to 

remove particles greater than 20mm in diameter. All colliery spoil used in the 

restoration was sourced from Gelli Tips adjacent to the site boundary.
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3.2.5.2 Gas Collection Pipework

Below the cap and above the bedding layers, gas collection pipe work was installed to 

relieve gas pressures beneath the cap. The network was constructed from 80mm 

corrugated uPVC pipework with the 200mm bedding layer acting as a foundation for 

the gas collection network. The network was constructed from a geotextile lined 

trench 300mm deep, filled with 10mm clean gravel. The pipe work was placed on the 

top of the trench and the geotextile extended over the top to fully encapsulate the 

trench.

3.2.5.3 Perched Leachate Collection Pipe Work

The perched leachate collection pipe work was installed beneath the geomembrane 

cap to remove perched leachate from beneath the cap and reduce leachate pressure on 

the cap. The collected leachate is discharged via the perimeter leachate pathway to the 

leachate collection system. The pipe work is constructed from 100mm internal 

diameter pipes with perforations in the upper half. The pipes are placed at the base of 

a trench lined with separation geotextile and a gravel drainage pathway constructed 

from a 500mm deep trench of 10mm gravel.

3.2.5.4 Geocomposite Drainage Layer (GCDL)

Directly beneath and above the geomembrane cap a geocomposite drainage 

geosynthetic is installed to provide protection to the cap and provide a continuous 

drainage medium to direct landfill gas, leachate and surface water away from the cap.

3.2.5.5 LLDPE Geomembrane Capping Membrane

A 1mm textured, linear low density polyethylene (LLDPE) geomembrane provides 

the principal capping medium to prevent water ingress into the waste mass and the 

escape of landfill gas and leachate from the site.

The new material is joined to the existing cap by exposing the cap and extrusion 

welding the two membranes with a minimum overlap of lm. The protection geotextile
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is extended beneath the existing cap. The new cap is joined to the existing liner in a 

similar manner to produce a complete containment system.

3.2.5.6 Surface Water Seepage Collection Pipe Work

The GCDL overlying the geomembrane cap acts as a drainage medium for the surface 

water seepage collection pipe work that is used to divert surface water in to the 

perimeter drainage ditch.

3.2.5.7 Fill and Restoration Soils

The restoration soils are placed on top of the capping system with a minimum depth 

of 1000mm and are also used to re-profile areas of low ground to provide an adequate 

drainage surface. The fill consists of processed colliery spoil placed directly on to the 

GCDL. The material is lightly compacted and proven to have no detrimental effect on 

the underlying GCDL. The lower layer consists of 300mm depth of grain sizes of less 

than 20mm with a subsequent upper layer of 400mm with a grain size less than 

150mm. A layer of enhanced colliery spoil forms the upper most layer, 300mm deep 

with grain sizes less than 100mm, this provides a growing medium for vegetation 

after hydro-seeding. Surface water drainage channels are engineered into these upper 

most layers with anti-erosion matting to prevent scouring during periods of heavy 

rainfall especially during early stages of establishment The final restoration profile is 

shown in Figure 3.17
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i i i  >

Figure 3.17. Nant-y-Gwyddon Landfill Site layout showing final survey contours.
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3.2.6 E nvironm enta l M anagem ent

Environmental monitoring is as much part of the management of a landfill site as the 

removal and treatment of landfill gas and leachate. The site operators, Amgen 

Rhondda Limited, are responsible for the execution of environmental monitoring and 

providing data to the regulatory body, the Environment Agency.

3.2.6.1 Basic Requirements of Monitoring

The current monitoring requirements for closed landfills are outlined in The Landfill 

(England & Wales) Regulations 2002 (outlined in Chapter 2) and enforced by the 

regulatory body, the Environment Agency. The regulations act as a minimum set of 

requirements which are expanded by the site specific Waste Management Licence 

which is designed to ensure the site is sufficiently monitored and reflects the size of 

the site. The nature of the waste received and the overall sensitivity of the 

environmental setting are also taken into account. The specific licensing details for 

Nant-y-Gwyddon Landfill Site are described in the following sections and show that 

the site considerably exceeds the minimum requirements for monitoring in the 

legislation.

3.2.6.2 Outline of Current Monitoring

The current monitoring regime for Nant-y-Gwyddon Landfill Site is based on the 

guidelines outlined in Section 5 of the Nant-y-Gwyddon Working Plan dated June 

2001. This document was prepared by Amgen Rhondda Limited (ARL) and was 

approved for implementation by the Environment Agency (EA). As the regulator for 

the site the EA has to ensure the working plan complies with current legislation and 

provides adequate environmental monitoring to protect the potential receptors from 

pollution produced by the site. ARL regularly monitor the leachate and landfill gas 

systems as well as on site air quality and meteorological data. Table 3.2 shows the 

monitoring regime adopted by Amgen Rhondda Limited for the site; it indicates the 

number of monitoring points and the maximum frequency of monitoring for each 

aspect of the regime. The regime also has to be flexible enough to respond to 

additional monitoring requirements requested by the regulatory body or the
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introduction of additional legislation. The scope of the monitoring regime varies with 

regular monthly monitoring suites accompanied by more detailed suites taken at 

quarterly intervals and comprehensive analysis suites carried out annually. Any 

concerns highlighted by the quarterly or annual monitoring suites can be assessed by 

extending the basic monthly suite to include additional parameters.

Number of 
Monitoring Points

Maximum Frequency 
of Monitoring

Leachate

Leachate Quality 3 Monthly

Leachate Level 5 Weekly

Leachate Discharge 1 Daily

Ground & 
Surface 
Water

Surface Water Quality 7 Monthly
Surface Water Discharge 

Quality 4 Monthly

Groundwater Quality 18 Monthly
Groundwater Level 18 Monthly

Landfill Gas

Subsurface Landfill Gas 18 Monthly
Raw Landfill Gas (RLFG) 40(?) Fortnightly

Flare Stack 1 Daily

Air Quality
Walk Over Survey N/A Weekly

Boundary Measurements 5 Continuous
Meteorological Data 1 Continuous

Table 3.2 Environmental Monitoring Points for Nant-y-Gwyddon.

Groundwater

Groundwater samples are taken from monitoring boreholes surrounding the waste 

mass. The wells include locations both up and down gradient of the waste mass in 

terms of groundwater flow direction. This allows the assessment of the site in terms of 

changes in groundwater quality. Samples are analysed on a monthly basis with onsite 

measurements of water level, conductivity, temperature, pH and dissolved oxygen 

(DO) levels taken at the time of water sampling.
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Surface Water

Surface water monitoring points are located at appropriate points around the site in 

water bodies that are potentially at risk from the waste mass. In the case of Nant-y- 

Gwyddon, which is located on an area of high ground, these points are located in 

streams and surface water bodies down stream from the waste disposal site. Surface 

water samples are collected and analysed for monthly, quarterly and annual suites of 

chemicals. In situ measurements of pH, temperature, conductivity and dissolved 

oxygen are also recorded.

Leachate

Samples of leachate are taken from two leachate holding tanks and one monitoring 

point within the waste mass. The samples are collected on a monthly basis and 

analysed for monthly, quarterly and annual suites of determinants. pH, conductivity 

and temperature are also recorded at the time of sampling.

Leachate Discharge Rates

Daily rates of leachate discharge to the local foul sewer system are recorded. These 

values represent the volumes released from the leachate holding tanks only and not 

the volume produced by the waste mass. Whilst the site was not permanently capped 

this also included contaminated surface water runoff from the waste mass.

Landfill Gas

The proportion of gases produced by the landfill gas extraction wells is monitored to 

minimise oxygen ingress and ensure anoxic conditions in the waste mass are 

maintained. Maintaining an anoxic environment is important to maximise methane 

production and minimise the risk of explosion or fire within the waste mass.

Subterranean Landfill Gas Pathways

The off site migration of the landfill gas via subsurface pathways in the surrounding 

strata is monitored using gas monitoring boreholes around the waste mass. An 

additional ten wells were recently installed to ensure the site was fully surrounded.
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Key components of landfill gas such as methane and carbon dioxide as well as 

depleted oxygen levels may indicate landfill gas migration away from the waste mass.

Air Quality

The air quality is constantly monitored at the site boundary in terms of the 

concentration of hydrogen sulphide in the air leaving the site. A Jerome 631-X 

hydrogen sulphide monitor is placed in one of eight monitoring stations for a period 

of 3 months, wind direction is monitored concurrently. Boundary monitoring is 

complimented by weekly walk over surveys using hand held gas detectors; these 

surveys produce contoured maps highlighting hot spots of hydrogen sulphide 

concentrations and monitors general emissions across the site.

Weather

The local meteorological conditions are recorded on site by a data logging weather 

station. Information is recorded on rainfall, temperature, barometric pressure and wind 

characteristics onsite. This data can subsequently be used in conjunction with other on 

site monitoring.
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3 .3  C o nceptu al  S ite  M odel

A Conceptual Site Model represents the condition of the site based on all available 

data and the current stage of understanding regarding the environmental systems in 

operation. In the case of Nant-y-Gwyddon, the model can then be used to assess the 

likely environmental impact of the site. The conceptual model for Nant-y-Gwyddon 

includes information on topography, geology, groundwater and surface water systems 

as well as aspects of the landfill engineering. A risk assessment can then be carried 

out using the conceptual site model based on the Source-Pathway-Receptor (SPR) 

system. The development of the conceptual model and SPR risk assessment are 

outlined below.

3.3.1 Interpretation o f  Local G eology

The underlying geology plays an important role in the assessment of the 

environmental impact of the site. It controls both the hydrogeological and surface 

water systems in the surrounding area. A full understanding of the geology is 

therefore important. As outlined in Section 3.1.6 there are believed to be two key 

sandstone aquifers beneath the site underlain by less permeable strata. Available 

borehole logs have been interpreted based on available reports and are presented in 

Appendix A. Based on these interpretations two cross sections are presented in Figure 

3.19. The location of these cross sections and the corresponding borehole positions 

are shown in Figure 3.18.
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Figure 3.18. Nant-y-Gwyddon site plan with cross section lines marked and monitoring 
borehole locations.

Sarah R A Ling 98



co n
3 *  CQ

$
CO

CO

O

COI0)
3a

CQ3-
5
CD

CQ

I
§

!
CQ

§Q

o

!

w Section 1

S  310

§  290 

I  270

7500 8000
Easting

8500

I
£
I
x

BH08 NG104
Section 2

BH07 BH06

8co

§
C\l

3900 4000
Northing

4100

Key:

J  Rhondda Beds - Sandstones Made Ground

jfcj Rhondda Beds - Mudstones | | Glacial Till

Waste Mass 

  Named Coal Seam

O
IT
fl)"O
CD

CO

I?yj
? r
C/5
<-*■c
CL

»<
0)13
Q .

mu
CQ
5'

13
CQ

|
I



Chapter 3 Desk Study and Engineering Review

From the interpreted geological logs it can be seen that the No. 1 Rhondda Rider is 

intercepted 36m BGL (279mAOD) in borehole NG101 to the north east of the site and 

63m BGL (282.8mAOD) in borehole NG102 to the south of the waste mass. A 

number of siltstone bands are present at a varying degree of persistence across the 

site. Since some interpretations are based on driller’s logs it is likely that not all 

siltstone bands are recorded in some wells.

3.3.2 C oncep tua l M odel D evelopm ent

Data for the development of the Conceptual Site Model is derived from a number of 

sources including;

a) Regional geological maps and memoirs,

b) Site specific geology obtained from available technical reports and 

borehole logs.

c) Surface water features from Ordnance Survey Maps

d) Engineering design documents for the landfill waste mass

e) Other appropriate information.

An important aspect is to appreciate the overall setting of the site as well as the site

specific information. The site is situated on a prominent area of high ground

overlooking the valley bottom. The regional and local geological information is 

superimposed on this area and the basic geological regime can be identified. It is also 

well documented that the stacked sandstones in the region support individual aquifer 

systems, therefore each aquifer can be identified in the conceptual model. The 

engineering data outlining the construction of the landfill is also used in the derivation 

of the model. The conceptual model commonly also outlines the main outcomes of the 

source pathway receptor analysis identified in Section 3.3.3. The conceptual model 

for Nant-y-Gwyddon is shown in Figure 3.21

3.3.3 S o u rce  P athw ay R ecep to r A s s e s s m e n t

The use of Source Pathway Receptor (SPR) systems assumes a risk based approach to 

assessment of potentially polluting bodies such as landfill sites. The nature of the risk
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is removed if one of the three key elements is removed. The main SPR systems 

potentially associated with Nant-y-Gwyddon Landfill Site are outlined in Figure 3.20.

The source terms are provided by the waste mass or its breakdown products; namely 

leachate, landfill gas, contaminated surface water and emissions from the flare stack. 

The impact of each of these source terms is minimised by the engineering systems 

installed as part of the containment system. However, the potential for contamination 

still exists and the potential risk is the basis of the SPR analysis.

Leachate generated by the waste mass has the potential for escaping the engineered 

systems in a number of ways;

1. Failure of the lining system due to a fault in the lining material or percolation 

through the low permeability lining materials.

2. Failure of the leachate drainage pipelines linking the landfill site to the 

leachate holding tanks and the local sewer.

3. Breakouts of leachate through the capping system.

4. Failure of combined surface water and leachate drainage system.

5. Overflow or failure from the leachate holding tanks.

The underlying strata are at immediate risk from such events. The cyclic nature of the 

underlying geology creates a series of stacked aquifers isolated by siltstone and 

mudstone beds of minimal permeability. The industrial history of the local area and 

natural jointing and fissures in the rock means that the aquifers must be considered to 

have some degree of hydraulic continuity which is increased in the regions of the 

Dinas and Cymer Faults. Any leachate entering the Higher Aquifer will either be 

issued at the surface by springs, be intercepted by the under-liner drainage system or 

percolate deeper into the groundwater system and reach the Main Aquifer above the 

No. 1 Rhondda Rider. Of the contaminated water that reaches the Main Aquifer, it 

will either be issued at spring lines or reach into deeper strata that do not issue in the 

local vicinity (Arup, 2000).

The groundwater abstraction point at Bwllfa Farm (NGR SS 9704 9415) is unlikely to 

be affected by leachate within the groundwater for a number of reasons:
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1. The majority of the groundwater beneath the site issues at a spring lines 

associated with the No. 1 Rhondda Rider coal seam.

2. The general dip of the beds is away from the farm. Groundwater flow is 

assumed to follow the dip of the beds.

3. The outcrop of the Dinas Fault lies between the site and the abstraction point 

forming a natural boundary for groundwater migration.

The surface water quality and environment are directly at risk both from contaminated 

surface water run off and leakage from the leachate management system. Surface 

water issues of contaminated groundwater also pose a risk to surface water quality. 

The initial engineering of the site included an under-drainage system that drained 

surface water from Phase Two and passed below the waste mass. It is believed to 

become contaminated by landfill leachate at this point. Inspection manholes also 

passed through the waste mass, these conduits have been subsequently sealed and the 

pollutant pathway potentially removed. On failure of these seals a direct pathway 

exists for leachate to reach the surface water and groundwater systems. Any water 

issuing from this under drainage system is now diverted to the leachate drainage 

system.

Landfill gas is generated within the waste mass and positive pressures means that it 

will release either to the atmosphere or migrate through the liner to the underlying 

strata. The landfill gas extraction system in operation will minimise these risks and 

release landfill gas via the flare stack and engine. The disposal of calcium sulphate 

bearing waste at the site increases the significance of landfill gas emissions due to the 

production of hydrogen sulphide gas. Gas extraction and management systems help to 

minimise the risk from such emissions but the dense nature of the gas means that it is 

likely to collect in areas of low ground where the local communities are situated. 

Regular monitoring of the air quality around the site has not identified any significant 

levels of gas emissions.
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Source Pathway Receptor

Waste Mass
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Surface Water
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Figure 3.20. Main Source -  Pathway -  Receptor Systems Identified for Nant-y- 
Gwyddon Landfill Site
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Chapter 4 Research Aims and Methodology

CHAPTER 4 RESEARCH AIMS AND METHODOLOGY

4.1  Intro duction

This chapter outlines the aims of the research project and the objectives of the 

monitoring programme. The main techniques used for gathering information are 

explained with an overview of the approach to data acquisition. The instrumentation 

used for data collection is also introduced along with the monitoring methods.

4 .2  R e s e a r c h  A im s

Nant-y-Gwyddon landfill site is significant for remaining uncapped for a long period 

of time after cessation of waste disposal. As a result of local pressure the site was 

closed before filling of the void space was completed and deposited waste was 

temporarily covered with locally sourced compacted colliery spoil. The site was 

closed in March 2002 but was not fully capped until the summer of 2005, with total 

containment occurring on 23rd August 2005.

The current site operators have maintained monitoring records since they took over 

the running of the site in early 2000. Prior to this point no environmental monitoring 

data is available from previous operators. This means the long term environmental 

monitoring data covers three phases of the development of the site. Data presented in 

the report are referenced to these three periods.

Period 1. Prior to closure (2000 to March 2002).

Period 2. Post Closure with a temporary landfill cap (March 2002 to August

2005).

Period 3. After the installation of the fully engineered landfill cap (August 

2005 to present).
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This research project seeks to determine the changes in the environmental impact of 

the site during these three time periods and to use the knowledge gained to assess the 

likely behaviour of the site in the future.

4 .3  R e se a r c h  Meth o d o lo g y

The long term monitoring data collected by the site operators provides an overview of 

changes that have happened after the closure of the site and the installation of the 

landfill cap. Monthly monitoring data exist for water quality from the groundwater, 

surface water and leachate bodies, as well as information on landfill gas generation 

rates and leachate discharge data. These data are used to establish the condition of the 

site and as a basis for a comprehensive monitoring system.

4.3.1 D etailed Investiga tions 2005-2007

As part of this research project a number of data logging conductivity, temperature 

and depth probes were used to provide continual monitoring of both the leachate and 

groundwater systems over a two and a half year period. In the groundwater system 

these loggers identified a number of rainfall triggered pollution events which were 

targeted for groundwater sampling and analysis to determine the key components 

causing the elevated records of conductivity.

To monitor the changes in waste mass saturation, an established geophysical 

monitoring programme was continued. This allowed visualisation of a section of the 

waste mass located between landfill gas wells using cross borehole electrical 

resistivity tomography (ERT). This method of geophysical investigation relies on 

passing a current through the ground between vertical arrays of electrodes attached to 

the outer casing of the gas wells. Inversion modelling using electrical resistivity 

tomography allows generation of a model of the resistivity of the ground, which can 

be interpreted in terms of the relative saturation of the waste mass between the two 

wells. To determine the efficiency of the capping system in terms of preventing 

landfill gas migrating through the surface of the waste mass, two soil vapour surveys 

were undertaken. The surveys detected the levels of methane and carbon dioxide in 

the surface layer of the cap before the installation of the final capping system (Period
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2) and after installation with grass cover established on top of the final capping 

system (Period 3).

Groundwater monitoring indicated the presence of elevated pollution levels 

hydrogeologically down-gradient of the landfill waste mass, and a number of 

geophysical surveys were undertaken in this region to delineate the extent of the 

pollution and identify the presence of a landfill leachate plume. Initially a survey was 

undertaken using a GEM-2; a mobile multi frequency electromagnetic instrument 

which provides an assessment of the conductivity of the ground at differing depths. 

This was complimented by ERT profiles along the ground surface to provide a 

vertical profile of the resistive nature of the ground. Based on the findings of the 

research outlined above, a groundwater modelling package Visual MODFLOW was 

utilised to produce a groundwater model based on the site which was used to 

reproduce recorded trends in groundwater contamination and predict likely future 

events based on a number of hypothesises. The monitoring infrastructure and 

instrumentation is fully outlined in the following sections.
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4 .4  Monitoring  In f r a str u c tu r e

The monitoring infrastructure for Nant-y-Gwyddon Landfill Site is based on the 

details outlined in Section 5 of the Nant-y-Gwyddon Working Plan (Amgen, 2001). 

This document was prepared by the operators, Amgen Rhondda Limited, and was 

approved for implementation by the regulatory body, the Environment Agency. The 

majority of the data used in this research project is obtained from monitoring 

boreholes located within and around the landfill waste mass. Figure 4.1 shows the 

location of the key monitoring boreholes for both the leachate and groundwater 

system. Each aspect of the monitoring infrastructure is outlined below.

4.4.1 Leachate S y s te m

The leachate sampling locations are those established after the operation of the site 

was taken over by Amgen Rhondda Limited. As a result no long term data is available 

before 2000 although limited data was recovered from November 1998. LL01 was 

replaced by LSP1 during the final remediation after the reduction in leachate 

generation allowed the removal of the additional storage lagoons. Data is collected on 

a monthly basis and analysed for a range of pollutant species. Table 4.1 provides a 

general description of the sampling locations. The rate of discharge to the local sewer 

is also recorded as an assessment of the volume of leachate generation but will also 

include surface water diverted to the leachate system prior to final capping.

Location Description Available
Data

L5a
Inspection manhole within the eastern flank of the site. Base 
of manhole accesses drainage pipe which drains this part of 
the site.

Feb 2001 -  
present

L5
Original leachate settlement and storage lagoon. All leachate 
passes through this point before being discharged to the 
sewer.

Feb 2001 -  
present

LL01

One of three lagoons installed as part of the initial 
remediation of the site after closure. Built within Phase 2 and 
received leachate draining passively to a low point behind 
Jones’ Bund. Also received contaminated surface water run 
off prior to site remediation. Removed during final 
remediation of the site.

Feb 2002 -  
May 2006

LSP1
After the removal of LL01, the monitoring location was 
replaced by a newly constructed leachate well collecting 
leachate from the area around Jones’ Bund.

Nov 2006 -  
present

Table 4.1. Key Leachate monitoring points.
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4.4.2 Leachate L eve l

Long term monitoring of leachate level in the waste mass is provided by a number of 

piezometers on the top plateau. Due to settlement, engineering works and general 

disturbance the majority o f these locations have ceased operating over time and only a 

handful remain. Monitoring is provided on an approximately fortnightly basis.

4.4.3 L eachate D ischarge R a te s

Leachate drains from Nant-y-Gwyddon via two main conduits. Leachate from the 

eastern flank drains under the restored slope to a leachate lagoon in the north east of 

the site. Leachate from the remainder of the site collects in an area of low ground 

close to Phase Two and is pumped into the nearby leachate lagoons. This system was 

updated during the recent capping works and now drains to an engineered leachate 

sump before removal.

Prior to capping the only record of leachate production volumes was from the 

discharge pipe into the local sewer system. This did not measure leachate production 

on site but discharge from the holding tanks. It is however an approximation to 

leachate production and can be used to indicate general trends such as seasonality and 

long term responses to changes on site. It should be noted that this discharge not only 

consists of leachate from the waste mass but also surface water drainage from the 

uncapped area of the waste mass.

4.4.4 Landfill G as

Landfill gas flow rates monitored at the flare stack provides bulk data for composition 

and volume analysis. Sub surface migration of landfill gas is also monitored in a 

number of dedicated gas migration boreholes as well as groundwater monitoring 

boreholes BH01 to BH10. Bulk gases are monitored on a monthly basis.
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4.4.5 G roundw ater S y s te m

Groundwater on site is currently monitored and analysed at 20 groundwater 

monitoring boreholes that surround the site and are drilled to various depths to 

intercept different parts of the hydrogeological system below the waste mass. Each 

borehole is sampled on a monthly basis with monthly, quarterly and annual suites of 

chemical analysis designed to detect any changes in the groundwater system. At the 

time of sampling field records are made of water level, conductivity, temperature, pH 

and dissolved oxygen levels in the samples. Any concerns that are highlighted by the 

quarterly or annual monitoring suites can be assessed by extending the basic monthly 

suite to include additional parameters. Table 4.2 shows the classification of boreholes 

based on location with respect to waste mass and the target aquifer.

Borehole Location relative to 
Waste Mass

Target Aquifer Data Available Since

NG105 Up gradient Higher Feb 2000
NG106 Up gradient Higher Feb 2000
NG107 Up gradient Higher Feb 2000
BH01 Up gradient Higher June 2005
BH03 Up gradient Higher June 2005
BH04 Adjacent Higher June 2005
BH09 Adjacent Higher June 2005
BH10 Adjacent Higher June 2005

NG104 Down gradient Higher Feb 2000
NG94 Up gradient Main Feb 2000
BH02 Up gradient Main June 2005

NG101 Adjacent Main Feb 2000
BH05 Adjacent Main June 2005
NG96 Down gradient Main Feb 2000
NG97 Down gradient Main Feb 2000

NG110 Down gradient Main July 2004
BH06 Down gradient Main June 2005
BH07 Down gradient Main June 2005
BH08 Down gradient Main June 2005

NG111 | Down gradient Lower July 2004
Table 4.2. Groundwater monitoring borehole classification for Nant-y-Gwyddon Landfill 
Site

4.4.6 Surface W ater

Surface water samples are taken on a monthly basis from the major surface water 

bodies down gradient of the site. An additional monitoring point was located in a fire 

fighting lagoon situated on site which was removed during restoration and replaced by 

a surface water pond to store surface water run off during heavy rainfall. The main
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monitoring points include tributaries to the Rhondda Fawr and local ponds; the 

locations of these monitoring points are shown in Figure 4.2 and Table 4.3. It should 

be noted that due to the topographical location of the site there are no monitoring 

points up stream of the site.

'(swYjj\:-v
•Tijmydi y  

Gefl SW 6
SW4

.....
SW 2

Figure 4.2. Surface water monitoring locations.

Monitoring
Point Location

SW1 Lower Nant-y-Gwyddon Stream
SW2 Nant-y-Clydach Fach
SW 3 Cwm Cae Dafydd Tributary
SW4 Glyncomel Nature Reserve Lake
SW 5 On site fire lagoon (removed Sept 2005)

SW5a Surface water pond (from Nov 2006)
SW 6 Upper Nant-y-Gwyddon Stream
SW 8 Middle Nant-y-Gwyddon Stream

Table 4.3. Surface Water Monitoring Points

4.4.7 Chemical Analysis

The monthly samples taken ffom the leachate, groundwater and surface water systems 

are analysed for a range of pollutants likely to be present in landfill leachate. Three 

suites of analyses are used on a monthly, quarterly and annual basis and are presented 

in Table 4.4 for leachate, groundwater and surface water samples.

Sarah R A Ling 112



Chapter 4 Research Aims and Methodology

Determinands Groundwater Surface water Leachate
M cr A1 M Q A M Q A

pH X X X X X X X X X5  «  
© a

Temperature X X X X X X X X X

n . a Conductivity X X X X X X X X X

Dissolved oxygen X X X X X X

1,2-Dichloroethane X X X X X X

Acetone X X X

Acrylonitrile X X X

Alkalinity X X X X X X X X X

Ammoniacal Nitrogen X X X X X X X X X

Arsenic X X X

Benzene X X X X X X

BOD X X X X X X X X X

Cadmium X X X X X X

Calcium X X X X X X

Chloride X X X X X X X X X

Chromium X X X X X X

COD X X X X X X X X X

Conductivity X X X X X X X X X

Copper X X X X X X

Dimethoxymethane X X X

Dimethyfethanolamine X X X

Dissolved Oxygen X X X

Formaldehyde X X X X X X X X X

Iron X X X X X X
»> Lead X X X X X X

Magnesium X X X X X X
Q
C Manganese X X X

>N. Mercury X X X
c
o Methanol X X X

P Nickel X X X X X
o

•Q Nitrate X X X X X X X
(Q

•J Nitrite X X X X X X X

pH X X X X X X X X X

Phenol X X X X X

Phosphate X X X X X X

Potassium X X X X X X

Propan-1-ol X X X
Propan-2-ol X X X
Propylamine X X X
Sodium X X X X X X

Sulphate X X X X X X

Sulphide X X X X X X

Suspended solids X X X X X X X X X

Styrene X X X X X X

TOC X X X X X X X X X

Toluene X X X

Total Oxidised Nitrogen X X X X X X

Trichloroethane X X X X X X

Trichloroethylene X X X X X X
Trimethylamine X X X

Xylene X X X X X X

Zinc X X X X X X

Monthly Quarterly Annual
Table 4.4. Monthly, quarterly and annual suites of chemicals analysed in Nant-y- 
Gwyddon leachate, groundwater and surface water samples.
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From this data, long term trends are assessed based on a number of key components 

(Table 4.5), which were chosen to reflect the wide range of characteristics of landfill 

leachate as referred to in a number o f texts (DoE, 1995, Leeson, et a l , 2003, Todd 

and Mays, 2005, Tredoux, et al., 2004) and those that provide the most 

comprehensive monitoring record at Nant-y-Gwyddon.

Parameters
General pH, alkalinity, conductivity, suspended solids
Organic
Indicators COD, BOD, TO C, TON, DO (not leachate)

Cations and 
Anions

Ammoniacal nitrogen, calcium, magnesium, potassium, 
chloride, sodium, nickel, sulphate, nitrate, nitrite, chromium, 
cadmium, zinc.

Table 4.5. Key parameters used in the assessment of long term leachate, groundwater 
and surface water data.
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4.5 C o n t in u a l  M o n i t o r i n g  o f  L e a c h a t e  a n d  G r o u n d w a te r  

S y s t e m s

The basic monitoring suite was augmented by the installation of a number of data 

loggers to monitor conductivity, temperature and level changes in the leachate and 

groundwater systems. These loggers provide a continual monitoring record of 

variations in the water bodies over an extended period of time and identify trends in 

groundwater conductivity not detected by monthly monitoring. Recording frequencies 

were set at 30 minutes unless specified.

4.5.1 Instrumentation

Two types of data logger were utilised during the monitoring period. The majority of 

the loggers were CTD Divers which monitor variations in conductivity, temperature 

and level. These loggers were accompanied by level only loggers which do not 

monitor changes in the conductivity. The specific details of each logger are outlined 

below.

4.5.1.1 CTD Diver

CTD Diver data loggers are manufactured by Van Essen Instruments. The loggers are 

constructed from stainless steel and ceramic casings and monitor the conductivity, 

temperature and level of the water body it is installed in. Data is recorded internally 

and is downloaded periodically by the user; the frequency of downloading is 

determined by the frequency of measurements. A photograph of a CTD Diver is 

shown in Figure 4.3 and the download procedure is shown in Figure 4.4.
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Figure 4.3. CTD Diver data logger from Van Essen Instruments.

Conductivity

The loggers monitor conductivity of the liquid between the temperature -20°C and 

+80°C using a four electrode sensor to provide very stable results. The instrument is 

capable of automatically converting all conductivity readings to specific conductivity 

at 25°C. All measurements taken during this research project are specific 

conductance, removing any influence by changing temperatures.

Temperature

Temperature readings are taken using a semiconductor sensor. These readings are 

used as an assessment of changes occurring in the water bodies and are also used for 

the automatic compensation of level and conductivity readings.

Level

The CTD Diver measures water level via an on board pressure sensor which monitors 

the pressure of the overlying column of air and water. If the logger tip is not installed 

below water level then barometric pressure changes are recorded. As a result true 

water level changes can only be calculated by compensating for changes in barometric 

pressure using a Baro Diver logger. The Baro Diver is situated on site (specified to be 

within a 1 Okm radius of the monitoring wells) above the level of the water. After data
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collection the CTD Diver results can be compensated for barometric changes by 

subtracting the concurrent reading from the Baro Diver.

Figure 4.4. Download procedure for CTD Diver installed in monitoring point L5a.

Specification

The logger specification is outlined in Table 4.6.

Parameter Value
Diameter 22mm

Temperature

Range -20°C to +80°C
Compensated Range -10°C to +40°C
Accuracy ±0 .1 °C
Resolution 0.01 °c

Pressure

Range 650-3650 cm
Calibrated Range 3000 cm
Long Term Stability ± 3 cm

Accuracy 0.1% typical 
0.2% max

Resolution 2 cm
Maximum Pressure 150m

Conductivity

Range 0 - 80mS/cm
Accuracy 1 % of range
Resolution 10 pS/crn
Specific Conductivity Calculated

Table 4.6. Specification for CTD Diver data loggers.
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4.5.1.2 MiniTROLL

MiniTROLL level only loggers from In Situ Inc were also used for data collection. 

These stainless steel loggers measure variations in water level and temperature but not 

conductivity.

Level

The level measurements are recoded by a silicon strain gauge. The level 

measurements are automatically compensated by a vented cable which applies a back 

pressure to the logger counteracting the variations in barometric pressure. No hand 

compensation is therefore required. Level data is also automatically compensated for 

changes in temperature.

Temperature

Temperature measurements are provided by a silicon temperature sensor and are used 

to compensate the level readings as well as monitor absolute temperature changes.

Specification

The manufacturer’s specifications are outlined in Table 4.7.

Parameter Value
Diameter 18.3mm

Temperature Range -5°C to +50°C
Accuracy ± 0.25°C

Pressure

Range 0 to 21m
Maximum 2x range

Accuracy
0.1% over full temperature 

range 
0.05% at 15°C

Table 4.7. Specification for the MiniTROLL data logger.
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4.5.2 Monitoring Locations

The data loggers were installed in a number of locations in the leachate system within 

the waste mass and also in groundwater monitoring boreholes in the surrounding 

groundwater system. The locations of these monitoring boreholes are outlined in 

Table 4.8 and Table 4.9 respectively and in Figure 4.1. A Gantt chart showing the 

duration of the installation in each location is shown in Figure 4.5.

Monitoring
Location Description

L5a Leachate drainage system inspection 
manhole on eastern flank

Gas Well U (GWU) Gas extraction well on top plateau
M3-GW4 Gas extraction well on top plateau

LMP1a Piezometric monitoring location on 
top plateau

Gas Well X (G W X) Gas extraction well on top plateau

Sump (LSP1) Leachate sump located near Jones’s 
bund constructed during capping

Table 4.8. Data logger installation locations in leachate system.

Monitoring
Location Target Aquifer Location Relative 

to Waste Mass
NG94 Main Up gradient
BH05 Main Adjacent

NG101 Main Adjacent
BH06 Main Down gradient
BH07 Main Down gradient

NG110 Main Down gradient
BH10 Main Adjacent

NG104 Higher Down gradient
Table 4.9. Data logger installation locations in groundwater system.
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§ 5 £ *

Figure 4.5. Gantt chart outlining the installation of data loggers in each monitoring 
location in Nant-y-Gwyddon Landfill Site
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4.5.3 Installation Details

At the time of installation a record was made of the borehole details outlining the 

depth of the logger in the monitoring well and the general setting including water 

level and ground level elevation above ordnance datum. Figure 4.6 shows the typical 

installation details of the data loggers. Based on this information the data recorded by 

the data loggers can be converted to groundwater or leachate level with respect to 

ordnance datum.

Height of Cover

Depth to water

□

Ground level (mAOD) j

Depth of hstalatbn

V\6ter ta b le

Figure 4.6. Borehole installation details.
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4.6 S a m p lin g  o f  R a i n f a l l  T r i g g e r e d  P o l l u t i o n  E v e n t s

The results of the continual monitoring of the groundwater system highlighted a 

number of rainfall triggered pollution incidents recorded as short lived elevations in 

the groundwater conductivity. In order to identify the cause of the elevated 

conductivity a sampling programme was developed to recover groundwater samples 

for analysis during the observed events. The methodology of the sampling process is 

outlined below.

4.6.1 Methodology

During the monitoring periods a number of parameters were measured, including;

On site weather data
Continual monitoring of groundwater conductivity, temperature and 
level data using data loggers outlined in Section 4.5.
Vertical groundwater conductivity profiles through the borehole water 
column.
Field measurements of pH, conductivity and total dissolved solids 
(TDS)
Geochemical analysis of groundwater from samples obtained during 
the monitoring period.

4.6.1.1 Weather Data

Records of on site weather are provided by a fixed weather station linked to a data 

logger. The system records climatic conditions at five minute intervals with daily 

rainfall data collated for each 24 hour period. Other available data include temperature 

and atmospheric pressure.

4.6.1.2 CTD Diver Data Loggers

The specifications for the CTD Divers are provided in Section 4.5.1. The loggers in 

the wells were set to record specific conductivity, temperature and level variations at 

30 minute intervals.
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4.6.1.3 Conductivity Profiles

Prior to sampling, a TLC meter (temperature, level and conductivity) from Solinst 

Limited was used to record the groundwater conductivity at intervals down the water 

column in each well. Conductivity and temperature readings are displayed on the unit 

at ground level and depth below ground is recorded on a conventional tape attached to 

the probe. The data are then used to collate groundwater conductivity profiles of the 

water column present in the monitoring well. A picture of the TLC meter is shown in 

Figure 4.7.

Figure 4.7. TLC Meter from Solinst Limited.

4.6.1.4 Water Quality Field Data

During sampling, a hand held combined pH, EC, TDS probe from Hanna Instruments 

was used to measure the pH, conductivity and total dissolved solid (TDS) content of 

the groundwater from each well. Field temperature measurements were also obtained 

using the TLC Meter outlined in Section 4.6.1.3.

4.6.1.5 Water Sample Collection

Groundwater samples were obtained from the water column using disposable plastic 

bailers and collected in plastic bottles with secure lids. The depth of sampling was
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unknown but it is likely to be biased to the upper section of the water column. The 

groundwater samples were refrigerated prior to analysis.

4.6.2 Analysis

The first batch of samples were analysed by STL laboratories in Coventry using 

accredited techniques for a suite of chemicals used for monthly monitoring samples at 

Nant-y-Gwyddon. The key components identified in the first round of sampling are 

also possible to identify using an ion chromatograph (IC) in Cardiff University Earth 

Sciences Department. All subsequent samples were analysed using the IC technique. 

Table 4.10 shows a comparison between the available determinants from each 

analysis suite.

STL Laboratory Determinants /C Technique Determinants
pH, Fluoride,
Conductivity (electrical @ 20°C), Chloride,
Ammoniacal Nitrogen as N, Nitrite,
Chloride as Cl, Bromide,
Nitrite as N, Nitrate,
Nitrate as N, Phosphate,
COD (Total), Sulphate.

Table 4.10. List of determinants analysed by STL Laboratories and IC technique in 
Cardiff University.

4.6.2.1 Ion Chromatography Analysis Technique

Ion chromatography is a form of high performance liquid chromatography developed 

for the separation of inorganic anions and cations (Fifield and Kealey, 1995). The 

instrument used in this project is a Dionex DX-80 Ion Analyser. The analyser consists 

of a liquid eluent, a high pressure pump, a sample injector, a separator column, 

chemical suppressor and conductivity cell (Dionex, 2002). Figure 4.8 outlines the four 

stages of IC analysis with an explanation given in Table 4.11.
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4. Data Analysis

3. D etection

2. Separation

A
1 .  E l u o n t  
Delivery

Pwnw

Figure 4.8. Ion Analysis Process from Dionex, (2002).

Stage Processes
1. Eluent Delivery •  Eluent is used to separate the sample ions and carries the 

sample through the ion analyser; the eluent remains a 
constant composition and concentration throughout the 
process.

• The liquid sample is injected into the eluent stream and is 
pushed through the system by the pump.

2. Separation •  The sample passes through the ion exchange separating 
column (an inert tube of polymeric resin). The sample ions 
are separated based on the rate at which they pass 
through the column depending upon their interactions with 
the ion exchange sites.

3. Detection •  The suppressor selectively enhances the detection of the 
sample ions whilst suppressing the conductivity of the 
eluent.

•  A conductivity cell monitors the electrical conductance of 
the sample ions as they pass out of the suppressor. A 
conductivity signal is produced.

4. Data analysis •  The conductivity cell signal is analysed by computer 
software by comparing the sample peaks of the 
chromatogram to those produced by a standard solution.

•  Peak time and height are used to identify the concentration 
of each ion.

Table 4.11. Outline of the Ion analysis process after Dionex, (2002).

Calibration

The system is calibrated based on four calibration solutions for anions. Table 4.12 

shows the concentration of the calibration solutions.
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Analyte STD1
(mg/i)

STD 2 
(mg/l)

STD 3 
(mg/l)

STD 4
(mg/l)

F 0.02 0.20 2.00 20
Cl 0.10 1.00 10.0 100
n o 2 0.10 1.00 10.0 100
Br 0.10 1.00 10.0 100
n o 3 0.10 r  1.00 10.0 100
p o 4 0.20 2.00 20.0 200so4 0.10 1.00 10.0 100

Table 4.12. Anion standards for a four level calibration of Dionex DX-80.

The calibration solutions provide standard conductivity signal against which samples 

are measured in terms of peak timing and height.

Sample Preparation

Once the samples were recovered they were refrigerated before analysis. The samples 

were filtered prior to analysis using a syringe driven 0.45 pm filter unit and placed in 

5ml sample vials with secure lids installed in the air space to the level of the sample. 

The sample vials are labelled before analysis.
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4.7 C r o s s  B o r e h o l e  ERT
Cross borehole electrical resistivity tomography is a method of geophysical 

investigation that is used to image the resistivity of ground in the region between two 

boreholes. The system at Nant-y-Gwyddon is located in three gas extraction wells 

(GW S, GW T & GW U) located on the eastern edge of the top plateau of the waste 

mass and was installed as part of a Cardiff University PhD project investigating 

geophysical techniques for monitoring landfill waste masses (George, 2006). A 

landfill waste mass will show varying levels of resistivity based on leachate 

saturation, rainwater infiltration and waste content. Due to high levels of dissolved 

ions landfill leachate is very conductive and is identified as regions of low resistivity. 

Dry material should be much more resistive.

The cross borehole ERT method adapts the conventional ground surface ERT 

technique where electrical current passes through the ground in an arc from one 

surface electrode to another, and instead passes electrical current between two arrays 

of vertical electrodes mounted on the outer casing of adjacent boreholes. This 

provides a method of resistivity survey better suited to modelling horizontal and sub- 

horizontal layered systems (George, 2006). In the case of landfill waste masses it 

allows an assessment of the site even after the installation of a landfill cap which 

would prohibit conventional surface techniques due the high resistance of the capping 

layer. The electrodes are permanently attached to the outer casing of the borehole 

installation with connections extending to the ground surface. The technique is limited 

to the number of available boreholes and the spacing of the wells. Increasing the 

spacing of the wells reduces the resolution of the resulting readings but is often 

determined by site constraints.

George, (2006) outlines the technique such that a 12 volt DC current is introduced 

into the ground via a pair of current electrodes (AB) and a potential difference is 

measured across a pair of potential electrodes (MN) as shown in Figure 4.9. A full 

survey is produced by varying the electrode array to include all combinations leading 

to a 2D plane between the two boreholes being resolved, bounded by the ground 

surface and the maximum borehole depth.
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Resistivity instrument

A(+) B(-)

Current induction
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Potential measurement

Ground level

Electrodes

G as Wells

Figure 4.9. Schematic o f the cross borehole ERT technique. After George, (2006).
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4.8 S oil Va p o u r  S u r v e y

Two soil vapour surveys were carried out on the main area of the waste mass to 

establish the degree of migration of landfill gas through the top layer of the capping 

system and to show the effectiveness of the installation of the final capping system. 

The first survey was carried out immediately prior to the installation of the final 

landfill cap with a second survey undertaken after the capping system was fully 

established with a substantial grass cover protecting the majority of the waste mass.

4.8.1 EcoProbe 5

The surveys were undertaken using an EcoProbe 5 gas analyser with the help of 

Terradat (UK) Limited. This instrument is manufactured by RS Dynamics and uses an 

onboard pump to remove gases from the soil vapour phase for analysis via a bell 

probe which is pressed firmly into the ground surface. The instrument is capable of 

measuring total VOC (volatile organic compounds), methane, carbon dioxide and 

petroleum hydrocarbons. A separate analyser also monitors oxygen levels (%) and 

relative atmospheric pressure and temperature. The on board pump was run for 60 

seconds during sample analysis and the system was purged between sample points.

4.8.1.1 Specification

Table 4.13 shows the detection method and detection limits for the key gases analysed 

by the EcoProbe 5.

Gas Detection
method Detection range Detection limit

Total VOC’s Photo ionisation 0.1ppb-4000ppm 1ppb
Methane Infra red 0 -  500,000ppm 20ppm

Carbon dioxide Infra red 0 -  500,000ppm 20ppm
Petroleum

hydrocarbons Infra red 0 -  500,000ppm 20ppm

Table 4.13. Specifications for EcoProbe 5 from RS Dynamics

Sarah R A Ling 129



Chapter 4 Research Aims and Methodology

4.8.2 Survey M ethodo logy and Presentation

The surveys were earned out using a grid based system to ensure coverage of the 

entire waste mass at approximately 5m intervals. A GPS system was used to locate the 

individual sample locations and monitor the coverage of the site. The data was then 

mapped using SURFER to produce contour maps for each gas analysed. Figure 4.10 

shows the survey being undertaken showing the bell probe and hand held gas analyser 
and GPS antenna and data logger.

i

Figure 4.10. Author undertaking soil vapour survey using the EcoProbe 5 gas analyser 
and coupled GPS unit.
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4.9 L e a c h a t e  P lu m e  D e l i n e a t i o n

A number of investigations were undertaken to try to delineate the extent of the 

detected groundwater pollution down gradient of the site. Geophysical investigations 

are non intrusive methods of imaging a large area of land easily and relatively 

cheaply. The two methods used in the down gradient area of Nant-y-Gwyddon are 

outlined below.

4.9.1 E lec trom agnetic  S u rv e y

Electromagnetic surveys (EM) measure the response of the sub-surface when an 

electromagnetic field is applied to it. A primary field is generated by the instrument 

and induces eddy currents in sub-surface conductors which in turn generate a 

secondary field (Sharma, 1997). These secondary fields will produce interference with 

the primary field in terms of intensity, phase and direction which is then detected by 

the instrument. The variation in this interference will reflect the changing nature of 

the underlying ground. These systems are versatile and relatively rapid, requiring no 

fixed ground connections. Figure 4.11 shows the basic principle by which 

electromagnetic surveys operate.

Receiver coilTransmitting coil
1° field

2° field1° field

Sub surface object

Figure 4.11. Basic principle of electromagnetic surveys. After Sharma, (1997).

As can be seen from the figure the primary alternating current (Ip) produces the 

primary field in the transmitter coil which induces the secondary current (Is) and field 

in the conductive subsurface. The receiver coil detects both the primary and secondary
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fields which it will compare to the primary source to evaluate the nature of the 

ground.

The depth of penetration of the EM field is largely a factor of the frequency of the 

primary field and the conductive nature of the subsurface. The depth at which the 

amplitude of the field is reduced to Ve (37%) of its surface value is known as the skin 

depth (Reynolds, 1997), the overall depth of penetration is calculated based on the 

skin depth of the electromagnetic field. The system can be applied to the investigation 

of groundwater contamination based on the varying conductivity of the groundwater 

when leachate contamination is present. The system should be capable of resolving 

the extent and relative degrees of groundwater contamination.

4.9.1.1 GEM-2

The GEM-2 from Geophex Limited is a multi frequency electromagnetic sensor 

designed for geological, environmental and geotechnical surveys (Geophex, 2004). 

The multi frequency function allows multiple depths to be surveyed simultaneously. 

The specifications of the instrument are provided in Table 4.14.

Parameter Value
Frequency Band 330Hz -  48kHz
Number of programmable frequencies Up to 15 (3-5 optimum)
Weight 4kg
Transmitter -  receiver separation 1.67m

Table 4.14. Specification for the GEM-2 from Geophex Limited.

A survey at Nant-y-Gwyddon was undertaken on the 25th May 2007. The GEM-2 

instrument was pre-programmed with the chosen investigation frequencies. The 

frequencies were based on providing a range of penetration depths and to minimise 

interference from over head cables and power lines. Depth of penetration is inversely 

proportional signal frequency. The chosen frequencies were;

-450 Hz 

-1170 Hz

- 3930 Hz

- 13590 Hz 

-47010 Hz
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Whilst the true depth of penetration is hard to determine, lower frequencies should 

survey deeper areas of the strata. Depth of penetration will vary according to ground 

conditions but the manufacturer (Geophex, 2004) outlines depth of penetration of 20 -  

30m in resistive areas and 10 — 20m in conductive regions. The instrument was 

connected to a Trimble GPS unit which provided coincident location markers as the 

EM data was acquired.

The GEM-2 instrument outputs data in the form of inphase and quadrature data 

(parallel and at right angles to the primary field respectively) from the receiver coil, 

magnetic susceptibility and apparent electromagnetic conductivity for each of the 

predetermined frequencies. This data can then be plotted using the GPS output to 

produce contour plots of the data at different depths. Apparent electromagnetic 

conductivity values are contoured using SURFER at a grid spacing of 5m.

4.9.2 Electrical R e s is tiv ity  S u rv e y

An electrical resistivity survey is a method of geophysical survey which introduces an 

electrical current through the ground and the resulting potential differences at the 

surface are measured. The inhomogeneous nature of the ground is resolved by the fact 

that they deflect the current and distort the normal potentials to varying degrees. The 

method can be used to resolve variations in the underlying geology and also the 

groundwater. Water typically acts as an electrolyte with dissolved ions adding to the 

conductivity of the water. High levels of dissolved ions caused by groundwater 

contamination will lead to elevated conductivity and reduced resistivity. Reynolds, 

(1997) gives a number of values of typical resistivity for various materials. Some of 

these are reproduced in Table 4.15.

Material Nominal 
resistivity (Clm)

Sandstone 1 - 7 . 4 x  10B
Middle coal measures >100
Unsaturated landfill 3 0 - 1 0 0
Saturated landfill 1 5 - 3 0
Rainfall runoff 2 0 - 1 0 0
Landfill runoff < 1 0 - 5 0

Table 4.15. Typical values of resistivity after Reynolds, (1997).
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Electrical resistivity surveys are typically based on a four electrode system, two 

current electrodes and two potential electrodes which measure the resultant potential 

difference created by introducing a current into the ground via the current electrodes 

(George, 2006). The modem approach is for a multi electrode system, using between 

18 and 72 electrodes, controlled by a switching unit. The four electrode principle is 

then applied to the multi electrode system using one of a number of electrode 

geometries. The most commonly used techniques are the Wenner, Wenner- 

Schlumberger and Dipole-Dipole arrays. The Wenner-Schlumberger array was chosen 

for the survey at Nant-y-Gwyddon as it provides a good resolution for both vertical 

and horizontal variations in resistivity (Seaton and Burbery, 2002). The basic 

electrode array is outlined in Figure 4.12. A current is applied to the outer electrode 

pair whilst the potential difference is measured across the inner pair. The potential 

electrodes are separated by distance a, and the separation of the current electrodes is 

maintained as a multiple of a.

Current electrodes

Potential electrodes

na — a — na

Ground level

Figure 4.12. Wenner-Schlumberger array used in electrical resistivity survey at Nant-y- 
Gwyddon. After George (2006).

Each available combination of electrodes is used and the data combined to provide a 

vertical section through the ground. Depth of penetration is determined by electrode 

spacing. The deepest penetration is achieved in the central section of the survey line 

as shown in Figure 4.13 (Geotomo, 2002).
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electrodes

+-+
+  +  +- +  +

+  +  + -t- +  +

Figure 4.13. Arrangement o f data points in the pseudosection generated by the 
Wenner-Schlumberger electrode array. (Geotomo, 2002)

4.9.2.1 Nant-y-Gwyddon Survey

Two resistivity lines were undertaken at Nant-y-Gwyddon on the 14th September 

2007. The number of electrodes used and electrode spacing for each line are shown in 

Table 4.16. The surveys were undertaken at approximately 90 degrees to each other.

Line
Number

Number of 
electrodes

Electrode
spacing Orientation

Approximate 
maximum 

survey depth
RMS

1 54 5m S E -N W 44m BGL 4.8%
2 51 2m S W -N E 18m BGL 4.9%

Table 4.16. Details o f electrical resistivity survey lines carried out at Nant-y-Gwyddon.

The data recorded by the IRIS resistivity instrument is in the form of apparent 

resistivity and is a result of the influence of the varying characteristics of the ground. 

The data is then processed using the inverse modelling technique to find a model of 

the subsurface which fits this data. The data from Nant-y-Gwyddon was processed 

using the programme RES2DINV from Geotomo Software Limited which is designed 

for the inverse modelling of resistivity and IP (induced polarisation) geophysical 

survey data. An iterative process is then used to improve the model and the internal 

error is resolved using the method of least squares. The results from the third iteration 

are presented in each case to avoid over processing of the data. The residual error is 

then presented as a RMS (root mean square) value for the subsurface model. The
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RMS values for each line are also shown in Table 4.16. The inverse modelling results 

are depth corrected and are interpreted in terms of variations in the calculated true 

resistivity values.
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4.10 Gr o u n d w a te r  M o d elling

Using data acquired during this research project and desk study information, a 

groundwater model has been constructed for the Nant-y-Gwyddon Landfill Site. The 

modelling package Visual MODFLOW was chosen to model the aquifer system 

underlying the site. Visual MODFLOW is the user interface for the hydrogeological 

modelling package developed by Waterloo Hydrologic Inc. in conjunction with 

United States Geological Survey (USGS). The computer program is a modular block 

centred finite difference model (Anderson and Woessner, 1992) based on the 

principles of groundwater flow and conservation of mass. Transport equations are 

solved using a grid system defined by the user. A number of assumptions are used 

(USGS, 1997);

1. Saturated flow conditions exist

2. Darcy’s Law applies

3. The density o f the groundwater is constant

4. The principal directions of hydraulic conductivity or transmissivity do not 

vary within the system.

MODFLOW simulates a three dimensional aquifer system as a series of stacked 

layers of porous material. Vertical elevations can be input for the top and bottom of 

each layer to replicate known onsite variations in geology or geometry of aquifer 

systems. The model is capable o f simulating both steady state and transient conditions 

of groundwater flow and contaminant transport and is calibrated using available site 

specific data. The two modelling packages used in this case are MODFLOW 2000 to 

simulate groundwater flow and MT3D for contaminant transport.
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CHAPTER 5 LEACH A TE & LANDFILL GAS SYSTEM

5.1 Intro d u ctio n

The anaerobic decomposition of a landfill waste mass generates contaminated water 

(leachate) and landfill gas, both of which pose an environmental threat if not managed 

efficiently. This chapter assesses both the long and short term trends in leachate and 

landfill gas generation in terms of quality and quantity at Nant-y-Gwyddon. The data 

available cover the period prior to the closure of the site up until the post capping 

period and are therefore divided into three temporal frameworks;

Period 1 -  Active, uncapped site (up to March 2002).

Period 2 -  Inactive and temporary capping (March 2002 -  August 2005). 

Period 3 -  Permanently capped (August 2005 -  present).

Data loggers provide continual monitoring of the leachate system in terms of levels 

within the waste mass and conductivity measurements. Specific details of monitoring 

equipment and techniques are included in Chapter 4 (Methodology). The aim of this 

chapter is to identify any impact the installation of the landfill cap had on the leachate 

and landfill gas systems as well as any other key influences.
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5.2 Le ac h ate  G e n e r a t io n  R a t e s

It is impossible to accurately assess the rate of leachate generation for an established 

waste mass. Changes in the moisture content of the waste and leakage via the basal 

liner present unknown values, however water balance calculations can give an 

assessment of likely volumes of leachate generation based on site conditions. A hand 

calculation method outlined in Koemer and Daniel, (1997) is presented in Appendix B 

for the Nant-y-Gwyddon site. The results of the calculation are presented below and 

are subsequently used to predict leachate generation rates at key stages of 

development of the landfill.

5.2.1 N ant-y-G w yddon W ater B a lance R e su lts

Using site-specific data including average monthly temperature, rainfall and soil 

conditions, the water balance calculation described in Appendix B provides predicted 

rates of monthly runoff, infiltration, changes in water storage, evapotranspiration and 

percolation. The meteorological input data are based in average monthly 

measurements from an on site weather station operated by Amgen Cymru Limited. 

The output from the water balance calculation can therefore only be considered as an 

average measurement and not as a response to individual events. Suggested input data 

for the mean possible monthly duration of sunlight, the runoff coefficient and field 

capacity of the soil were taken from Koemer & Daniel (1997). Sensitivity analyses 

were carried out for the runoff coefficient and field capacity in addition to root depth 

of the vegetation on site. The results indicate only the runoff coefficient has any 

significant influence on the performance of the system and this therefore indicates the 

need for further refinement of the parameter.

Figure 5.1 shows the distribution of precipitation between these parameters for a slope 

in excess of 7° typical of the steeply sloping sides of the waste mass. For the plateau 

at the top of the site a further calculation is required (Figure 5.2). Figure 5.3 shows a 

comparison of percolation values for both scenarios.
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Figure 5.1. Distribution o f precipitation between runoff, changes in water storage, 
evapotranspiration and percolation on the steeply sloping areas of the site (<7°).
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Figure 5.2. Distribution o f precipitation between runoff, changes in water storage, 
evapotranspiration and percolation on the flat areas of the site.
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Figure 5.3. Comparison of predicted percolation rates for flat areas and steep slopes.

The output data from the water balance calculation, as shown in Figure 5.1 and Figure

5.2 show a variable pattern o f percolation throughout the year for the whole site. The 

winter months from October to March show maximum rates of percolation with zero 

percolation from June to September. During these months, precipitation is exceeded 

by evapotranspiration. The use o f two scenarios to cover the flat area at the top of the 

site and the steeply sloping flanks allows a more accurate representation of the site as 

a whole. The predicted annual percolation for the slope in excess of 7° is 507mm 

(42% of precipitation) and for the flat areas is 607mm (50% of precipitation). These 

results however do not consider the nature of the capping material and only calculate 

the possible water available that enters through the top layers of the capping system. 

Therefore the amount of water entering the site and contributing to leachate 

production is determined by the barrier systems in place. This is considered below.
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5.2.2 Leachate G enera tion  during  K ey  S ta g e s  o f  D evelopm ent

Using the predicted values from the water balance calculation of 607mm/year for the 

flat areas of the site and 507mm/year for the sloping flanks of the site, basic 

volumetric calculations are used to indicate the relative volume of water entering the 

site at the key stages of development. The calculations reflect changes on site from 

fully operational status through to the partial capping prior to closure, the temporary 

capping in place after the site was closed and the period following installation of the 

final capping.

5.2.2.1 Fully uncapped, active site (Period 1a)

When the site was open, all rainfall incident on the site would have contributed to 

leachate generation, whether it passed through the waste mass or was directed via 

surface run off conditions. In addition, the absence of vegetation on site minimised 

losses through evapotranspiration.

For the 9 hectare site with approximately 1200mm of precipitation per year;

1.2 x 90,000 = 108000m3 of leachate was generated from rainfall per year.

This equates to 3.4 1/s of leachate generation, averaged throughout the year whilst the 

discharge consent for the site is set at 6 1/s.

5.2.2.2 Partially uncapped, active site (Period 1b)

During the operation of the site the eastern flank of the site was permanently capped 

to aid the stability of the waste mass and minimise infiltration. This covered 34,000m 

of a steeply sloping area of the landfill, leaving 56,000m2 uncapped and active.

Leachate generation for the uncapped areas 

1.2x56,000 = 67,200m31 year
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The LLDPE capping material with a hydraulic conductivity in the region of 10'9m/s 

meant that the majority of the available water was removed via the drainage medium 

above the cap. Therefore the percolation through the cap was negligible compared to 

the volume generated on the uncapped areas.

This suggests a total leachate generation of 67,200m3 per year or 2.11/s.

5.2.2.3 Site with temporary capping (Period 2)

After the closure of the site the uncapped areas were temporarily covered with 

compacted colliery spoil and seeded to establish grass cover on the site. With the 

eastern flank permanently capped (and negligible contribution to leachate generation), 

the remaining area can be considered in terms of the plateau and the remaining slopes.

Leachate generation on the plateau, area 20,000m . Annual percolation 607mm, as 

calculated in water balance calculation.

20,OOOx 0.607 = 12,140w31 year

Leachate generation on the uncapped flanks, area 36,000m . Annual percolation 

507mm, as calculated in water balance calculation:

36,000x0.507 = 18,252m31 year

This gives a total leachate generation of 30392m3/year or approximately ll/s. 

However, the run off from the temporarily capped areas is also considered as leachate 

since it has potentially come in to contact with the waste.

Surface runoff from the plateau, area 20,000m2. Annual runoff 119mm, as calculated 

in water balance calculation.

20.000 x 0.119 = 2380m31 year

Surface runoff from the uncapped flanks, area 36,000m2. Annual runoff 239mm, as 

calculated in water balance calculation.

36.000 x 0.239 = 8604m31 year
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Giving a total annual runoff of approximately 10,984m3 or 0.31/s.

Total leachate generation from this stage of the site is therefore 41,376m3 or 1.31/s, 

which amounts to approximately 38% o f the leachate generation of the uncapped 

landfill.

5.2.2.4 Fully capped site (Period 3)

The combination o f a low permeability capping layer and comprehensive drainage 

system should keep infiltration rates to a negligible level. The cap is designed to have 

a permeability of less than 10'9m/s and the drainage media and pipe work will 

maintain minimum head o f rainwater in the soil profile above the liner. 

Evapotranspiration from the established grass cover will also remove water from the 

capping system.

5.2.3 Leachate D ischarge R a te s

Daily records are maintained for the volume o f leachate disposed of via the local 

sewer system and is measured from the outlet o f the leachate storage lagoon. Whilst 

these measurements are not generation rates, long term averages give an 

approximation for the volume o f leachate collected from the landfill waste mass. In 

the case of Nant-y-Gwyddon, these values also contain the surface water runoff from 

the uncapped waste mass. The long term monitoring results are presented in Figure

5.4 and average monthly trends are presented in Figure 5.5.
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800 Site C losure
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Figure 5.4. Trends in leachate discharge recorded at Nant-y-Gwyddon. Data cover the 
period January 2002 to March 2007.
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Figure 5.5. Average monthly leachate discharge recorded at Nant-y-Gwyddon for the 
years 2002 to 2007.
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From the two graphs it is obvious that discharge rates have decreased dramatically 

since the closure o f the site. This may also reflect the improved management systems 

in place at this time. The extra storage capacity provided by the installation of the 

additional leachate lagoons in early 2002 would have removed the need to discharge 

large quantities during one day.

Prior to the closure of the site (Period 1), the average daily discharge was in the region 

of 517m3/day which equals the current discharge consent rate of 61/s. After closure 

(Period 2) this average falls to 141m3/day (1.61/s). The post capping (Period 3) 

average discharge is calculated as 80m3/day (0.91/s) for the period August 2005 to the 

present. It is likely that these discharge rates will reduce with time as the waste mass 

dries out in response to the installation of the landfill cap. It should also be noted that 

this figure includes the discharge o f the leachate in the leachate lagoons which were 

removed as a latter part o f the remediation of the site.

5.2.4 Leachate S u m p  R ech a rg e  R a tes

An alternative method of assessing the changes in leachate generation is to monitor 

the rate of accumulation at the leachate sump. The newly installed leachate sump near 

to Jones’ Bund was fitted with a CTD logger during the installation of the cap and 

also immediately post capping. A further set o f data was obtained almost two years 

after capping in June 2007. The sump is emptied by a pump installed in the well 

which empties the leachate into the drainage system. When the pump is not 

operational the leachate level recharges. Based on the recovery curve it is possible to 

monitor the changes in leachate generation in this area of the site. Figure 5.6 shows 

the calculated recovery time for June 2005 during the restoration works. Two further 

times are shown in Figure 5.7 for February 2006 and Figure 5.8 for measurements 

taken in June 2007.
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Figure 5.6. Sump recharge rate for the period 24th to 27th June 2005.

Calculations based on the rate o f recharge indicate that the leachate recharges at a rate 

of 3.78 cm/hour up the edge of the sump which is approximately 67 litres per hour 

(<0.02 1/s) assuming a constant sump diameter of 1.5m. There is also a strong 

correlation between electrical conductivity changes and leachate level. The data 

logger is installed at the base o f the sump and this is likely to reflect a stratified water 

column with water of a lower conductivity resting above more conductive leachate 

that the data logger only encounters when the water level is sufficiently lowered. The 

temperature variation is also likely to be due to cooler surface water being 

encountered when the water level is reduced.
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Figure 5.7. Sump recharge rate for the period 19th to 27th February 2006.
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Figure 5.8. Sump recharge rate for the period 6th to 12th June 2007.
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The recharge rate recorded in February 2006 produces a figure of approximately 

751/h, which is slightly greater than the value recorded prior to capping. The recharge 

rate is shown to vary during the recharge period and an average value was chosen for
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the calculation. The results indicate no significant change in leachate generation six 

months after capping in this region of the waste mass. The record from June 2007 

indicates a substantially reduced rate of recharge. The data reflect the regularity 

provided by an automated pumping system and indicate a recharge rate of 14.51/hr. 

This reflects a drying waste mass as the landfill cap prevents the infiltration of 

meteoric water.

5.2.5 Summary- Leachate Generation

Whilst a true assessment of leachate generation is impossible at Nant-y-Gwyddon, a 

number of methods can be used to calculate the volumes of rainwater available for 

infiltration and the volume of leachate collected from the site. Table 5.1 shows a 

comparison of predicted generation rates and the average rates recorded by the 

leachate drainage system.

Stage of Development
Calculated 
rainwater 

contribution (I/s)
Measured leachate 

discharge (Us)
Fully Uncapped (Period 1) 3.4 Unavailable

Pre Closure (Period 1) 2.1 6.0
Post Closure (Period 2) 1.3 1.6
Post Capping (Period 3) Negligible 0.9

Table 5.1. Comparison of calculated and recorded leachate generation rates at Nant-y- 
Gwyddon for key stages of development

Pre-closure discharge rates exceed the calculated generation rates by almost three 

times. This reflects the management systems put in place to improve the site prior to 

closure, the assumed generation rates also do not take into account moisture content 

of the waste or liquids disposed of on site or generated in the decomposition process. 

Post closure discharge rates are close to predicted values with falling discharge rates 

post capping reflecting the reduction in surface water content and the drying out of the 

waste mass. Future trends should show a further reduction in generation rates. 

Leachate generation rates at the sump near to Jones’ Bund show the waste mass did 

not respond immediately to the removal of infiltrating rainwater. The most recent data 

(June 2007) show there to be a much reduced rate o f leachate accumulation at this 

point to approximately one fifth o f original rates almost 2 years after the final capping 

of the site.
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5.3 C h e m ic a l T r e n d s  in  L e a c h a t e  C o m p o s i t io n

The chemical composition of landfill leachate is highly site specific and reflects the 

nature of the waste intake and the operational practices on site as well as the stage of 

decomposition. As a result, definitive standards for leachate composition do not exist. 

It however has been observed that pollutant concentrations tend to peak early in the 

history of the site (Qasim and Chiang, 1994) with most constituents then exhibiting a 

general decline in concentration. This is most typically seen in organic indicators such 

as biochemical oxygen demand (BOD) chemical oxygen demand (COD) and total 

organic carbon (TOC). The relative ratios of organic indicators are also a key to 

establishing the status of the waste mass.

The waste mass of a landfill site undergoes five stages of decomposition lasting 

varying lengths of time and reflecting the chemical and microbial conditions in 

operation at that time. The initial aerobic stages are rapidly replaced with two 

anaerobic stages as the oxygen content is exhausted. The acetogenic and 

methanogenic stages reflect the key phases of decomposition. Acetogenesis is 

characterised by a BOD/COD ratio of greater than 0.4 and low pH, caused by the 

production of acetic acid and low rates of methane production (Ehrig, 1989). Once 

methanogenesis has been initiated the BOD to COD ratio commonly falls to below

0.1 and the leachate pH and methane production rates both rise. A low BOD/COD 

ratio indicates that the majority of the organic matter is not easily biodegradable 

(Fatta, et al., 1999), suggesting the simple organic molecules are no longer the 

dominant organic species present in the leachate. The Department of the Environment 

(DoE, 1995) published data from a variety of landfills identified to be in either 

acetogenic or methanogenic stages of decomposition. The data was compiled to give 

average values that enable landfill operators to identify the current condition of a site.

Data from Nant-y-Gwyddon Landfill Site spanning from 1999 to the present day is 

presented here and a number of points are considered;

a. Nant-y-Gwyddon is a closed site with a relatively old waste mass and is 

therefore likely to be undergoing methanogenesis.
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b. Methanogenic landfills have neutral to slightly alkaline values of pH.

c. Pollutant concentrations generally show decreasing trends after closure in 
terms of;

i. Organic concentrations,

ii. Inorganic macro-components,

d. The range of values for BOD and COD show a decrease in amplitude after 

closure of the site indicating more stable site conditions (Stantom, et al., 
2004).

e. There is a general decrease in the ratio of variable components to stable 

components in terms of;

i. organic indicators (BOD to COD)

ii. Inorganic indicators (sulphate to chloride)

5.3.1 C om parison to  p u b lis h e d  data

The Department of the Environment (DoE, 1995) published the range of values 

obtained from landfill waste masses known to be undergoing either acetogeneisis or 

methanogenesis in Waste Management Paper 26B. These values are reproduced in 

Table 5.2 along with data from Nant-y-Gwyddon. The long term data available from 

Nant-y-Gwyddon landfill site are from two collection points outside the waste mass 

and one taken directly from within the site (L5a). Since a large proportion of the site 

remained uncapped for the majority of the collection period, surface water runoff is 

likely to dilute the sample points outside the waste mass, as a result Nant-y-Gwyddon 

data are presented as an overall mean and the average obtained from L5a.
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Parameter Units

WMP26B
Methanogenic

WMP26B
Acetogenic

Nant-y-
Gwyddon

Mean Max Min Mean Max Min Overall
Mean

L5a
mean

pH pH
Units 7.52 8.2 6.8 6.73 7.8 5.12 7.9 7.7

COD (Total) mg/l O 2307 8000 622 36817 152000 2740 528.6 849.7
BOD 5 mg/l O 374 1770 97 18632 68000 2000 72.0 65.9
Ammoniacal
Nitrogen mg/l N 889 2040 283 922 3610 194 226.6 420.7

Chloride mg/l 2074 4710 570 1805 4670 659 479.0 840.1
TOC mg/l 733 2270 184 12217 29000 1010 130.8 224.8

Alkalinity
mg/l

C aC 03 5376 9130 3000 7251 15870 2720 1548 2873

Conductivity at 
20°C

uS/cm 11502 19300 5990 16921 52000 5800 3746 6298

Nitrate mg/l N 0.86 2.1 0.2 1.8 18 0.2 8.2 14.6
Nitrite mg/l N 0.17 1.3 0.01 0.2 1.4 0.01 1.7 3.04
Sulphate mg/l 67 322 5 676 1560 5 89.9 121.7
Sodium mg/l 1480 3650 474 1371 2400 474 329 254.8
Magnesium mg/l 250 1580 40 384 820 25 52.9 48.6
Potassium mg/l 854 1580 100 1143 3100 350 174.5 142.6
Calcium mg/l 151 501 23 2241 6240 270 105.0 105.7
Chromium 1 mg/l 0.09 0.56 0.03 0.13 0.3 0.03 0.026 0.013
N ickel1 mg/l 0.17 0.6 0.03 0.42 1.87 0.03 0.044 0.033
Zinc mg/l 1.14 6.7 0.03 17.37 140 0.09 0.24 0.105
Cadm ium 1 mg/l 0.015 0.08 0.01 0.02 0.1 0.01 0.005 0.004
Where levels exist above detection level

Table 5.2. Comparison of Leachate Data from Nant-y-Gwyddon with data published in 
Waste Management Paper 26B (DoE, 1995). Nant-y-Gwyddon data cover the period 
2001 to 2007.

Table 5.2 suggests that the leachate from Nant-y-Gwyddon is more dilute than the 

data presented in WMP26B. Most of the data are situated close to or below the 

minimum value for methanogenic leachates with the exception of nitrate and nitrite, 

both of which exceed the maximum value presented in the literature. To illustrate 

these findings, Figure 5.9 and Figure 5.10 show the range of values published in 

Waste Management 26B plotted against the mean values from L5a for the period 2001 

to 2007.
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Figure 5.9. Mean values for key components in leachate from methanogenic landfills 
published in WMP26b plotted with error bars showing max and min values. Mean 
values for Nant-y-Gwyddon monitoring point L5a plotted separately. Nant-y-Gwyddon 
data cover the period 2001 to 2007.
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Figure 5.10. Mean values for minor components in leachate from methanogenic 
landfills published in WMP26b plotted with error bars showing max and min values. 
Mean values for Nant-y-Gwyddon monitoring point L5a plotted separately. Nant-y- 
Gwyddon data cover the period 2001 to 2007.
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5.3.2 A s s e s s m e n t o f  pH  Values

Immature landfill waste masses which are undergoing acetogenic decomposition of 

the waste mass produce relatively high levels of acetic and fatty acids (Christensen 

and Kjeldsen, 1989) leading to a low pH value. With the onset of methanogenesis the 

production of these acids is reduced and the pH value of the leachate increases. The 

range of pH values published in WMP26b for acetogenic and methanogenic landfills 

shows some overlap in the neutral range. All available pH values for leachate from 

Nant-y-Gwyddon are presented in Figure 5.11 referenced to the maximum, minimum 

and mean values for the major stages of decomposition. It is shown that the majority 

of the data lie within the methanogenic range. The only exceptions are during the 

period prior to the closure of the site where newly deposited wastes may have been 

undergoing acetogenic decomposition whilst the majority of the waste was already 

established as methanogenic. After closure, deposition of fresh waste ceased and a 

temporary cap helped to exclude oxygen and the ingress of oxygen rich water, leading 

to the exhaustion of acetogenic areas.
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Max, Min and average values for 
acetogenic landfills (WMP26B)
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Figure 5.11. Measurements of leachate pH from Nant-y-Gwyddon Landfill Site in 
comparison to published data (DoE, 1995) for November 1998 to March 2007.
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The general trend of pH values can be seen in Figure 5.12 where the data are plotted 

against time. As can be seen there is a general increase in pH with time with the 

average reading now close to 8.0. A Pearson’s Correlation calculation indicates a 

positive correlation of 0.524 significant to the 0.01 level. This indicates a medium to 

high level of correlation with a high degree of significance.
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Figure 5.12. General trend in pH values from leachate from Nant-y-Gwyddon Landfill 
Site for November 1998 to March 2007.

5.3.3 D ecreasing po llu tan t trends

With an aging waste mass, readily soluble components will be flushed from the waste 

mass in the early stages of decomposition leading to high contaminant loading 

especially in the acetogenic phase. With further production of leachate, contaminant 

concentrations are reported to decrease with time (Qasim and Chiang, 1994) 

indicating a steady leaching of contaminants from a declining source term. Graphs are 

plotted of the long term monthly monitoring data and are divided into three sections, 

Period 1 (pre-closure), Period 2 (pre-capping) and Period 3 (post capping). The results 

are divided into general parameters, organic constituents and inorganic macro

components. In each of the graphs, data are plotted from each of the three monitoring 

locations. However, the data from monitoring point L5a provide information on
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leachate direct from the waste mass; the other locations represent leachate holding 

tanks and are at risk from dilution and interference from external factors. On each 

graph the mean and one standard deviation of the data from L5a is shown by solid and 

dashed red lines respectively with data from the other monitoring locations plotted for 

reference. Statistical analysis of the data for each period is provided for L5a and 

L5/LL01 in Table 5.3 and Table 5.4 respectively.

5.3.3.1 General Parameters

Basic measurements of leachate quality include pH (as discussed above), alkalinity, 

conductivity and suspended solids. These parameters are plotted in Figure 5.13 to 

Figure 5.15 highlighting temporal trends in leachate quality.

Both alkalinity and conductivity show a reduction in mean values from before the 

closure of the site to the period prior to capping. Post capping shows a marked 

increase in mean values caused by an increase in values recorded in location L5a. L5 

and LL01 show no significant variation. Data for suspended solids only show the post 

closure and post capping results. In L5a suspended solids levels are generally low in 

Period 2 with occasional peaks. Post capping (Period 3) shows a marked increase 

followed by a return to levels below 200mg/l.
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Figure 5.13. Temporal changes in measurements of alkalinity from leachate samples 
from Nant-y-Gwyddon Landfill Site. Data cover the period February 2000 to March 
2007. Solid lines represent mean value for L5a with dashed lines showing + /- 1 
standard deviation.
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Figure 5.14. Temporal changes in measurements of conductivity from leachate 
samples from Nant-y-Gwyddon Landfill Site. Data cover the period February 2000 to 
March 2007. Solid lines represent mean value for L5a with dashed lines showing + /- 1 
standard deviation.
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Figure 5.15. Temporal changes in measurements of suspended solids from leachate 
samples from Nant-y-Gwyddon Landfill Site. Data cover the period January 2004 to 
March 2007. Solid lines represent mean value for L5a with dashed lines showing +/-1 
standard deviation.

5.3.3.2 Organic Constituents

Key indicators of the organic content of the leachate include measurements of BOD 

(biochemical oxygen demand), COD (chemical oxygen demand), TOC (total organic 

carbon) and TON (total oxidised nitrogen). The trends in the measurements of these 

parameters for each monitoring location are plotted in Figure 5.16 to Figure 5.19.

BOD, COD and TOC represent measurements of organic matter in the leachate and 

all show similar trends in response to physical changes on site.

Period 1. Prior to the closure of the site each parameter shows the greatest 

degree of variation across all monitoring locations reflecting the varying 

conditions caused by the introduction of new waste and the high level of 

infiltration of meteoric water on an uncapped waste mass.

Period 2. After the closure of the site fresh waste was no longer deposited and 

rainwater infiltration was minimised by the installation of a temporary landfill 

cap of compressed colliery spoil. As a result the parameters show a reduction
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of the mean values in L5a as well as a reduction in variability as shown by the 

standard deviation. This is especially highlighted in values of BOD.

Period 3. After the installation of the final landfill cap the majority of water 

ingress was excluded, as was oxygen, either through diffusion of the top layers 

or via oxygen rich water. Monitoring from L5a shows a marked increase for 

each of the three parameters reflecting a general increase in the strength of 

leachate monitored at this point and in the case of COD and TOC a return to 

increased variability.

The data for TON (Figure 5.19) do not show the same variations in response to 

engineering practices as seen in other parameters. No clear trends are identified 

although there is the suggestion that post capping values in L5a have shown a marked 

reduction.
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Figure 5.16. Temporal changes in BOD measurements from leachate samples from 
Nant-y-Gwyddon Landfill Site. Data cover the period February 2000 to March 2007. 
Solid lines represent mean value for L5a with dashed lines showing +/- 1 standard 
deviation.
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Figure 5.17. Temporal changes in COD measurements from leachate samples from 
Nant-y-Gwyddon Landfill Site. Data cover the period February 2000 to March 2007. 
Solid lines represent mean value for L5a with dashed lines showing +/- 1 standard 
deviation.

PER IO D  1 PE R IO D  2  PER IO D  3

9 0 0

8 0 0

7 0 0

_  6 0 0  
05

—  5 0 0

4 0 0

3 0 0

200

100

Jan  0 0 Jan 01 Jan  0 2 Jan  0 3 Jan  0 4 Jan 0 5 Jan  06 Jan 0 7

L5 - m - L 5 a  -* -L L 0 1

Figure 5.18. Temporal changes in TOC measurements from leachate samples from 
Nant-y-Gwyddon Landfill Site. Data cover the period February 2000 to March 2007. 
Solid lines represent mean value for L5a with dashed lines showing +/- 1 standard 
deviation.
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Figure 5.19. Temporal changes in TON measurements from leachate samples from 
Nant-y-Gwyddon Landfill Site. Data cover the period February 2000 to March 2007. 
Solid lines represent mean value for L5a with dashed lines showing +/- 1 standard 
deviation.

5.3.3.3 Inorganic M acro-com ponen ts

The major ionic components represent the bulk of the composition of landfill leachate. 

Key components (ammonia, chloride, sulphate, sodium, magnesium, potassium and 

calcium) are shown in Figure 5.20 to Figure 5.24.
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Figure 5.20. Temporal changes in measurements of ammoniacal nitrogen from 
leachate samples from Nant-y-Gwyddon Landfill Site. Data cover the period February 
2000 to March 2007. Solid lines represent mean value for L5a with dashed lines 
showing +/-1 standard deviation.
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Figure 5.21. Temporal changes in measurements of chloride from leachate samples 
from Nant-y-Gwyddon Landfill Site. Data cover the period February 2000 to March 
2007. Solid lines represent mean value for L5a with dashed lines showing +/- 1 
standard deviation.
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Figure 5.22. Temporal changes in measurements of sulphate from leachate samples 
from Nant-y-Gwyddon Landfill Site. Data cover the period February 2000 to March 
2007. Solid lines represent mean value for L5a with dashed lines showing + /- 1 
standard deviation.
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Figure 5.23. Temporal changes in measurements of sodium from leachate samples 
from Nant-y-Gwyddon Landfill Site. Data cover the period February 2000 to March 
2007. Solid lines represent mean value for L5a with dashed lines showing +/- 1 
standard deviation.
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Figure 5.24. Temporal changes in measurements of magnesium from leachate 
samples from Nant-y-Gwyddon Landfill Site. Data cover the period February 2000 to 
March 2007. Solid lines represent mean value for L5a with dashed lines showing + /- 1 
standard deviation.
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Figure 5.25. Temporal changes in measurements of potassium from leachate samples 
from Nant-y-Gwyddon Landfill Site. Data cover the period February 2000 to March 
2007. Solid lines represent mean value for L5a with dashed lines showing + /- 1 
standard deviation.
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Figure 5.26. Temporal changes in measurements of calcium from leachate samples 
from Nant-y-Gwyddon Landfill Site. Data cover the period February 2000 to March 
2007. Solid lines represent mean value for L5a with dashed lines showing + /- 7 
standard deviation.

Ammoniacal nitrogen, chloride, sodium and potassium, show similar trends to those 

identified in previous parameters where in Period 2 (post closure) there is a reduction 

in the mean and standard deviation of the parameter followed by a subsequent 

increase in Period 3. Sulphate and calcium both show a slight increase from Period 1 

to Period 2 with little variation in standard deviation. Following capping in Period 3 

they both show a significant reduction. Magnesium shows a slight reduction from 

Period 1 to Period 2 with a large drop in levels in Period 3.

5.3.3.4 Sum m ary

Chemical trends provide a useful measure of the changing status of a waste mass as it 

ages; the general trends based on three key periods of development of the site are 

outlined in the preceding sections. A statistical break down of the data is provided in 

Table 5.3 and Table 5.4 for L5a and the combined data from L5 and LL01. As 

identified previously L5 is the only monitoring location likely to represent changes 

occurring in the waste mass without interference from external factors. The tables 

show the mean and standard deviation for each period as well as the coefficient of
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variation with respect to the overall mean for each period. The relative values for the 

coefficient of variation are plotted in Figure 5.27 for each parameter. As can be seen 

from the data those parameters which showed an increase in concentration from 

Period 2 to Period 3 generally also show a reduction in variability. There is not 

however an obvious trend across all parameters.

The trends seen in leachate concentration during the changing physical conditions are 

in response to changing influences on the waste mass. During Period 1, the site was 

uncapped and receiving fresh waste leading to highly variable concentrations as a 

reflection of fresh inputs into the leachate system. After the closure of the site and the 

installation of the temporary cap (Period 2) the driving influence is likely to be 

meteorological and seasonal due to the removal of the input of fresh waste. In Period 

3, after the installation of the permanent cap, the external factors should have been 

removed leading to increased stability in chemical conditions of site and the 

degradation process driving the compositional trends.
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Figure 5.27. Coefficient of variation for Periods 1, 2 & 3 for key components of landfill 
leachate from Nant-y-Gwyddon.
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Period 1 Period 2 Period 3 Total

Mean Std.
Deviation

Coefficient 
of Variation Mean Std.

Deviation
Coefficient 
of Variation Mean Std.

Deviation
Coefficient 
of Variation Mean Std.

Deviation
Coefficient 
of Variation

pH 7.75 0.33 0.04 7.56 0.21 0.03 8.06 0.09 0.01 7.72 0.30 0.04

Alkalinity 2150 168 0.08 1849 1191 0.64 5286 1868 0.35 2872 2089 0.73

Conductivity 5650 1596 0.28 4445 1424 0.32 11076 3332 0.30 6297 3482 0.55

Suspended
Solids N/A N/A N/A 331.96 621.48 1.87 473.94 769.45 1.62 399.01 688.81 1.73

BOD 121.08 264.26 2.18 25.04 34.95 1.40 147.15 68.66 0.47 65.90 119.11 1.81

COD 736.33 313.29 0.43 400.88 327.29 0.82 1965.65 852.99 0.43 849.67 840.77 0.99

TOC 146.45 107.74 0.74 101.58 82.33 0.81 579.32 839.42 1.45 224.76 461.60 2.05

TON 29.10 24.78 0.85 18.04 13.37 0.74 5.04 6.32 1.25 17.37 15.36 0.88

Ammoniacal
nitrogen 345.55 190.44 0.55 194.18 135.27 0.7 975.71 429.45 0.44 420.71 415.82 0.99

Chloride 1479.00 2335.88 1.58 572.53 249.38 0.44 1093.88 287.41 0.26 840.11 960.54 1.14

Sulphate 77.28 90.92 1.18 164.56 106.60 0.65 26.88 22.77 0.85 121.71 107.34 0.88

Sodium 600.00 56.57 0.09 395.08 138.26 0.35 966.71 169.44 0.18 595.96 287.28 0.48

Magnesium 87.68 10.12 0.12 79.36 6.82 0.09 50.29 27.49 0.55 72.27 21.25 0.29

Potassium 327.25 20.40 0.06 212.85 70.99 0.33 424.43 48.44 0.11 293.63 111.30 0.38

Calcium 126.75 21.19 0.17 157.25 33.78 0.21 94.00 81.14 0.86 132.70 56.91 0.43
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L5 & LL01

Period 1 Period 2 Period 3 Total

Mean
Std.

Deviation
Coefficient 
of Variation Mean

Std.
Deviation

Coefficient 
of Variation Mean

Std.
Deviation

Coefficient 
of Variation Mean

Std.
Deviation

Coefficient 
of Variation

pH 7.74 0.30 0.04 7.96 0.19 0.02 8.08 0.33 0.04 7.94 0.27 0.03

Alkalinity 1799 886 0.49 805 522 0.65 943 582 0.62 909 616 0.68

Conductivity 4015 2346 0.58 2080 1255 0.60 2390 1247 0.52 2511 1674 0.67

Suspended
Solids

N/A N/A N/A 142.32 338.49 2.38 300.38 408.93 1.36 210.73 376.03 1.78

BOD 243.43 293.05 1.20 48.18 172.31 3.58 16.00 9.30 0.58 76.64 197.46 2.58

COD 849.26 644.97 0.76 264.46 308.25 1.17 301.36 221.33 0.73 375.87 432.91 1.15

TOC 217.11 147.47 0.68 77.34 236.05 3.05 56.89 34.73 0.61 86.06 204.77 2.38

TON 1.73 3.07 1.78 5.32 3.78 0.71 11.79 9.12 0.77 6.12 5.98 0.98

Ammoniacal
nitrogen 215.44 178.37 0.83 106.51 72.65 0.68 122.04 80.15 0.66 131.30 110.61 0.84

Chloride 690.21 1210.64 1.75 214.08 178.75 0.83 241.90 147.43 0.61 306.76 560.40 1.83

Sulphate 90.92 45.17 0.50 47.60 23.86 0.50 126.70 40.81 0.32 73.84 46.22 0.63

Sodium 363.11 224.44 0.62 154.68 88.75 0.57 189.15 132.59 0.70 204.13 154.25 0.76

Magnesium 65.24 32.27 0.49 30.77 11.75 0.38 51.85 22.01 0.42 43.20 24.08 0.56

Potassium 213.10 122.55 0.58 91.96 46.44 0.51 101.25 65.78 0.65 118.08 84.49 0.72

Calcium 174.44 66.41 0.38 75.16 18.30 0.24 69.77 23.69 0.34 93.46 52.96 0.57
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5.3.4 D ecreasing ratios o f  unstab le  to stab le  com ponen ts

Whilst the concentrations of individual components of landfill leachate are known to 

exhibit a wide range of values, the ratio of two parameters is often used to identify 

temporal trends.

The ratio of BOD to COD shows the fraction of readily biodegradable content of the 

leachate. A ratio of >0.4 is typical of an acetogenic waste mass with <0.1 more likely 

from a fully methanogenic landfill. The data from Nant-y-Gwyddon for the period 

February 2000 to March 2007 are shown in Figure 5.28.
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Figure 5.28. Ratio o f BOD to COD measurements from leachate samples from Nant-y- 
Gwyddon landfill site for February 2000 to March 2007.

As can be seen, prior to the closure of the site (Period 1) the BOD / COD ratio showed 

a high degree of variability with some readings falling within the range of data 

accepted for acetogenic landfills. This is likely to reflect in the acceptance of fresh 

waste and newly deposited waste undergoing acetogenic decomposition whilst other 

areas are established as methanogenic. Post closure (Period 2) there is still some 

degree of variability but the majority of readings are now located close to or below 

0.1 as methanogenesis becomes more established. However the temporary capping
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will not provide a complete exclusion of oxygen or oxygen rich water leading to 

localised areas of acetogenic decomposition. Since final capping in August 2005 

(Period 3) the variability has again decreased with the majority of data now lying 

close to the methanogenic value of 0.1 as acetogenic areas are slowly exhausted.

Inorganic components have also been identified as showing variations as the waste 

mass ages, specifically the ratio of sulphate and chloride. Chloride is commonly used 

as an example of a conservative ion and is unlikely to be affected by changes in redox 

potential or attenuation processes. Sulphate is likely to be affected by redox 

conditions with reducing methanogenic landfill waste masses converting sulphate to 

sulphide which is easily precipitated. Therefore as methanogenesis becomes more 

established sulphate concentrations will fall. The data from Nant-y-Gwyddon are 

presented in Figure 5.29.
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Figure 5.29. Ratio of S042- to Cl- measurements from leachate samples from Nant-y- 
Gwyddon landfill site covering the period February 2000 to March 2007.

Nant-y-Gwyddon does not follow the established pattern and the results show a 

degree of variability throughout the data collection period even showing an increase 

in variability post closure (Period 3). If individual monitoring locations are
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considered, location L5a (samples obtained direct from the waste mass) does show a 

decrease in the ratio of sulphate to chloride post capping, potentially indicating a 

general loss of oxygen in the system and the establishment of a more reducing 

environment in the waste mass.

5.3.5 Leachate C onductiv ity  Trends

The trends in conductivity from monthly leachate samples were assessed in Section

5.3.3.1 and identified a wide range of results from 0 to 8mS/cm. After the installation 

of the cap there was a notable increase in the conductivity of the leachate retrieved 

direct from the waste mass. The use of data loggers allows an assessment of variation 

in leachate conductivity at 30 minute intervals.

Long term trends are provided for a gas well (GWU) and a leachate inspection 

manhole in the drainage system (L5a). These trends are shown in Figure 5.30. Data 

from L5a generally lie between 2 and lOmS/cm and GWU between 6 and 16mS/cm. 

The higher readings in the gas well are due to the presence of landfill gas condensate 

accumulating in the well and the general lack of flushing in a well system designed 

for the collection of landfill gas.

5.3.5.1 Gas Well U

The initial data (Period 2) show the conductivity of the leachate in Gas Well U 

fluctuating between 10 and 15mS/cm. This is likely to be due to rainwater infiltration 

through the temporary capping. After the start of the engineering works, on-site 

leachate conductivity in the gas well shows a rapid reduction. The site underwent 

extensive ground works before the installation of the capping membrane which had an 

impact on the routing of rainwater into the waste mass in this area potentially leading 

to increased infiltration rates and reduced conductivity. Post capping (Period 3), 

leachate conductivity values steadily increased to levels similar to those recorded 

prior to the beginning of site works but showed reduced amplitude of fluctuation. 

From September 2006 rapid decreases in conductivity were recorded which steadily 

returned to initial values. These events are interpreted as rainwater entering the waste 

mass via the gas well and are discussed further in Section 5.4.2.3.
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Figure 5.30. Long term variations in leachate conductivity in a gas well (GWU) and 
leachate inspection manhole (L5a) for the period February 2005 to April 2007.
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5.3.5.2 L eachate  D rainage S ystem

Figure 5.31 shows the comparison between the data logger results and analysis of the 

monthly samples for L5a. Initially the two sets of results produce similar trends. From 

February 2006, monthly sampling produced higher values than those observed by 

continuous logging in the landfill gas well. During this period, the site operators were 

using leachate pumping wells to lower the leachate levels in some gas wells and the 

extracted leachate was discharged into this monitoring point. It is possible that the 

monthly sampling from L5a collected leachate originally sourced from the landfill gas 

well, and this has implications for all leachate data from this monitoring location. The 

CTD Diver remained in the base of the well and monitored the conductivity of the 

main drainage system. The conductivity of the leachate was still highly variable and 

fluctuations became more rapid post capping. This either reflects the changing nature 

of the leachate produced by the site or the reduction in leachate head in the drainage 

well (see Figure 5.32) causing interference with the detritus in the base of the drainage 

system. The rapid drop in leachate head observed in June 2005 corresponds to the 

leachate drainage system being cleaned.

Site Works Start Capping com pleted
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Figure 5.31. Comparison between long term monthly monitoring data and continual 
monitoring of leachate conductivity in L5a. For the period February 2005 to December 
2006.
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Figure 5.32. Conductivity and level data from L5a for the period February 2005 to 
December 2006.

Monitoring data are also available from the sump which was constructed during the 

remediation. As discussed in Section 5.2.4, the variations in leachate level are 

influenced by the operation of the pumping system to remove leachate. The 

conductivity values lie between 7 and 9mS/cm and fluctuate with changing leachate 

levels, reflecting cleaner water lying on top of the main leachate body within the 

sump.

5.3.6 Summary  -  Leachate Chem istry

Long term monitoring data for the leachate system at Nant-y-Gwyddon are only 

available from one monitoring location situated within the waste mass, but additional 

data from leachate lagoons are also available over a similar period. The monitoring 

lagoons are by definition liable to the influence of mixing within the lagoon and also 

dilution from surface water that was diverted to the leachate system after coming into 

contact with the uncapped waste mass surface prior to the site being capped. Subtle 

fluctuations will therefore be hard to detect in these locations. Location L5a is also 

subject to contamination by leachate pumped from the gas wells. This alters the 

chemistry of the leachate samples from this point, and changes observed also reflect 

the changing nature of the leachate within the gas wells following capping of the site.
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From the comparison of data from Nant-y-Gwyddon with those presented in 

WMP26b is it shown that the waste mass is most likely to be undergoing 

methanogenesis as would be expected of a waste mass of this age and condition. 

However, as a result of probable dilution by rainwater ingress during the period the 

site was uncapped (Period 1), the general concentration of leachate is relatively low 

with concentrations close to or below the minimum values for methanogenic 

leachates. This is with the exception of nitrate and nitrite, both of which are present at 

elevated levels. In methanogenic leachate, nitrogen loading comes primarily from the 

anoxic production of ammonia. In less reducing environments the ammonia is 

converted to nitrite and subsequently nitrate. High levels of these latter forms during 

Period 2 (temporarily capped) may reflect elevated levels of oxygen in the leachate 

collection system.

In terms of pollutant trends, the greatest degree of variation in data is seen in the 

period prior to the closure of the site (Period 1), reflecting the variation in site 

conditions in terms of the introduction of fresh waste and the availability of oxygen to 

the waste. Organic indicators (BOD, COD and TOC) show a reduction in fluctuation 

of readings post closure (Period 2) similar to those reported by Stantom, et al., (2004) 

from a study carried out in the USA which was interpreted as a reflection of more 

stable conditions within the waste mass. When the relative abundances of specific 

leachate components are considered, the ratio of BOD to COD has shown a reduction 

in variability since closure and capping and reflected the methanogenic nature of the 

waste mass with the majority of values located close to the published value of <0.1 for 

methanogenic waste masses. The ratio of sulphate to chloride has also fallen in 

location L5a since the installation of the landfill cap.

In general, Nant-y-Gwyddon has a mature waste mass exhibiting similar contaminant 

concentrations to methanogenic waste masses in the literature (DoE, 1995). However 

prior to closure areas of relatively fresh waste and the uncapped nature of the majority 

of the site lead to localised areas of acetogenic decomposition. On closure of the site 

and the installation of the temporary cap, the site conditions became more stable 

leading to the loss of acetogenic areas and reduction in variability of contaminant 

concentrations. Final capping again increased the efficiency of the methanogenic 

conditions on site.

Sarah R A Ling 176



C hapter 5 Leachate and Landfill G as System

5.4 Leac h ate  L evel  in the Wa s t e  Ma s s

Leachate may persist either on top of the engineered liner or in discrete perched 

leachate tables within the waste mass, a number of piezometric surfaces can therefore 

exist across one site. The leachate level data available for Nant-y-Gwyddon arise from 

long term monitoring of piezometric boreholes, and from data loggers installed in the 

landfill gas wells.

5.4.1 Piezometer Records

The long term records from piezometer boreholes are presented in Figure 5.33. The 

piezometers monitor multiple leachate tables even between pairs of piezometers 

located in close proximity to each other. At least four separate leachate bodies were 

initially identified at Nant-y-Gwyddon; between 329 and 333mAOD, 338mAOD, 

between 341 and 343 mAOD and between 345 and 346 mAOD. This represents a 

range of almost 20m. It is unlikely that any of these leachate bodies represent the head 

of leachate on the basal liner since boreholes cannot be drilled to depths within 5 m of 

the liner to prevent damage. Rapid increases in leachate level over a short period of 

time as seen in LMPla, LM Plb and LMP2a are interpreted as blockages in the pipe 

work causing erroneous readings and not significant increases in leachate levels.

The initial period (April to December 2003) shows a relatively stable set of leachate 

level data before the loss of the majority of the monitoring locations due to waste 

mass settlement. LMP3b shows the most significant variations although the level does 

not fluctuate more than four metres between extreme values with the majority of the 

data lying between 345mAOD and 346mAOD.

The initial data from the additional boreholes (LMP6-8) from June to December 2004 

shows the most variable data recorded with fluctuating leachate levels in the region of 

9m in LMP6.
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Figure 5.33. Temporal changes in leachate level based on piezometer records, for the 
period April 2003 to March 2007.
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Post capping monitoring data are limited to LMPla & b and LMP 6-8, of these, both 

LMPla and LMP lb have subsequently become blocked. The boreholes, post capping, 

can be divided into three groups, those which show no significant trend (LMPla and 

LMP lb) those that show a gradual decline (LMP7 & 8) and those that show a gradual 

increase in leachate level (LMP6).

LMP7 and LMP 8 are 70m apart but monitor a leachate body at the same depth. The 

similar reduction in leachate level shown by these boreholes would also indicate a 

reduction of the leachate body at this level. Another leachate body monitored by 

LMP6 shows a contrasting trend with leachate levels showing a steady increase since 

capping. If this data is assumed to be accurate and not caused by the gradual decline 

of the monitoring well it would indicate that the leachate bodies in the waste mass are 

undergoing a number of changes in response to the cap which may include localised 

increases in leachate head.

5.4.2 Data Logger R esu lts

Both level only and CTD data loggers were installed in gas wells in the waste mass to 

monitor the changes in the leachate bodies. A level only logger was also installed in 

piezometer LMPla prior to capping.

5.4.2.1 Long Term Trends

Long term trends are only available from Gas Well U (Figure 5.34) for the period 

February 2005 to April 2007. These data therefore cover the period prior to capping, 

the installation of the cap and post capping. Data for the period January and February 

2005 (Period 2) from piezometer LMPla is shown in Figure 5.35. Whilst both 

locations show variations in leachate level, it should be noted that the data from 

LMPla do not vary by more than about 20cm over the monitoring period whereas Gas 

Well U shows a much greater degree of variation.
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Figure 5.34. Long term variations in leachate level recorded in Gas Well U for 
February 2005 to April 2007.
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Figure 5.35. Variations in leachate level in piezometer LMPla for the period 20th 
January 2005 to 14th February 2005.

5.4.2.2 Atmospheric influence

The atmospheric influence on leachate level is shown in Figure 5.36. Variations in 

atmospheric pressure are plotted with recorded leachate level in Gas Well X. The 

level data have previously been corrected for changes in atmospheric pressure and so 

fluctuations are true changes in leachate level. Figure 5.37 shows the correlation 

between the changes in barometric pressure and leachate level. These data are 

compared to the same period of data recorded in Gas Well U (Figure 5.38 and Figure 

5.39).

The two wells show varying responses throughout the monitoring period (7th February 

to 21st February 2007). The data in Gas Well X show a strong correlation to changes 

in atmospheric pressure with an increase in atmospheric pressure corresponding to a 

decrease in recorded leachate level indicating a potential linkage to an additional 

water body. Gas Well U, however, does not show such a strong correlation indicating 

there are other factors influencing leachate level in addition to variations in 

atmospheric pressure.
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Figure 5.36. Variations in leachate level in Gas Well X and atmospheric pressure for 
the period 6th February 2007 to 21st February 2007.
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Figure 5.37. Correlation between leachate level in Gas Well X and atmospheric 
pressure for the period 6th February 2007 to 21st February 2007.
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Figure 5.38. Variations in leachate level in Gas Well U and atmospheric pressure for 
the period 6th February 2007 to 21st February 2007.
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Figure 5.39. Correlation between leachate level in Gas Well U and atmospheric 
pressure for the period 6th February 2007 to 21st February 2007.
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Statistical analysis of the two data sets was undertaken to produce a Pearson 

correlation coefficient. The results are presented in Table 5.5.

Data Range Pearson’s correlation 
co-efficient Significance Level

Gas Well X -0.836 0.01
Gas Well U -0.675 0.01

Table 5.5. Correlation coefficients and significance levels of correlation of leachate 
level with barometric pressure for the period 6th February to 22nd February 2007 for 
Gas Well X  and Gas Well U.

The results indicate a strong and significant correlation between barometric pressure 

and leachate level in the waste mass. The magnitude of the coefficient for the data 

from Gas Well X indicates a much stronger correlation and the likelihood of 

additional factors needed to explain the variation of data seen in Gas Well U.

5.4.2.3 Rainfall infiltration

As seen in Figure 5.34 the leachate level in Gas Well U varies both over the short and 

long term. It was also identified in Section 5.4.2.2 that these variations occur in 

response to factors in addition to changes in atmospheric pressure.

The influence of rainwater infiltration is considered here with two situations 

considered, pre and post capping, shown in Figure 5.40 and Figure 5.41 respectively.
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Figure 5.40. Leachate level variations in Gas Well U in relation to rainfall for the period 
1st March 2005 to 31st May 2005.
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Leachate levels in an uncapped waste mass are likely to be influenced by a number of 

factors including rainwater entering the system. It has also been shown that 

atmospheric variations will have an effect. This results in a rapidly fluctuating 

leachate level as recorded in Gas Well U prior to the installation of the landfill cap 

(Figure 5.40). After the installation of the landfill cap it is assumed that the influence 

of infiltrating rainwater will be removed, however (as shown in Figure 5.41) after 

rainfall the logger in Gas Well U records a rapid increase in leachate level followed 

by a gradual return to previous levels. When these fluctuations are compared to 

changes in conductivity (Figure 5.42) they are also shown to be associated with rapid 

decreases in conductivity. This indicates an influx of relatively low conductivity fluid 

such as rainwater which is discharged slowly to the surrounding area.
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Figure 5.42. Leachate level and conductivity variations in Gas Well U for the period 1st 
October 2006 to 16th January 2007.

The gas well under consideration is joined to the capping material by an adjustable 

collar to allow for settlement of the waste mass and prevent unnecessary strain on the 

cap in this area. The well is also protected by a large plastic barrier around the well to 

prevent damage by vehicles and equipment. The ground level inside this barrier is 

slightly lower than the surrounding area and may provide a source for collection of 

rainwater. A surface water drain is also situated in the vicinity of the well (as shown 

in Figure 5.43) which directs rainwater towards the well.
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Figure 5.43. Gas Well U with surface water ditch marked, prior to remedial work.

As part of further improvements to the site and in response to this data the surface 

water drain was diverted away from the gas well.

Figure 5.44. Gas Well U with surface water ditch marked, after remedial work.
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Data from April and May 2007 (Figure 5.45) show the leachate level recorded in Gas 

Well U since the diversion of the surface water ditch and re-profiling of the area 

immediately around the gas well. As can be seen the well no longer responds to 

rainwater ingress as was evident previously. Also plotted is the leachate level in 

another gas well (Gas Well X) on the opposite flank of the site. This indicates that the 

ingress of water seen in Gas Well U will be limited to those wells where water can 

accumulate in the vicinity and can be easily rectified by localised earthworks. Gas 

Well X has been shown to respond primarily to changes in atmospheric pressure over 

the short term and it is shown that Gas Well U is now responding in a similar way.

40 340 .0

339 .535

339 .0
30

338 .5  §  

338 .0  J .

337 .5  ®

25

20

337 .0  <515

336 .5  $
10

336 .0

1 1 1

5 335 .5

0 —
20  Apr 07

335 .0
04  May 07 18 May 07 01 Jun 07

I Rainfall —  Gas Well U —  G as Well X j

Figure 5.45. Leachate level data from Gas Well U and Gas Well X  for the period 20th 
April to 6th June 2007.

5.4.3 Cross Borehole ERT Surveys

A number of cross borehole electrical resistivity tomography (ERT) surveys were 

carried out between three gas wells in the waste mass at Nant-y-Gwyddon. The 

system was developed during a Cardiff University PhD project (George, 2006) and 

was continued after the installation of the landfill cap to provide an assessment of the 

changing leachate levels in the waste mass. These surveys were originally presented 

in reports Geoelectric, (2006, 2007). Survey data are available at approximately six 

monthly intervals for three sections GWS to GWT, GWS to GWU and GWU to 

GWT. The profiles for GWS to GWU are presented below with the remainder
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presented in Appendix B. Surveys were carried out in September 2005, immediately 

after the installation of the cap, February 2006, August 2006 and January 2007. The 

blue areas of very low resistivity are interpreted as leachate saturation with increasing 

resistivity representing more dilute leachate and potential rainwater infiltration.
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Figure 5.46. ERT results between gas wells S and U recorded September 2005 
(George, 2006).
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5.4.3.1 September 2005

The survey in September 2005 (Figure 5.46) was undertaken immediately after the 

installation of the landfill cap and is likely to represent the waste mass before the cap 

could have a significant impact of waste mass saturation. The waste mass is shown to 

be almost saturated with large leachate bodies identified.

5.4.3.2 February 2006

February 2006 (Figure 5.47) shows the initial impact of the installation of the landfill 

cap. In uncapped landfills, winter rainfall would normally lead to increased leachate 

levels and greater waste mass saturation. The main area of low resistivity has reduced 

to a surface perched leachate body and a number of smaller perched bodies. The bulk 

of the remaining waste mass is recorded as having low to intermediate resistivity, 

interpreted as dilute leachate and damp areas with localised unsaturated zones.

5.4.3.3 August 2006

In Figure 5.48, the majority of the perched leachate bodies have now been removed 

whilst a basal leachate body is still evident. The sloping nature of the low resistivity 

zone shows the cone of depression caused by a leachate pumping well in Gas Well S. 

The division between saturated and unsaturated zones is now more obvious with the 

leachate body well defined.

5.4.3.4 January 2007

The survey taken 16 months after the installation of the landfill cap (Figure 5.49) 

shows the removal of the majority of the leachate bodies with large areas of 

intermediate to high resistivity, interpreted as dry and damp areas of waste. The 

localised wet zone close to Gas Well U corresponds to the leachate level data 

provided by the CTD logger as discussed in Section 5.4.2.3 where a pathway existed 

for rainwater to infiltrate the waste mass via the gas well. Whilst variations in leachate 

heads are in the region of lm the zone of influence of the water is shown to be limited 

in the waste mass.
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5.4.3.5 Summary

The ERT surveys indicate a dramatic reduction in the waste mass saturation with the 

removal of the majority of the perched leachate bodies. The wells do not extend to the 

base of the waste mass and so no assessment can be made of the leachate head on the 

liner. However in general the waste mass seems to be responding to the installation of 

the landfill cap due to the exclusion of the majority of infiltrating rainwater and the 

improvement of the removal of leachate via pumps installed in gas wells and also sub 

cap drainage for perched leachate bodies.

5.4.4 Sum m ary -  Leacha te L evel a n d  W aste M ass Saturation

Long term records from piezometer boreholes in the waste mass indicate a static 

leachate system prior to the installation of the landfill cap with multiple leachate 

bodies identified. Post capping, the remaining monitoring points indicate a more 

dynamic system with two boreholes showing a gradual reduction in leachate level as 

would be expected and one point indicating a localised increase. The introduction of 

data loggers in the system indicated a greater degree of variability than was identified 

from the piezometer records. Fluctuations are greater in gas wells than in the 

piezometer boreholes and indicate the influence of rainfall infiltration. There is also 

evidence that the variations in atmospheric pressure has an impact on the leachate 

level with increased atmospheric pressure leading to reduced leachate levels where no 

other factors are identified. In the case of Gas Well U there is also evidence that 

rainwater was still entering the system after the installation of the landfill cap which 

led to increases in leachate level in the gas well and a reduction in leachate 

conductivity. Geophysical surveys between gas extraction boreholes also indicate the 

gradual drying out of the waste mass after the installation of the landfill cap with the 

removal of perched leachate tables and the exclusion of the majority of rainwater 

infiltration.
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5.5 Landfill Ga s  P roduction  R a t e s

Landfill gas production rates are monitored at the landfill gas flare. The flow rate of 

gas in cm /hour indicates the volume of gas passing through the flare system and 

reflects the capture rate of the system. Whilst this is not the landfill gas production 

rate for the waste mass it does provide an indication of the gas field at Nant-y- 

Gwyddon. Comprehensive data are available from March 2000 to present, covering 

the three main stages of development considered in this project. Flow rates indicate a 

fluctuating system (Figure 5.50) which reached a peak of approximately 900cm3/hour 

in October 2002, this was after a period of down time whilst the gas system was 

upgraded. A clear decline in gas production rates is shown since January 2004 with 

rates of between 350 and 450 cm3/hour before the start of the capping process. After 

the installation of the landfill cap, (Period 3) flow rates initially increased to 

approximately 600cm /hour before continuing the reduction in gas flow. The landfill 

cap should have increased the capture efficiency of the gas system and led to higher 

yields. However the age of the waste mass at Nant-y-Gwyddon would indicate the 

peak production rates may have passed and the gas potential is now declining. The 

reduction in saturation of the waste mass and exclusion of oxygen sources should also 

have aided the production of landfill gas post capping.

Another key component of landfill gas is the percentage of methane within the gas. 

Whilst the flow rate is adjusted to maximise methane concentration, by eliminating 

poorly performing gas wells, the methane content should indicate the effectiveness of 

the methanogenic conditions within the waste mass. The long term methane content is 

shown in Figure 5.51. As can be seen the methane concentration fluctuates 

considerably. Initially the concentration increased to almost 70% in Period 1 but this 

was followed by a gradual reduction in methane concentration to between 35% and 

45%. Post capping, (Period 3) the methane production improved to 70% but these 

levels have subsequently fallen to between 40 and 50%. Landfill gas concentration is 

a result of a number of factors including the oxygen content of the waste mass. The 

age of the site and engineering controls also play a major part production and capture 

of methane.
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Figure 5.50. Landfill Gas flow rate entering flare stack at Nant-y-Gwyddon for March 
2000 to April 2007.
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Figure 5.51. Methane concentrations in landfill gas from Nant-y-Gwyddon for March 
2000 to April 2007.
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5.6 Landfill Ga s  M ig ratio n

The uncontrolled escape of landfill gas can have serious effects on the surrounding 

environment and local population. The components of landfill gas mean that it poses a 

potential explosive risk and can lead to asphyxiation and damage to environmental 

systems.

5.6.1 Sub  Surface Migration

The sub surface migration of landfill gas in the underlying strata is monitored by a 

number of boreholes surrounding the waste mass at Nant-y-Gwyddon. Long term data 

exists for 9 wells monitoring since 2000, with an additional 10 wells (BH01 to BH10) 

added in June 2005. Over that period a maximum methane concentration of 1.9% was 

recorded in GMBH5, down dip of the site. Methane is the major component of landfill 

gas and can be assumed to be the most easily detected along with carbon dioxide and 

depleted oxygen levels. Occurrences of methane in the boreholes are short lived and 

episodic. The main period of detection occurred between March and July 2004 with 

boreholes GMBH 1 and 3 a to 8 all detecting methane in this period. No methane, or 

other landfill gas indicators, have been detected since, or at all in the additional wells 

which closely encircle the waste mass. The new boreholes are located between 8 and 

88m from the perimeter of the waste mass at varying depths and were installed as part 

of an early warning system for landfill gas migration. The lack of current detection of 

methane in these boreholes indicates there is negligible landfill gas migration and any 

methane entering the environment is being rapidly attenuated by biological processes. 

It should also be noted that the site is located within the South Wales coalfield and as 

such methane concentrations may also be attributed to natural sources.

5.6.2 Surface E m iss io n s

The release of landfill gas direct to the atmosphere through the surface layers is also 

important. Whilst the site was uncapped, this was hard to prevent or quantify since 

levels of release would vary across the site as a function of waste age, content and 

cover material. No data is available for this period (Period 1) for Nant-y-Gwyddon.
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Immediately prior to final capping and whilst the temporary cap was in place, (Period 

2) a soil vapour survey was carried out across the waste mass. The survey was 

undertaken using an Ecoprobe 5 portable analyser with the help of Terradat (UK) 

Limited. The Ecoprobe measures the concentration of gases in the vapour phase of the 

soil using a bell probe to form a seal around the sample location and extract soil 

vapour with an attached pump. The detector unit possesses a photo-ionisation detector 

(PID) for measuring volatile organic compounds (VOC) and an infra red detector to 

measure methane, carbon dioxide and total petroleum hydrocarbons with a detection 

range of 0.1 -  500,000 ppm. A separate analyser measures oxygen (%) and 

atmospheric pressure. Specific details of the survey methodology are outlined in 

Chapter 4. The system is coupled to a GPS system to accurately record sample 

locations. The approximate extent of the survey area is shown in Figure 5.52.

Figure 5.52. Nant-y-Gwyddon site plan showing approximate extent of Ecoprobe 
survey area.

The survey was carried out over two days in April 2005 measuring methane and 

carbon dioxide levels. These gases represent the bulk composition of landfill gas and 

in this case are used as indicators of landfill gas migration through the surface layers. 

Figure 5.53 shows the maximum methane and carbon dioxide values recorded during
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the survey. The centre of the site shows relatively few points of emissions, reflecting 

the well compacted surface used as a roadway by site plant and other vehicles. 

Around the flanks of the site a number of key points of emissions are noted: firstly in 

the south east comer and along the western edge and northern flank. These locations 

correspond to the break in slope where the flat plateau meets the flanks of the site. In 

a number of cases the break out of leachate was also observed at these locations.

The survey was repeated in August 2007 with the permanent cap fully installed 

(Period 3). At this stage all major site works had been completed and grass cover on 

the restoration layers was well established over the majority of the site. The survey 

results reflect the stable conditions on site after the initial establishment of the new 

cap. The results are shown in Figure 5.54 for maximum methane and carbon dioxide 

recorded during the survey. The restoration layers of the capping system are 

constmcted from colliery spoil sourced on site. This material is a potential source of 

methane and other VOC gases. As a result, a number of soil vapour readings were 

taken from the colliery spoil away from the waste mass. The minimum, maximum and 

mean values for the maximum readings of methane and carbon dioxide for colliery 

spoil are presented in Table 5.6. These values are comparable to the results recorded 

on site.

Minimum (ppm) Maximum (ppm) Mean (ppm)

Methane 0.00 108.71 53.24

Carbon dioxide 338.71 363.58 354.23

Table 5.6. Concentration o f methane and carbon dioxide from colliery spoil heaps on 
site used as cover material for Nant-y-Gwyddon.

The comparison of results from before and after the installation of the landfill cap 

shows the effective removal of surface emissions from the waste mass at Nant-y- 

Gwyddon for both methane and carbon dioxide. Localised variations in the post 

capping (Period 3) survey can be explained by differences in the colliery spoil cover 

material and methane potentially derived from the colliery spoil. There is no evidence 

of large scale emissions from the site after the installation of the final capping system.
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Figure 5.53. Plots of maximum (a) methane and (b) carbon dioxide concentrations in 
the soil vapour phase at Nant-y-Gwyddon prior to final capping (Period 2). 
Concentrations in ppm. Survey undertaken April 2005.
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Figure 5.54. Plots of maximum (a) methane and (b) carbon dioxide concentrations in 
the soil vapour phase at Nant-y-Gwyddon after final capping (Period 3). 
Concentrations in ppm. Survey undertaken August 2007.
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5.6.3 S u m m a r y -  Landfill Gas Migration

Whilst some methane has been detected by down gradient landfill gas monitoring 

locations the majority of data show no landfill gas indicator gases reaching the sub 

surface in the immediate vicinity of the site. Prior to final capping (Period 2) the build 

up of gases was most easily released via the surface as was indicated by the Period 2 

soil vapour survey. After the installation of the final capping system, (Period 3) the 

improved capture efficiency of the cap significantly reduced the rate of emission 

through the surface layers. However, the presence of the new landfill cap may lead to 

higher gas pressures within the waste mass and increased migration through sub 

surface pathways. No such migration has been detected in the two year period since 

installation of the final cap. As such, monitoring of the subsurface should be a key 

part of ongoing environmental monitoring.

5.7  S u m m ary

The leachate and landfill gas systems of any landfill waste mass are the primary 

driving force behind the environmental impact of the site. They provide the source 

term for pollutant trends and remain a significant factor for the duration of the 

operational period of the site and into the long term monitoring regime. The highly 

site specific nature of the leachate and landfill gas systems also means that general 

assumptions cannot be used in the assessment of a waste mass and individual studies 

are required for the determination of the overall risk posed by a site. The integrated 

approach taken in this project, highlights that an understanding of the pollution events 

is driven by knowledge of the changing conditions of the waste mass represented by 

the leachate and landfill gas systems.

From the data presented in this section a number of observations were made about the 

current condition of the site and the recent trends in leachate quality and quantity. 

Leachate generation rates are interpreted as declining based on predictive calculations 

and observations of leachate discharge rates. The installation of the landfill cap has 

reduced infiltration rates to a minimum and the improvement of management systems 

has improved the disposal of both leachate and surface waters. The leachate draining 

to a sump located near to Jones’ Bund showed a considerable delay in responding to
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the construction of the cap, but nearly two years after the installation the site was 

generating approximately 20% of the leachate originally accumulating at that point. 

This indicates the relatively saturated nature of the waste mass at the time of capping 

and the progressive drying out once rainwater infiltration was removed. If this 

reduction is assumed to reflect the general production rates for the whole site it 

represents a considerable reduction in leachate generation and in turn a reduction in 

the volume of leachate likely to be reaching the environment via basal leakage.

In comparison to published data the leachate from Nant-y-Gwyddon is relatively 

dilute; reflecting high infiltration rates through the temporary capping in Period 2. 

High nitrate loading indicates the oxidation of ammonia in a non-methanogenic 

setting. The leachate system is shown to respond to changes in the operational 

procedure and engineering setting of the site with responses to the closure of the site 

and removal o f inputs of fresh waste as well as the installation of the permanent 

capping system. Typically the leachate concentration trends indicate that during 

Period 3 (post closure) the leachate has become more concentrated and more 

reflective of methanogenic conditions with sulphate concentrations falling in response 

to the reduction to sulphide. This reflects both the removal of dilution via rainwater 

and also the draining of leachate from the gas wells.

The leachate tables in the waste mass are identified as being complex and numerous. 

The installation of the landfill cap has led to the reduction in observed leachate levels 

in discrete monitoring locations and has also impacted on the overall saturation of the 

waste mass as identified in geophysical studies. The cap also removed the fluctuation 

in leachate level caused by meteorological influences. The effectiveness of the 

capping is also highlighted, with localised deficiencies located around gas wells 

potentially forming significant influxes of water when all other sources are removed. 

It was also shown that these deficiencies are easily remediated.

Landfill gas production rates and are shown to be highly variable. They indicate a 

declining source term with the improvement gained by the installation of the landfill 

cap in terms of methane content lost in a relatively short period of time. The age of 

the waste mass suggests the yield is likely to continue declining. The emission of
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landfill gas to the environment has been significantly reduced since the installation of 

the final cap.

Overall, Nant-y-Gwyddon landfill site possesses a waste mass that is shown to have 

dried out considerably since the installation of the landfill cap forcing changes in the 

overall quality of the leachate since dilution via rainfall was excluded and the 

establishment of more efficient methanogenic conditions. These finding are important 

since the basal leakage rates are driven by the overall leachate levels and the 

environmental impact of the leachate is controlled by the contaminant loading it 

represents. The changes in volume and concentration of the leachate released from the 

site will have an ongoing influence over the overall environmental impact of the site.
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CHAPTER 6 GROUNDWATER SYSTEM

6.1 Introduction

Groundwater is defined as any water in the ground below the water table (EA, 2003). 

In the vicinity of waste disposal sites, groundwater systems require monitoring to 

ensure the waste mass is not having an adverse impact on the surrounding 

environment. The groundwater system is often also coupled to the local surface water 

systems, requiring further monitoring of surface water bodies. In the case of the Nant- 

y-Gwyddon Landfill Site, monitoring of the groundwater system is an important 

method for identifying the impact on the local environment and assessing changes 

occurring after the installation of the capping system. Monitoring data are assessed on 

the basis of aquifer system, location with respect to the waste mass and temporal 

framework. Three key time periods are used;

Period 1 -  Active, uncapped site (up to March 2002).

Period 2 -  Inactive, with temporary capping (March 2002 -  August 2005). 

Period 3 -  Permanently capped (August 2005 -  present).

In the following sections, data are presented for groundwater level, chemistry and 

conductivity variations in the groundwater systems beneath Nant-y-Gwyddon Landfill 

Site. Specifications for monitoring methodology are provided in Chapter 4.
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6.2 H y d r o g e o lo g ic a l  S y s te m s

As discussed in Chapter 3, it is known that the site is underlain by the fractured 

sandstones and shales of the upper coal measures (Klinck and Trick, 2001). Based on 

available borehole data it is shown that the hydrogeological system under the site is 

divided in to three aquifers (Arup, 2000, C.L.Associates, 1998b, Encia, 2006, Golder, 

1999a) as summarised below.

Higher Aquifer -  Water retained on a siltstone aquiclude within the main sandstone 

beds approximately 25 -  30 m above the No.l Rhondda Rider Coal Seam.

Main Aquifer -  Water retained above the No. 1 Rhondda Rider Coal Seam. Water is 

shown to issue at springs outcropping at the level of this seam down gradient of the 

waste mass.

Lower Aquifer -  Water retained above the No. 1 Rhondda Coal Seam approximately 

40m below the No. 1 Rhondda Rider Coal Seam. Springs are also associated with this 

coal seam.

The Higher Aquifer is the closest to the base of the waste mass, but due to the 

topography of the hill side is not present across the entire site. The approximate 

outcrop of the Higher Aquifer, based on available borehole data is shown in Figure 

6 . 1.
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Figure 6.1. Outcrop of main aquifer systems in the region around Nant-y-Gwyddon 
Landfill Site.
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Groundwater level data from monitoring boreholes are available since February 2000 

with additional monitoring locations added in the subsequent years. There are 

currently 20 boreholes available for groundwater monitoring (Figure 6.1), although a 

number remain dry throughout the year. Long term monitoring results are summarised 

in Table 6.1 showing a basic statistical assessment of the groundwater system. Whilst 

some boreholes show a limited range between maximum and minimum water levels a 

number do show a wider range of values. Further inspection of the data identifies 

outliers in the data which may be due to either sampling error or blockages in the pipe 

work; however, the mean values are not greatly affected by these outliers.

Borehole
Water Level Target

AquiferMean
(mAOD)

Minimum
(mAOD)

Maximum
(mAOD) Range N Std.

Deviation
BH01 324.79 324.50 325.03 0.53 8 0.251 Higher
BH02 298.17 294.43 302.36 7.93 17 2.540 Main
BH05 291.41 287.28 295.72 8.44 21 2.095 Main
BH06 280.68 274.05 286.32 12.27 22 2.919 Main
BH09 325.78 324.89 326.54 1.65 8 0.525 Higher
BH10 311.34 307.19 312.97 5.78 18 1.917 Main
NG94 328.52 308.36 333.37 25.01 51 4.691 Main
NG96 265.84 253.50 281.30 27.80 37 6.753 Main
NG97 275.57 266.00 295.00 29.00 36 8.563 Main

NG101 289.86 281.29 308.32 27.03 52 4.706 Main
NG104 319.59 317.15 322.85 5.70 27 1.339 Higher
NG105 334.90 308.46 344.14 35.68 42 4.644 Higher
NG106 338.27 336.10 340.43 4.33 42 1.122 Higher
NG107 336.52 333.00 339.97 6.97 43 2.210 Higher
NG110 265.11 252.26 276.18 23.92 27 4.839 Main
NG111 235.68 227.50 260.98 33.48 12 10.036 Lower

Table 6.1. Statistical analysis o f groundwater level data in the aquifers around Nant-y- 
Gwyddon. For 2000 to 2007.

6.2.1 A n a lys is  o f  G roundw ater Flow and  Hydraulic Gradients

The direction of groundwater flow can be assessed based on groundwater levels 

recorded in monitoring boreholes. The relative levels should indicate the hydraulic 

gradients present below Nant-y-Gwyddon. Since there are several groundwater 

systems below the site, each aquifer will be considered independently. The basis of 

the calculation is outlined below and in Figure 6.2.
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Figure 6.2. Outline for calculating hydraulic gradients.

1. The water levels are recorded in wells A, B & C relative to a fixed datum.

2. The wells are joined by lines which are divided into unit lengths.

3. Points of equal value are joined by straight lines. These represent lines of 

equipotential.

4. The water table can be extended beyond the domain of the wells by drawing 

equally spaced lines, assuming a constant hydraulic gradient.

5. Groundwater flow is perpendicular to the lines of equipotential.

6. Hydraulic gradient (i) can be calculated using the equation i = —  where dh is
dl

the change in height and dl is the change in distance.

Whilst this method provides a basic assessment of hydraulic gradient it is only an 

approximation and does not take into account local variations in gradient and changes 

in topography. Figure 6.3 and Figure 6.4 show the results of this method for the 

Higher and Main Aquifers respectively based on mean groundwater levels assuming a 

constant gradient across the site. Since only one borehole is drilled to intercept the 

Lower Aquifer no assessment can be made of hydraulic gradients in this aquifer.

Sarah R A Ling 210



Chapter 6 Groundwater System

340 335 330 325 320 315
(m AOD)

10dm ' *

Figure 6.3. Groundwater flow direction assessment for Higher Aquifer. Data based on 
mean groundwater levels from NG107, BH04 & BH09 for the period 2000 to 2007.
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Figure 6.4. Groundwater flow direction assessment for Main Aquifer. Data based on 
mean groundwater levels from GW97, BH02 & BH05 for the period 2000 to 2007.
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The results indicate a general eastward trend in groundwater flow for both aquifers. 

The Higher Aquifer (Figure 6.3) shows a north easterly trend, converse to both the 

results from the Main Aquifer and reported trends (Encia, 2004). It is known that the 

head waters of the Nant-y-Gwyddon stream were originally located below the waste 

mass and hydrostatic pressures are currently relieved in this area by an under drainage 

system. The groundwater flow direction in the Higher Aquifer based on the three 

wells considered in this example is towards the topographical low point below the site 

and the location of the under drainage system. The estimated hydraulic gradient for 

the aquifer is 0.04.

The Main Aquifer shows an easterly groundwater flow direction (Figure 6.4) and 

represents the major aquifer in the region below the landfill site. It also corresponds to 

other reports of groundwater flow direction (Encia, 2004). The estimated hydraulic 

gradient for this aquifer equates to 0.03.
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6.3 V a ria tio n  in G r o u n d w a te r  L e v e l

General groundwater levels and the determination of specific groundwater systems 

were discussed in Section 6.2. This section considers the response of these systems to 

rainfall and general seasonal variations. Figure 6.5 shows the long term variations in 

groundwater level recorded by data loggers located in monitoring boreholes. Data are 

shown for NG104, in the Higher Aquifer, and NG94, BH05, BH06 and NG110 in the 

Main Aquifer. The figure highlights the variation in groundwater level between 

aquifers and within the Main Aquifer system based on location. It also reflects similar 

responses to rainfall across all boreholes and aquifer systems. This is discussed further 

in Section 6.3.1.
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Figure 6.5. General groundwater levels in boreholes NG94, BH05, BH06 and NG110 
in the Main Aquifer and NG104 in the Higher Aquifer, plotted with onsite rainfall 
records, for the period 1st October 2005 to 1st December 2006.
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6.3.1 Seasona l Variations

The rainfall in the region around Nant-y-Gwyddon is highly seasonal with the 

majority of rain falling during the autumn and winter, and when coupled with losses 

due to evapotranspiration, to give effective rainfall, seasonal variability is much 

greater. The mean monthly effective rainfall values are presented in Figure 6.6 for the 

40km by 40km MORECS grid square in which Nant-y-Gwyddon is located. Data are 

supplied by the Meteorological Office MORECS data set.
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Figure 6.6. Mean monthly effective rainfall for 1997 to 2006 from MORECS data 
supplied by the Meteorological Office for the region around Nant-y-Gwyddon (square 
155).

As was shown in Table 6.1 the range in groundwater level is generally small and 

larger variations are likely to be a result of sampling error or damage to the 

monitoring borehole. Seasonal variations are outlined in Figure 6.7 and Figure 6.8 

showing the groundwater trends in boreholes NG94 and BH06 respectively. The 

dashed lines represent the changing background levels in response to changing 

effective rainfall. Both figures show a drop in baseline values in the summer months 

(May to September), mirroring the effective rainfall data shown in Figure 6 .6 .

Sarah R A Ling 215



Chapter 6 Groundwater System

340

338

336

<  334

■2 332

330

328

326
Jan 0 6  Mar 0 6  May 0 6  Jul 0 6  S e p  0 6  Nov 06

Figure 6.7. Groundwater level data from NG94 for 2006, with dashed lines showing the 
change in baseline data in response to effective rainfall values.
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Figure 6.8. Groundwater level data from BH06 for 2006, with dashed lines showing the 
change in baseline data in response to effective rainfall values.
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6.3.2 R e sp o n se  to Rainfall

As was shown in Figure 6.5 the response of the system to rainfall is the most obvious 

trend in groundwater level. Data from the CTD data loggers in a number of wells 

provided long term continual monitoring of the water level in the groundwater 

systems including the response to rainfall at the site. The level data for borehole BH05 

(Main Aquifer) is shown in Figure 6.9 for the year 2006. The groundwater response to 

the rainfall can be seen clearly, with rapid increases in groundwater level soon after 

the start of the rainfall. For the rain event between the 12th and 16th February 2006 the 

borehole recorded an increase in water table of 4.88m over a three day period (12th - 

15 February) in response to 71.6mm of rainfall. The groundwater level then returned 

asymptotically to baseline values.
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Figure 6.9. Groundwater level variation in BH05 for the year 2006 in comparison to 
recorded rainfall.

The infiltration of rain into the underlying strata cannot be described as plug flow due 

to prolonged and overlapping periods of rainfall. It is therefore difficult to assess the 

impact of single events on the groundwater systems. Using relatively short lived 

rainstorm events identified by the onsite weather station, the impact on the 

groundwater system at a number of wells has been assessed in terms of increase of the 

groundwater table. Data are included for three wells in the Main Aquifer (NG94,
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BH05 and BH06) and one in the Higher Aquifer (NG104). The data are presented in 

Table 6.2 and Figure 6.10.

Date Rainfall
(mm)

Increase in groundwater level (m)
NG94 BH05 BH06 NG104

1 2 -16th Feb 06 71.6 4.59 4.88 5.32 7.84
7 - 9th Mar 06 47.0 4.05 3.63 4.00 7.99
11-12th Apr 06 24.0 1.25 1.18 1.22 4.90
6-10* Jul 06 38 2.46 2.73 3.13 7.59

29m Jul -  1st Aug 06 24.4 Not detected 0.53 0.94 N/A
1 - 6th Oct 06 184.4 4.97 4.99 5.91 N/A
Table 6.2. Relative response of groundwater level in boreholes to rainfall on site.
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Figure 6.10. Observed increase in groundwater level after rainfall in the Main and 
Higher Aquifers at Nant-y-Gwyddon.

The variation in groundwater level in the three boreholes located in the Main Aquifer 

remains similar, independent of the rain storm event, although is commonly more 

pronounced in BH06. During the same event the response of the borehole in the 

Higher Aquifer is consistently larger than the response recorded in the Main Aquifer. 

The rain events measured in April and in the July-August period recorded similar 

levels of rainfall. In April a response in the region of 4m was recorded in the Main 

Aquifer boreholes whilst in July/August less than lm increase in groundwater was
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recorded in boreholes BH05 and BH06 with no response recorded in NG94. This 

highlights the significance of factors such as evapotranspiration and soil moisture 

deficits in the summer months in comparison to the winter and autumn seasons.

The large increases in groundwater level in response to rainfall indicate a low value of 

specific yield for the aquifer. Price, (1996) indicates that the water table in an aquifer 

with a low specific yield will rise a long way in response to recharge. In general, the 

specific yield is defined as the ratio of infiltration to rise in the water table. Since the 

sandstone below Nant-y-Gwyddon has a low primary porosity this is understandable 

as the permeability is controlled by the secondary porosity from fractures.

6.3.3 G roundwater L eve ls  a n d  Infrastructure

The relative groundwater levels become more significant when the interaction with 

the landfill infrastructure is taken into account. Figure 6.11 shows the elevation data 

of the base of the landfill along with the location of the groundwater tables for the 

Main and Higher Aquifers based on mean groundwater elevation data from boreholes 

monitoring these aquifer systems. As can be seen in the figure, the Higher Aquifer is 

likely to come into contact with the base of the landfill, especially when elevated 

levels of groundwater are experienced in response to rainfall. This reflects the original 

location of the head waters of the Nant-y-Gwyddon beneath the site. During the 

installation of the waste mass an under drainage system was constructed to divert this 

water away from the base of the site. Whilst this aquifer is most at risk from pollution 

released from the base of the landfill the removal of water via the basal drainage 

system and the absence of the aquifer in some areas down gradient of the site 

minimises the risk from the landfill waste mass. The Main Aquifer persists across the 

entire site and is the primary aquifer at risk from the long and short term impacts of 

the site.
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Figure 6.11. Mean groundwater levels in Main and Higher Aquifers with respect to 
landfill infrastructure, section through northing 4000.

6.3.4 Sum m ary  -  G roundw ater L evel

Baseline groundwater levels on site show variation in response to effective rainfall 

trends with a general reduction in the spring and summer months. They also show a 

flashy response to rainfall, with rapid increases in groundwater levels seen in all 

aquifer systems. The relative magnitude of these responses is determined by rainfall 

intensity and duration and factors such as soil moisture content and evaporative 

losses. The groundwater level in the Higher Aquifer is important such that it comes 

into contact with the base of the waste mass and under-drainage system, providing a 

potential pathway for the release of contaminants into the groundwater system.
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6 .4  G r o u n d w a t e r  C h e m is t r y

Current and historic data are used to assess changes in the groundwater quality of the 

key aquifer systems below the site. Spatial and temporal variations are considered to 

identity the impact of the waste mass on the underlying groundwater system.

6.4.1 Chem ical C lassification

The classification of natural waters such as groundwater is typically based on the 

levels of dissolved solids within the water. More than 90% of the dissolved solids in 

groundwater can be attributed to eight ions, typically present at levels in excess of 1 

mg/1 (Na+, Ca2+, K+, Mg2+, SO42’, Cl*, HCCV and CO32’) (Fetter, 2003). At Nant-y- 

Gwyddon each ion has been analysed as part of the quarterly suite of groundwater 

analysis since 2003. Sodium, calcium, potassium, magnesium, sulphate and chloride 

are measured directly and levels of carbonate and bicarbonate in groundwater are 

determined by the measurement of alkalinity in the groundwater samples and a field 

measurement of pH. The relative ratios of these major ions are plotted on a Piper 

Diagram as a percentage of the total. Anions and cations are plotted both individually 

and as a combined proportion in the upper section of the diagram. The region of the 

diagram that the data falls is used to assign a hydrochemical facies. Figure 6.12 shows 

the basic plot and the general classification of facies.
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Figure 6.12. General Piper diagram with hydrochemical facies outlined. After Fetter, 
(2003).

Average values for all aquifers at Nant-y-Gwyddon, classified as up gradient, adjacent 

and down gradient boreholes are plotted on a Piper Diagram (Figure 6.13) and shows 

the cations in the groundwater at Nant-y-Gwyddon are dominated by calcium and to a 

lesser degree, magnesium. In the case of the anions, the carbonate and bicarbonate 

ions are dominant with sulphate present to a greater extent in the Higher Aquifer. The 

average value for leachate is also plotted and is shown to have a more prominent 

sodium and potassium content than the groundwater samples. Bicarbonate and 

carbonate dominate the anions as is seen in the groundwater samples. Individual 

diagrams for each aquifer system are given in Figure 6.14 to Figure 6.16 for the same 

time period with all available data plotted.
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EXPLANATION 
•  Main Aquifer Up Gradient 
■  Main Aquifer A djacent 
a  Main Aquifer Down Gradient 
O Upper Aquifer Up Gradient 
O  Upper Aquifer Adjacent 
a  Upper Aquifer Down Gradient 
▼ Lower Aquifer Down Gradient 

Leachate

Ca C03 ' + HC03

Figure 6.13. Piper Diagram showing the average groundwater values from the Higher, 
Main and Lower Aquifers below Nant-y-Gwyddon and leachate. (Data cover the period 
2003 to 2006).

CO3 + HCOa

E ^ L A  NATION
•  Upper Aquifer Up Gradient 
■ Upper Aquifer Adjacent 
a Upper Aquifer Down Gradient

Figure 6.14. Piper Diagram showing the groundwater samples from the Higher Aquifer 
below Nant-y-Gwyddon. (Data cover the period 2003 to 2006).
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EXPLANATION 
•  M an Aquifer Up Gradient 
■ M an Aquifer Adjacent 
a  M an Aquifer Down Gradient

Na + K CO3 -H C O s

Figure 6.15. Piper Diagram showing the groundwater samples from the Main Aquifer 
below Nant-y-Gwyddon. (Data cover the period 2003 to 2006).

EXPLANATION

A Lower Aquifer Down Gradient

O',

Mg

2*
Na* + K*Ca a

Figure 6.16. Piper Diagram showing the groundwater samples from the Lower Aquifer 
below Nant-y-Gwyddon. (Data cover the period 2004 to 2006).
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From the individual Piper diagram plots it is shown that the largest degree of 

groundwater variability is seen in the Higher Aquifer, independent of the location 

relative to the landfill waste mass. In this aquifer, sulphate ions are of equal 

dominance to the bicarbonate and carbonate fractions, again independent of location. 

Magnesium is also less prevalent, with higher proportions of calcium. It should be 

noted that this method of classification deals with relative proportions of individual 

constituents and not concentrations. The Main and Lower Aquifers show similar 

classifications to the average values in Figure 6.13; however, only limited data are 

available for the Lower Aquifer with only one borehole penetrating to a sufficient 

depth. This borehole is down gradient of the site. The combination of two water 

bodies should be identified on a Piper diagram. If leachate was significantly impacting 

the groundwater in any area the location at which it plots on the diagram should lie 

somewhere between unaffected water and leachate, depending on the degree of 

contamination. No significant trend is seen in any aquifer system.

6.4.2 Spatial Trends

The comparison of baseline data obtained from up gradient of the site to those from 

areas adjacent to and down gradient from the waste mass allows an assessment of the 

spatial distribution of contaminants in the groundwater. Considering each aquifer 

independently, minimum, maximum and mean values for up gradient, adjacent and 

down gradient boreholes are shown in Table 6.3 to Table 6.5. Adjacent boreholes can 

be close to the waste mass, as seen with BH05, and are therefore at risk from the 

lateral dispersion of leachate as well as transport along the hydrogeological gradient. 

The location of each monitoring well considered here is shown in Figure 4.1 (Page 

109).
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Table 
6.3. 

Statistical analysis 
of groundw

ater 
sam

ples 
taken 

from 
the 

Higher 
Aquifer. 

Data 
covers 

period 
January 

2000 
to 

April 2007.

Up Gradient Adjacent Down Gradient

Mean N Std.
Deviation Min. Max. Mean N Std.

Deviation Min. Max. Mean N Std.
Deviation Min. Max.

pH 6.17 219 0.758 4.6 9.2 8.97 23 1.011 7.6 11 5.82 65 0.683 4.2 7.5
Alkalinity 29.94 149 17.98 5.1 77 212.89 23 192.15 37 664 17.57 37 41.04 2 257

Conductivity 135.1 225 57 5 381 346.7 23 85.5 214 537 89.5 67 36.4 23 290

Suspended
solids

173 92 191 19 1100 1918 23 2068 217 7800 172 22 466 12 2250

BOD 5.79 47 10.14 1 61.7 1.6 5 0.89 1 3 3.65 13 2.52 1 9.5
COD 48.77 110 42.53 8 298 213.38 21 185.52 44 940 43.39 30 59.02 17 320
TOC 2.05 103 1.5 0.4 8.9 3.16 12 1.06 1.2 4.2 1.61 30 1.35 0.3 6.6
TON 0.76 85 1.16 0.06 9.43 1 7 0.35 0.7 1.7 0.44 22 0.18 0.18 1

Ammoniacal
nitrogen 0.99 140 5.57 0.04 65.6 1.11 7 1.11 0.3 3.3 0.53 42 0.91 0.05 5.26

Chloride 12.02 121 18.15 2 166 8.23 22 2.45 4 14 9.81 31 6.77 2 20
Sulphate 29.54 77 28.58 4.2 120 65.57 14 40.24 7 129 16.94 24 6.29 10 35
Sodium 6.59 88 3.69 2.4 23.8 15.47 12 6.49 5 26 4.96 25 1.99 3 12
Magnesium 5.36 88 3.57 1.9 25.5 49.34 12 73.81 0.9 262 3.53 25 1.82 1.6 9.62
Potassium 1.65 88 1.57 0.5 9.6 6.91 12 2.74 3.7 12 1.39 25 0.89 0.5 4.29
Calcium 15.94 87 10.76 0 64 197.67 12 120.65 58 433 6.44 25 4.96 3.5 27.7
Nitrite 0.08 39 0.02 0.02 0.17 0.24 5 0.13 0.1 0.4 0.08 13 0.02 0.02 0.1
Nitrate 1.01 109 2.34 0.11 22.7 0.81 17 0.36 0.3 1.7 0.54 27 0.25 0.3 1.2
Cadmium 0.003 65 0.003 0 0.016 0.004 7 0.004 0.001 0.011 0.004 16 0.003 0 0.007
Chromium 0.013 41 0.019 0.002 0.08 0.031 12 0.016 0.011 0.056 0.011 13 0.011 0.002 0.04
Nickel 0.035 74 0.058 0.005 0.4 0.04 11 0.033 0.005 0.12 0.012 22 0.013 0.005 0.05
Zinc n nfi? fin n nftft n nnfi n fifi n fiflft 19 n 9QA n ha 1 OA n n.fiQ 99 n n.fift 0.01 0 17



3(O

CD H0) 03

o p>
§ •&>
0)
■O 
CD 3
S' S3*Q- o'

C/5
STa*
in'

03
03

^ 03 C 3
03  03

t fo  ^ O oO
o <Q
■O3
M
C 3O

0c=3
a
1
CD-t
C/3
03

i
CD
03

S'
£

§-

=r
CD

03
S'
D*-QC
n

Up Gradient Adjacent Down Gradient

Mean N Std.
Deviation Min. Max. Mean N Std.

Deviation Min. Max. Mean N Std.
Deviation Min. Max.

pH 6.49 93 0.67 4.7 8.4 6.65 97 0.63 5.3 8.2 6.89 174 0.7 4.8 8.7
Alkalinity 78.87 75 110 10 471 97.4 81 121.3 12 858 206.1 150 442 6.4 4750

Conductivity 139.4 95 129.8 61 871 290 99 72.4 96 558 308.5 178 223 52 931

Suspended
solids

1333 49 2063 112 12200 1056 54 1927 10 7640 2305 105 4125 2 2450

BOD 3.58 24 2.9 1 9.5 4.93 18 4.83 1 19.8 7.86 37 19.11 1 99
COD 106.4 65 158.1 17 855 94.9 59 139.4 9 730 114.3 88 119.7 14 540
TOC 1.44 41 1.6 0.3 10.3 2.08 50 1.83 0.6 12.4 2.55 90 4.35 0.4 40.6
TON 0.5 25 0.33 0 1.3 4.83 49 2.71 0.6 10.3 1.57 67 2.79 0.1 21.4

Ammoniacal
nitrogen 0.63 54 1.16 0.1 7.3 0.75 53 0.9 0.1 4.2 0.81 93 1.65 0.1 13.3

Chloride 9.22 58 4.97 3 20 23.4 72 10.01 9 51.1 17.58 123 15.15 2 78
Sulphate 18.58 36 16.45 7 69 31.4 38 13.7 10 74 37.19 70 25.69 5.9 92
Sodium 7.8 36 5.38 2 25.8 17.7 39 7.6 6.8 48 16.08 72 16.03 2.2 66
Magnesium 22.81 35 52.65 1.5 229 24.5 39 41.09 7.6 262 69.66 72 163.2 0.2 1230
Potassium 2.35 36 1.67 0.9 8.7 4.29 39 1.33 2 8.27 4.58 72 5.63 0.4 27
Calcium 32.51 36 68.43 2.5 268 46.3 39 77.69 13 478 144.6 71 331.1 1.9 2120
Nitrite 0.08 13 0.02 0 0.1 0.08 16 0.02 0 0.13 0.08 21 0.03 0 0.2
Nitrate 0.685 35 0.467 0.1 2.5 5.95 79 10.84 0.6 98 1.581 106 2.353 0.3 21.4
Cadmium 0.01 25 0.01 0 0.05 0 24 0 0 0.01 0 48 0 0 0.02
Chromium 0.02 23 0.03 0 0.13 0.01 21 0.01 0 0.06 0.02 41 0.03 0 0.15
Nickel 0.03 26 0.04 0 0.15 0.02 29 0.02 0 0.1 0.03 50 0.04 0 0.14
Zinc 0.16 30 0.32 0 1.24 0.07 35 0.1 0 0.45 0.13 63 0.26 0 1.15
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Down Gradient

Mean N Std.
Deviation Minimum Maximum

_p" . ... 7.14 23 0.453 6.4 8.3
Alkalinity 96.25 23 20.24 53.40 129.00
Conductivity 371.4 23 228.4 221 1390
Suspended
Solids 413 23 772 10 2570
BOD 2.25 4 0.96 1 3
COD 89.25 4 94.13 24.00 227.00
TOC 1.94 16 0.48 1.10 2.80
TON 2.73 10 0.80 1.70 4.10
Ammoniacal
nitrogen 1.09 8 1.48 0.30 4.70
Chloride 16.13 23 4.37 11.00 25.00
Sulphate 37.80 10 11.55 20.00 55.00
Sodium 15.60 10 4.90 11.00 27.00
Magnesium 18.20 10 5.90 12.00 34.00
Potassium 4.01 10 0.97 2.70 6.40
Calcium 33.50 10 10.43 21.00 61.00
Nitrite 2.63 23 0.74 1.40 4.10
Nitrate <0.1 N/A <0.1 <0.1
Cadmium 0.001 2 0.000 0.001 0.001
Chromium <0.005 N/A <0.005 <0.005
Nickel 0.007 3 0.001 0.006 0.007
Zinc 0.019 9 0.014 0.005 0.040

Table 6.5. Statistical analysis of groundwater samples taken from the Lower Aquifer. 
Data covers period January 2004 to April 2007.

The Higher Aquifer is am unconfined aquifer and is likely to be at risk from pollution 

via surface water infiltration as well as direct from the waste mass. The majority of 

the highest mean values are in boreholes adjacent to the waste mass with the 

exception of BOD, nitrate and chloride; however these values tend to come from 

smaller data sets. Down gradient information is obtained from NG104 and shows 

lower values than adjacent boreholes almost throughout the suite of chemicals with 

the exception of BOD and chloride. It is reported (Encia, 2004) that the under 

drainage system intercepts this water body and if water is removed from beneath the 

site, down gradient values may reflect cleaner water that has not come into contact 

with the base of the waste mass. The adjacent boreholes may show leachate entering 

the groundwater before it is intercepted by the under drainage. The elevated values in 

the up gradient boreholes are hard to explain by site engineering works but each high 

value is attributed to a single data point with no similar trends seen elsewhere.
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The Main Aquifer lies below the level of the under-drainage and the available 

boreholes represent some of the most established monitoring points on site, although 

NG96 and NG110 are some distance from the site and are likely to represent diluted 

values due to natural attenuation and dispersion of any leachate contamination. In this 

aquifer, the majority of the highest mean values are seen in the down gradient 

boreholes as well as the majority of the overall maximum values. An additional down 

gradient borehole (BH06) was added in April 2006 with monitoring available since 

June 2006. This borehole is located approximately 75m from the edge of the waste 

mass and the mean values for this borehole alone are consistently higher than those 

seen in all previous down gradient boreholes for this aquifer. This suggests the 

contaminated groundwater is being diluted as distance from the waste mass increases 

and natural methods of attenuation are reducing the impact of the waste mass.

Only one borehole is drilled to intercept the Lower Aquifer (NG111) and is located 

approximately 300m down gradient of the waste mass. Monitoring results are 

available since January 2004. In comparison to down gradient data from the Main 

Aquifer, the majority of components in the suite are similar to or lower than those in 

the Lower Aquifer with the exception of ammoniacal nitrogen, TON and nitrate, 

although values are still relatively low.

6.4.3 Temporal T rends

With the continual degradation of the waste mass and the implementation of 

engineering systems on site, specifically the installation of the permanent landfill cap, 

the temporal changes are as important as the spatial distribution of variation. 

Monitoring data are biased towards the post closure period of site history although 

two years of data from the active phase o f the site are available. It is therefore 

impossible to assess the impact of the site on the groundwater system in the early 

stages of development. A temporal assessment was carried out for all boreholes 

adjacent to and down gradient of the site. Table 6.6  shows the mean concentration for 

each of the three key phases described in this project in terms of individual aquifers 

and for the entire system. The data for the whole system are also presented graphically 

(Figure 6.17) as a percentage of the overall mean.
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Period 1 Period 2 Pen'od 3
Higher Main Total Higher Main Lower Total Higher Main Lower Total

pH 5.6 6.3 6.1 5.9 6.7 7.0 6.6 8.0 7.2 7.2 7.4
Alkalinity 9 63 49 87 135 96 125 118 227 96 191
Conductivity 93 224 189 114 286 309 250 238 369 405 343
Suspended
solids N/A N/A N/A 1119 1115 460 1041 1047 2332 383 1853

BOD N/A N/A N/A 4.0 7.7 2.5 6.5 1.6 6.0 2.0 4.9
COD N/A N/A N/A 58.8 84.7 72.0 78.3 161.9 129.3 95.0 136.9
TOC 1.5 1.9 1.8 2.0 2.2 1.5 2.1 2.4 2.7 2.1 2.6
TON 0.4 2.2 1.8 0.5 3.9 2.9 3.2 0.9 2.1 2.6 1.9
Ammoniacal
nitrogen 0.2 0.2 0.2 1.0 0.9 1.6 1.0 1.2 1.9 0.6 1.6

Chloride N/A N/A N/A 12.8 23.4 18.9 21.4 7.0 16.3 14.7 14.1
Sulphate 18.8 23.2 22.1 17.1 30.4 30.2 27.8 51.9 46.2 45.4 47.8
Sodium 4.3 12.4 10.3 7.4 16.3 14.8 14.5 10.8 19.1 16.4 16.7
Magnesium 4.7 10.9 9.3 10.0 30.0 19.6 25.3 29.6 97.0 16.8 73.6
Potassium 2.0 2.6 2.4 1.6 4.4 3.6 3.8 4.7 5.5 4.4 5.2
Calcium 6.6 18.4 15.4 46.2 51.8 35.6 49.4 109.5 210.4 31.4 170.6
Nitrite 0.1 0.1 0.1 0.1 0.1 N/A 0.1 0.2 0.1 N/A 0.2
Nitrate 0.5 2.1 1.7 0.5 4.0 2.7 3.4 0.8 3.2 2.6 2.7

Table 6.6. Temporal trends in groundwater from down gradient and adjacent boreholes 
for the years 2000 to 2006. Data apply to all aquifers.

■ Period 1
■ Period 2
■  Period 3

Figure 6.17. Temporal variation of groundwater quality in terms of key development 
periods at the site for down gradient and adjacent boreholes. Data are normalised 
against overall mean for the whole time period.
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Table 6.6 and Figure 6.17 show there to be a general increase in mean concentration 

across the three periods. This is with the exception of BOD and chloride, where data 

only exist for Periods 2 and 3 and show a relative decline and TON and nitrate which 

show a relative reduction from Period 2 to Period 3. All of these parameters 

commonly fall close to or below detection level and therefore do not represent true 

trends in concentration. During the monitoring period the detection level for chloride 

was reduced leading to the appearance of an overall reduction in contamination level.

The trends highlighted here may also reflect alterations to the monitoring regime. 

Monitoring wells gradually become unusable and as a result, supplementary wells 

were added immediately prior to the start of Phase 3. These boreholes were designed 

to act as an early warning system and are therefore located at close proximity to the 

waste mass. They are likely to detect higher levels of contamination than those 

located at a greater distance, as a result of dilution and natural attenuation. Temporal 

trends are therefore difficult to assess.

6.4.4 D ischarge to Surface W aters

The contribution of groundwater to local surface water is especially important in an 

area such as Nant-y-Gwyddon. Due to the location of the landfill on an elevated spur, 

springs are known to occur at the outcrops of the main confining units and the original 

headwaters for the Nant-y-Gwyddon stream were located beneath the landfill draining 

the Higher Aquifer. Therefore an assessment of the surface water quality is required 

to ensure no adverse effects are caused by the presence of the landfill.

6.4.4.1 Surface Water Features
The main river in the area is the Afon Rhondda Fawr in the base of the valley less 

than 1.5km from the waste mass. The Rhondda Fawr is fed by a number of tributaries 

from surrounding valley systems. The Environment Agency monitor water quality in 

all major river systems in the UK and after the introduction of the Water Framework 

Directive a risk assessment was undertaken for the Rhondda Fawr river system. The 

results, (EA, 2007) show the river system to be at risk from diffuse pollution but not 

at risk from point sources. In the local vicinity of the waste mass, the Nant-y-
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Gwyddon now issues close to the site boundary. This water body is therefore at 

greatest risk from discharge from the site and requires greatest levels of monitoring. 

Other tributaries to the Rhondda Fawr also issue from the spur of land where the site 

is located.

The Environment Agency also monitors river quality data from the Afon Rhondda 

Fawr. For the stretch of river immediately down stream of the landfill site (between 

points NGR SS 970 955 and NGR 998 922) the water quality standards set for the 

river have all been satisfied (EA, 2007). The river quality was assessed as either 

Grade A (very good) or B (good) on a scale of A to F for the last ten years. From this 

information it is shown that the main river meets water quality targets in terms of 

chemistry and nitrate concentrations and has no significant water quality issues that 

could be attributed to the landfill site.

Prior to the final capping, surface water runoff from the waste mass was treated as 

contaminated and disposed of via the leachate system. However, all surface water 

runoff is now directed to settlement lagoons to remove suspended matter before being 

discharged to the headwaters of the Nant-y-Gwyddon stream. Water that issues from 

beneath the waste mass via the under drainage system is treated as leachate.

6.4.4.2 Chemical Assessment

The absence of monitoring points up stream of the waste disposal site means that 

direct comparison of the water samples taken before and after passing the site is 

impossible. However, key indicators of pollution can be used to assess the general 

condition of the local water bodies.

Since the main surface water bodies become diluted by groundwater issues and 

smaller tributaries, it is likely that surface water monitoring points closest to the site 

are most at risk from elevated levels of contaminants. Therefore by comparing those 

nearest the site (SW 5, 6 & 8) to more distant points (SW 1, 2, 3 & 4) some 

assessment can be made. The chemical characteristics of the surface waters from each 

monitoring point are presented in Table 6.34 and Table 6.8 for those at a distance
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from the site and monitoring points close to the waste mass respectively. The location 

of each monitoring location is shown in Figure 4.2 (Page 112).

The surface water monitoring data appear highly variable in all locations, with 

episodic elevated levels for some chemicals. Of the monitoring points classified as 

being closest to the waste mass, SW6 shows the highest degree of variability with 

elevated levels in conductivity, COD, ammoniacal nitrogen, chloride, sodium and 

TOC and to a lesser degree these trends are seen in SW8. These points are the Upper- 

and Mid-sections of the Nant-y-Gwyddon stream respectively and were highlighted as 

being most at risk from leachate contamination. SW4 shows a high peak value for 

nitrate which impacts on the average reading. The isolation of these data collection 

points and the distance from the site suggests that this may be an isolated issue not 

directly related to the landfill site. The data from SW5a (surface water collection 

lagoon) show greatly elevated levels o f suspended solids in the water, these data are 

from soon after the construction of the pond and suspended solids may be expected 

from disturbances during construction.
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Table 6.7. Chemical characteristics for surface water monitoring points at a distance 
from Nant-y-Gwyddon landfill site. Data cover the period January 2000 to December 
2006. Absent data represent levels consistently below detection level.
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Table 6.8. Chemical Characteristics for surface water monitoring points close to Nant- 
y-Gwyddon landfill site. Data cover the period January 2000 to 2006. Absent data 
represent levels consistently below detection level.
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6.4.5 Tem perature Trends

The impact of the site on the surrounding environment can be identified as a thermal 

plume as well as via chemical variations. The release of leachate from the waste mass 

at a higher temperature to the groundwater and the conduction of heat through the 

base of the site can lead to an overall increase in temperature (MacFarlane, et al., 

1983). The dimensions of the thermal plume are likely to be elongated in the direction 

of groundwater flow, similar to chemical trends. An assessment of the field 

measurement of temperature taken at the time of sampling is presented in Table 6.9 

below.

Mean N Std.
Deviation Minimum Maximum

Up
Gradient

Higher Aquifer 10.41 132 1.91 6.7 17.7
Main Aquifer 10.30 60 1.21 7.3 14.2
All Aquifers 10.37 192 1.72 6.7 17.7

Adjacent
Higher Aquifer 10.74 23 1.94 8.2 15.0
Main Aquifer 11.13 65 1.67 8.0 16.9
All Aquifers 11.03 88 1.74 8.0 16.9

Down
Gradient

Higher Aquifer 10.75 35 1.45 7.8 14.0
Main Aquifer 11.14 125 2.47 4.0 22.3

Lower Aquifer 10.94 20 1.88 8.5 16.1
All Aquifers 11.04 180 2.24 4.0 22.3

Total

Higher Aquifer 10.51 190 1.83 6.7 17.7
Main Aquifer 10.94 250 2.06 4.0 22.3
Lower Aquifer 10.94 20 1.88 8.5 16.1
All Aquifers 10.76 460 1.97 4.0 22.3

Table 6.9. Mean field temperature data classified for location and aquifer system.

In the Higher and Main Aquifer systems there is a slight increase in mean temperature 

in the adjacent and down gradient wells compared to the up gradient locations; 0.3°C 

in the case of the Higher Aquifer and 0.8°C for the Main Aquifer. Data only exist for 

down gradient wells in the case of the Lower Aquifer.

The distance from the waste mass will also have an impact on the groundwater 

temperature, with locations closest to the waste mass likely to show the highest 

temperatures. To illustrate this, Figure 6.18 shows the results from the data loggers 

installed in the Main Aquifer in terms of variation in temperature. Records are 

available for NG94, up gradient of the site, BH05 adjacent to the site and boreholes
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BH07, BH06 and NG110 down gradient of the site 30m, 85m and 290m from the 

edge of the waste mass respectively.

8 - i--------  :-------  -t— ---------- -
1 4  Jul 0 6  2 8  Jul 0 6  11 A u g  0 6  2 5  A u g  0 6  0 8  S e p  0 6  2 2  S e p  0 6

—  N G 9 4  —  B H 0 5 — B H 0 6  B H 07  — N G 1 1 0

Figure 6.18. Temperature variation in groundwater monitoring boreholes in the Main 
Aquifer for the period June -  September 2006.

The variation of temperature within a single well is relatively limited but the overall 

variation shows a temperature difference of approximately 6°C. The borehole 

adjacent to the site records only a 0.5°C increase relative to the up gradient level. 

Down gradient of the waste site, the closest borehole (BH07) records the highest 

temperature with BH06 recording 4°C lower than BH07 despite being located only 

55m further away from the edge of the waste mass. Data from NG110, the furthest 

down gradient, show the groundwater has returned to similar temperatures as recorded 

up gradient of the site.

6.4.6 S u m m a ry -G ro u n d w a te r Chem istry

The chemical quality of groundwater from Nant-y-Gwyddon is impacted by both 

naturally occurring ions and those derived from other, anthropogenic sources. Spatial 

assessment of groundwater samples indicate some degradation in quality of the 

groundwater taken from locations adjacent to and down gradient from the waste mass.
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It also highlights the effect of natural attenuation process as distance down gradient of 
the site is increased.

Temporal trends are harder to assess with an updated monitoring system targeting 

locations closer to the waste mass. Although a general increase in concentration for 

most components is seen during the development and capping of the site, it is likely 

that true long term trends will require a greater monitoring period after the installation 

of the landfill cap to assess the impact of the final restoration.

The waste mass is having an effect on groundwater temperature either via heat 

advection due to the release of leachate or via thermal conduction from the base of the 

site. Whilst the temperature change is easily detected close to the site, mixing with 

cooler waters with increasing distance leads to a gradual return to background 

temperatures.
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6.5 G r o u n d w a t e r  C o n d u c t iv it y

The electrical conductivity of water is derived from the ions dissolved within it, 

allowing a flow of electrons through the body of water and therefore conducting 

electricity. As the concentration of these ions increases, so does the overall electrical 

conductivity (EC). In groundwater, this is an easily monitored parameter which can be 

used to reflect changes in the overall quality of the water body. Whilst it does not 

consider the nature or identity of the dissolved ions, its use as a proxy to 

contamination is discussed below. The variations in groundwater conductivity around 

the Nant-y-Gwyddon Landfill Site were monitored by CTD data loggers and 

identified fluctuations not otherwise picked up by regulatory monitoring.

6.5.1 Groundwater Conductivity as a Proxy for Contamination

The conductivity of groundwater takes account of all the dissolved ions in the water 

and is commonly used as a proxy for contamination. The relative changes in 

contamination are reflected in changes in overall electrical conductivity. 

Measurements of conductivity are taken as part of the monthly sampling suite of the 

groundwater system. The Pearson’s correlation coefficient was calculated for 

conductivity against the key components of landfill leachate likely to be detected in 

the underlying groundwater (Table 6.10).
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Pearson Correlation 
Coefficient

Significance
level N

Alkalinity 0.56 0.01 538
Suspended
Solids 0.35 0.01 366

BOD 0.00 none 148
COD 0.30 0.01 377
TOC 0.24 0.01 342
TON 0.42 0.01 265
Ammoniacal
nitrogen 0.12 0.05 397

Chloride 0.39 0.01 450
Sulphate 0.67 0.01 269
Sodium 0.80 0.01 282
Magnesium 0.42 0.01 281
Potassium 0.78 0.01 282
Calcium 0.47 0.01 280
Nitrite 0.41 0.01 107
Nitrate 0.21 0.01 396
Cadmium 0.16 0.05 187
Chromium 0.33 0.01 151
Nickel 0.29 0.01 215
Zinc 0.54 0.01 251

Table 6.10. Correlation coefficients of analytical determinants against conductivity. 
Data cover the period 2000 to present for all aquifer systems.

Correlation coefficients at the significance level of 0.01 are generated for all the 

determinants with the exception of BOD, ammoniacal nitrogen and cadmium (a 

significance level of 0.05 was produced for ammoniacal nitrogen and cadmium). The 

coefficients at the 0.01 significance level range from 0.80 for sodium to 0.21 for 

nitrate. The majority of the major ions produce positive correlation coefficients of 

greater than 0.4.

In addition to the regular monthly samples, monitoring was undertaken in order to 

identify the trends in groundwater conductivity in the groundwater system as 

discussed in Section 6.5.6. The samples were then analysed for key components of 

landfill leachate including chloride, nitrate and sulphate. These values are plotted in 

Figure 6.19 against the conductivity values recorded at the same time. Pearson’s 

correlation coefficients for this data set are shown in Table 6.11.
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Figure 6.19. Correlation of chloride, nitrate and sulphate against conductivity from 
additional sampling for assessment of conductivity trends.

Pearson C orrelation  
C oefficient

Significance
level

N

Chloride 0.86 0.01 49
Nitrate 0.78 0.01 48
Sulphate 0.89 0.01 49

Table 6.11. Pearson’s correlation coefficients for chloride, nitrate and sulphate against 
conductivity from additional sampling for assessment of conductivity trends.

Much stronger correlations are identified for this data set. The time of sampling is 

biased towards high conductivity events where higher levels of contaminants may be 

expected and therefore excluding the lowest values where detection limits and the 

influence of error is greatest.

In summary, the conductivity of the groundwater will vary with the overall 

concentration of the components of the groundwater system, and as such, can be used 

as a proxy for contaminant levels in groundwater. In targeted sampling regimes the 

correlation of key contaminants is shown to be strong, positive and significant.

Sarah R A Ling 241



Chapter 6 Groundwater System

6.5.2 Continuous M on ito ring  in  Com parison to Regulatory 

Sampling Regime

As part of the regulatory requirements set out in the license for Nant-y-Gwyddon, the 

site operators undertake monthly groundwater sampling from all available 

groundwater monitoring wells. Whilst there is a noticeable increase in conductivity 

values from samples obtained down gradient of the site, all values are within 

acceptable limits. These data were used for assessment in Section 6.4 and no short 

term variations in groundwater conductivity were identified. Figure 6.20 shows the 

conductivity values for each well over the six month period to June 2006.
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Figure 6.20. Monthly groundwater conductivity values for BH05, BH06 & NG94 for the 
penod January to June 2006.

Figure 6.21 shows the same time period but with the monthly samples from Figure 

6.20 plotted against continuous monitoring results provided by the CTD data loggers. 

The latter graph highlights how monthly monitoring required by the regulatory body 

can lead to discrete and short lived events not being identified. It is also possible that 

occasional elevated levels could be interpreted as one off events or sampling errors 

when not seen as part of the complete regime. It is only through continual monitoring 

of the groundwater using permanent data loggers that the detailed response of the 

groundwater system can be addressed.
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Figure 6.21. Groundwater conductivity results from NG94, BH05 & BH06 from data 
loggers and monthly groundwater samples, highlighting the inefficiency of infrequent 
sampling. Data cover the period 1st January 2006 to 3CT June 2006.
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6.5.3 G roundwater C onductiv ity  Trends

Continual monitoring of the conductivity of the groundwater systems around Nant-y- 

Gwyddon is provided by CTD loggers located in groundwater monitoring wells 

around the site. The data provided by these data loggers reflect changes in the 

groundwater system in response to meteorological and seasonal influences and in 

response to the changing condition of the site. Data only exist for the period 

immediately prior to capping, during the installation of the cap and for the period after 

the installation. Not all boreholes monitored cover the entire period.

6.5.3.1 Groundwater Up-Gradient of the Site

The conductivity of the groundwater up gradient of the site should reflect the quality 

of the water before it is influenced by the landfill site. A data logger was installed in 

borehole NG94 up gradient of the site, in the Main Aquifer. The logger was in place 

from February 2005 for the duration of the monitoring period. The data presented in 

Figure 6.22 show very limited variation in groundwater conductivity at this location 

with no obvious seasonal or meteorological influences.
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Figure 6.22. Groundwater conductivity trend for water up gradient of the site in 
borehole NG94. Data cover the period February 2005 to June 2007.
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6.5.3.2 Higher Aquifer

The Higher Aquifer is not present across the entire site and as a result there are 

limited monitoring locations in this aquifer down gradient o f the site. Data were 

acquired from borehole NG104 located 40 m down gradient of the site, for the period 

25th May to 10u' June 2005.
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Figure 6.23. Groundwater conductivity trend for water in the Higher Aquifer in borehole 
NG104. Data cover the period 25>h May to 1 ( f  June 2005.

The variation in conductivity is limited and shows a similar trend to the results seen in 

NG94 up gradient of the site.

6.5.3.3 Main Aquifer

The majority of the conductivity data recorded by the data loggers were obtained from 

the Main Aquifer in the adjacent and down gradient wells. Data are available from 

BH05 and BH10, adjacent to the waste mass, and BH07, BH06 and NG110, 30m, 

85m and 290m respectively down gradient of the site. The results are presented 

below.
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Adjacent Boreholes

The majority of the data for locations adjacent to the waste mass are acquired from 

BH05 with a data logger present from 25th May 2005 to the end of the monitoring 

period. Figure 6.24 shows the monitoring results for BH05 and BH10 for the period 

1st January 2006 to 1st June 2007.
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Figure 6.24. Groundwater conductivity trend for water in the Main Aquifer in boreholes 
BH05 and BH10 adjacent to the waste mass, rainfall is also plotted. Data cover the 
period 1st January 2006 to 1st June 2007.

The variations in groundwater conductivity in these boreholes are noticeably greater 

than in the up-gradient well. In BH05, the baseline is seen to fluctuate between 

approximately O.lOmS/cm and 0.25mS/cm with short lived increases in conductivity 

up to 0.7mS/cm. The data from BH10 show a slightly higher baseline value than 

BH05. The short lived events can also be identified in this well but to a lesser degree 

both in terms of overall magnitude and the increase relative to baseline values. The 

short lived events appear to occur after heavy rainfall.
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Down Gradient Boreholes

Monitoring down gradient of the site is provided by three main monitoring points 

BH07, BH06 and NG110 in order of increasing distance from the waste mass. The 

data recorded in these boreholes during the period 1st January 2006 to 1st June 2007 

are presented in Figure 6.25.
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Figure 6.25. Groundwater conductivity trend for water in the Main Aquifer in boreholes
BH07, BH06 and BH10 down gradient from the waste mass, rainfall is also plotted.
Data cover the period 1st January 2006 to 1st June 2007.

The trends identified in Figure 6.25 show a variable baseline value in each of the 

wells and also identifies the short lived increases in groundwater conductivity 

highlighted in the boreholes located adjacent to the landfill. Conductivity values in the 

down gradient boreholes generally show a greater degree of variability than those 

seen in the boreholes adjacent to the landfill, with generally higher conductivity 

values. Borehole NG110 shows the lowest baseline values and also the least degree of 

variability. Data recorded as OmS/cm represent low groundwater levels such that the 

logger is located above the water table.
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6.5.3.4 Summary

The main monitoring locations in the Main Aquifer are shown in Figure 6.26. The 

impact of the waste mass is noticeable when adjacent and down gradient boreholes are 

directly compared to the up gradient borehole, NG94. A break down of the 

conductivity data is also provided in Table 6.12 in terms of the average value and 

range of data.

Borehole Maximum Minimum Mean Standard Range
(mS/cm) (mS/cm) (mS/cm) Deviation (mS/cm)

NG94 0.22 0.09 0.12 0.007 0.13
BH05 1.07 0.10 0.21 0.127 0.97
BH10 0.40 0.23 0.27 0.026 0.17
BH06 1.03 0.36 0.70 0.168 0.67
BH07 1.42 0.18 0.51 0.200 1.24

NG110 0.45 0.11 0.32 0.076 0.34
NG104 0.07 0.06 0.06 0.002 0.01

Table 6.12. Statistical analysis of groundwater conductivity values recorded by CTD 
loggers in monitoring wells at Nant-y-Gwyddon.

From these results, it is obvious that the BH06 maintains the highest average 

conductivity values whilst BH07 shows both the highest values and the widest range 

of conductivity values. Those boreholes showing a response during rain storm events 

also display a large range of conductivity values. The up gradient borehole (NG94) in 

the Main Aquifer maintains a constantly low conductivity with a limited range. The 

conductivity values are only lower in NG104 in the Higher Aquifer, although only 

limited data are available for this location. To illustrate the spatial variation in 

groundwater conductivity, Figure 6.27 shows the mean groundwater conductivity at 

the key boreholes in the Main Aquifer. Distances are taken from the point 

groundwater first intercepts the waste mass on the western edge of the landfill. The 

groundwater conductivity increases steadily from this point and reaches a maximum 

at 325m (BH06) before showing a gradual decline, although up gradient levels are not 

reached.
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Figure 6.26. Groundwater conductivity trends in the Main Aquifer system at Nant-y- 
Gwyddon for the period 1st May 2005 to 1st June 2007.
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Figure 6.27. Mean groundwater conductivity values from Main Aquifer boreholes 
plotted as distance from the western edge of the waste mass.

6.5.4 Long Term Trends

The response to meteorological and seasonal influences on the groundwater level was 

discussed in Section 6.3 and highlighted the relatively stable baseline values with 

episodic increases in groundwater level in response to rainfall events. The aquifer 

systems below the site are driven by rainfall recharge and the baseline water level 

values are maintained by high levels of precipitation experienced in the area. The 

influence of the seasonal variations on the groundwater conductivity values are 

considered in the following sections.

The baseline values of groundwater conductivity for boreholes BH05, BH06 and 

BH07 are seen to vary with time; in particular, a marked reduction is seen in borehole 

BH06 and BH07 down gradient of the site between the summer and autumn of 2006. 

In order to reflect these variations, Figure 6.28 shows the complete data sets plotted 

with the corresponding average monthly value for each well. As can be seen the 

average values closely follow the baseline values. Average monthly values are plotted 

separately in Figure 6.29.
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Figure 6.28. Conductivity trends seen in boreholes BH05, BH06 and BH07 for the 
period 2 f f  May 2005 to 6? June 2007. Average monthly conductivity values are 
plotted for each well as dashed lines.
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Figure 6.29. Average monthly conductivity values for boreholes BH05, BH06 and 
BH07 for the period 25tf7 May 2005 to &h June 2007.

The monthly data highlights the variation in baseline values through out the latter part 

of 2006; however, there is insufficient data for a statistical analysis of seasonality or
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long term trends. Values for January 2007 are considerably lower than those recorded 

in January 2006 in both BH06 and BH07.

6.5.5 Prolonged D rought C ond itions

Extended periods of time without rainfall are not common at the site, even during the 

summer months. However, during April 2007, no rain was recorded for a period of 

three weeks, this follows lower than average levels of rainfall for the preceding two 

months (Met Office Records). The conductivity trends for boreholes NG94, BH05, 

BH06 and BH07 are shown in Figure 6.30 for the period 1st to 21st April 2007.
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>
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Figure 6.30. Conductivity trends recorded in boreholes NG94, BH05, BH06 and BH07 
for the period 1st to 21st April 2007.

Whilst the conductivity in borehole NG94 remains constant, with the continuing dry 

weather a steady increase in groundwater conductivity is shown in the other wells. 

This is most obvious in borehole BH05, which is located closest to the edge of the 

waste mass, albeit not directly down gradient. The rate of increase, in this well, 

accelerates as the period of dry weather continues.

0.6

0.5

ti m
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6.5.6 Rainfall Triggered  C o n d u c tiv ity  Variations

The rapid fluctuations in groundwater conductivity seen in down gradient and 

adjacent boreholes appear to occur after rainfall. These occurrences were investigated 

further to discover the key species involved in causing these elevated levels of 

conductivity and the influence of factors such as soil moisture and effective rainfall 

patterns on the magnitude and duration of the event. The results are presented below 

and are assessed on a seasonal basis. Data from the CTD Divers are combined with 

field and analytical data and groundwater conductivity profiles from the investigated 

boreholes. All data was acquired after the installation of the landfill cap and so the 

data represents the period when the groundwater systems are responding to changing 

conditions on site.

6.5.6.1 Initial Sampling -  November and December 2005

The first period of sampling took place between 29th November and 5th December 

2005 in BH05 (adjacent) BH06 (down gradient) and NG94 (up gradient). Only BH05 

was sampled during this period with CTD data loggers present in all three wells. This 

sampling period provided a preliminary data set and identified the key components 

seen to respond to rainfall induced conductivity spikes.

A groundwater sample was taken from BH05 on the two successive days preceding a 

forecast period of rain. In order to assess the presence of any stratification of the water 

column in the borehole a conductivity profile was also recorded prior to sampling. 

The borehole was also sampled during the rainfall event and two days after the rain 

had ceased. Rain was recorded on each day between 30th November and 4th 

December, with total rainfall recorded on site of 31 mm over the monitoring period. 

The data loggers monitored changes in conductivity, temperature and height of the 

groundwater in boreholes BH05, BH06 and NG94. From Figure 6.31, it is observed 

that groundwater level responses were recorded in each of the wells with fluctuations 

in conductivity (Figure 6.32) identified in boreholes BH05 and BH06; a temperature 

fluctuation (Figure 6.33) was also identified in BH05. Figure 6.34 and Figure 6.35 

show level and conductivity variations for BH05 and BH06 respectively and highlight 

the differences in response between the wells.
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Figure 6.31. Groundwater level trends from BH05, BH06 & NG94 for the period 27th 
November to 7th December 2005.
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Figure 6.32. Groundwater conductivity trends from BH05, BH06 & NG94 for the period 
2 r  November to 7th December 2005.
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Figure 6.33. Groundwater temperature variations in boreholes NG94, BH05 and BH06 
for the period 27th November to 7th December 2005.
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Figure 6.34. Conductivity and water level measurements from BH05 for the period 27th 
November to 7th December 2005.
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Figure 6.35. Conductivity and water level measurements from BH06 for the period 27th 
November to 7th December 2005.

The response of the system in terms of conductivity in BH05 is intense but short 

lived, indicating some form of plug flow through the system. In BH06 the response is 

less pronounced but lasted for a longer duration. According to MORECS data 

supplied by the Met Office the soil moisture deficit in the region was zero in the week 

prior to the monitored rainfall event. In BH05 the initial response of the groundwater 

level and conductivity occurred almost simultaneously but the rapid increase in 

groundwater level occurred approximately 7 hours after the initial response. The 

increase in conductivity occurred after an initial period of heavy rainfall of 6.4 mm, 

within a one hour period, on the 1st December (Figure 6.32). The remainder of the 

daily rainfall was the result o f continual light rainfall for the majority of the 24 hour 

period. The peak in conductivity took 16.5 hours to reach maximum values with a 

recovery time of 9.5 hours. The maximum increase in groundwater conductivity was 

0.46mS/cm from baseline values.

The increase in conductivity in BH06 was triggered by only minimal rainfall (1.2mm) 

and was observed approximately 11 hours prior to any significant increase in 

groundwater level. The period from the initial increase in conductivity to the
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maximum recorded value was 47 hours after 18.2mm of rainfall on the 1st and 2nd 

December. The system shows an asymptotic recovery in terms of groundwater 

conductivity. It should also be noted that a drop in groundwater level is also mirrored 

in a reduction in groundwater conductivity. The increase in groundwater conductivity 

through the storm period was in the region of 0.24mS/cm.

The temperature increase in BH05 showed a maximum increase of 0.4°C over a 22 

hour period from midday on the 1st December. A Pearson’s correlation coefficient of 

0.89, significant to the 0.01 level was obtained between conductivity and temperature 

in BH05 for the monitoring period.

Groundwater conductivity profiles were recorded for the first four days of the initial 

sampling period in November and December 2005. The results are presented in Figure 

6.36 with readings taken at 0.5m intervals measured as a depth below ground level. It 

is likely that the rapid increase in conductivity at the base of the well is a result of 

interference from debris collected in the bottom of the casing. The days where 

elevated groundwater conductivity are recorded by the CTD Divers (1st and 2nd 

December) shows a relative increase in groundwater conductivity at the base of the 

well and in the case of the profile obtained on the 2nd December a reduction in 

groundwater conductivity just below the top of the water column.
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Figure 6.36. Groundwater conductivity profiles recorded in BH05 during the sampling 
period.

The analytical results from key chemical elements are given in Table 6.13. These 

chemicals were chosen because they represent the key components of landfill derived 

leachate likely to be detected in the groundwater down gradient of a landfill waste 

mass. By normalising the data to the maximum recorded value from this sampling 

period the relative abundance of each of the components can be assessed. This is 

illustrated in Figure 6.37 and shows the maximum readings are obtained from the 

sample from the 1st December with the exception of ammoniacal nitrogen which was 

below detection levels in the first two samples.

Determinand Units 30^ Nov 1st Dec 2 *  Dec 4th Dec 2" Dec
pH 8.2 8 7.2 7 7.9
Conductivity uS/cm 243 477 N/A 310 N/A
Ammoniacal 
Nitrogen as N mg/l <0.3 <0.3 0.9 2.7 0.4

Chloride mg/l 13 26 16 14 12
Nitrite mg/l <0.1 <0.1 <0.1 <0.1 <0.1
Nitrate mg/l 1.1 5.5 1.5 0.9 <0.3
COD (Total) mg/l 55 285 <20 40 <20

Table 6.13. Analytical results for key components in groundwater samples taken from 
borehole BH05.
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Figure 6.37. Relative concentration of key components in groundwater samples taken 
from BH05 for 3 ( f  November to 5>h December 2005. Data are normalised to the 
maximum value recorded in the monitoring period.

6.5.6.2 Spring -  May 2006

Groundwater sampling took place over two periods in May 2006, between the 5th and 

9th and the 17th to 19th to provide sampling data across the spring. It rained during both 

periods, although the heaviest and more continual rainfall was seen in the second 

sampling period. The total rainfall for May 2006 recorded at Nant-y-Gwyddon was 

174.6mm with maximum rainfall o f 39mm on the 19th May. Due to heavy rainfall in 

the second half of the month groundwater levels rose significantly in all three wells 

with the maximum increase of more than 5m in borehole BH06, boreholes NG94 and 

BH05 both recorded increases in excess of 4m. Figure 6.38 shows the change in 

groundwater level in all three wells in May 2006. The changes in conductivity and 

temperature recorded by the data loggers in each well are presented in Figure 6.39 and 

Figure 6.40. The response of the conductivity and level in BH05 and BH06 are shown 

in Figure 6.41 and Figure 6.42 respectively. Groundwater conductivity profiles are 

presented in Figure 6.43 and Figure 6.44 for boreholes NG94, BH05 and BH06 for the 

two key periods of monitoring.
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Figure 6.38. Groundwater level change in boreholes BH05, BH06 and NG94 in May 
2006.
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Figure 6.39. Groundwater conductivity change in boreholes BH05, BH06 and NG94 in 
May 2006.
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Figure 6.40. Groundwater temperature variations in boreholes BH05, BH06 and NG94 
in May 2006.
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Figure 6.41. Groundwater conductivity and level variations in borehole BH05 for May 
2006.
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Figure 6.42. Groundwater conductivity and level variations in borehole BH06 for May 
2006.

The rainfall during May 2006 was complex with no clear single rainstorm event, 

especially in the early stages o f the month. Due to increased temperatures, 

evapotranspiration becomes more significant with soil moisture deficits a key 

influence in groundwater level responses. Based on MORECS data for the area 

around Nant-y-Gwyddon the soil moisture deficits, actual evapotranspiration and 

effective rainfall for the area in general are shown in Table 6.14

Week up to
Actual

Evapotranspiration
(mm)

Soil Moisture 
Deficit (mm)

Effective
Rainfall

(mm)
2nd May 16.1 13.4 0
9”  May 17.1 4.5 0
1&h May 17.0 10.8 0
23rd May 16.9 2.4 56.1
3 ( f  May 17.9 10.1 40.3

Table 6.14. MORECS Data for May 2006 for the area surrounding Nant-y-Gwyddon.

Whilst not being site specific, the MORECS data indicates that only the rainfall in the 

latter part of the month is likely to have contributed significantly to aquifer base flow 

especially in the Main Aquifer. The groundwater conductivity in BH05 identifies a 

very short-lived event after the rainfall on the 8th May with an increase of 0.13mS/cm.
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In the second half of the month an increase is initially seen before a relative reduction 

in groundwater conductivity. In BH06 the variation in groundwater conductivity 

generally corresponds to an increase in level. The initial rainfall on the 8th May 

triggered an increase of 0.06mS/cm. A maximum value of 1.03mS/cm was recorded 

after heavy rainfall on the 19th May with subsequent peaks in conductivity with each 

following rainfall event. There is also a general increase in conductivity across the 

month.
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Figure 6.43. Conductivity profile for boreholes NG94, BH05 and BH06 for the period 5th 
to 9th May 2006.
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The conductivity profiles for the initial monitoring period show a stable situation in 

NG94, with a relative decrease in the central portion of the water column in BH05 

during the monitoring period. In contrast, BH06 shows a more marked increase in 

groundwater conductivity in the mid section from the 5th May to the 8th May with a 

slight reduction on the 9th May. In the second set of monitoring results BH05 again 

shows a reduction in groundwater conductivity in the mid section but this time BH06 

shows a steady increase in groundwater conductivity with the largest increase after the 

rainfall on the 18th May.

During the sampling process measurements of pH, conductivity, total dissolved solids 

(TDS) and temperature were recorded at each well. Table 6.15 shows the field data 

recorded for each sample day for boreholes NG94, BH05 and BH06 respectively.

Temperature
CC)

pH Conductivity
(mS/cm) TDS (ppm)

5* May 9.0 6.4 0.070 40
8? May 9.0 6.9 0.110 50

o> 9/* May 9.0 6.6 0.110 50
0z 17th May 8.5 7.2 0.140 70

18? May 8.7 6.9 0.120 50
19? May 9.0 6.7 0.100 40
5* May 9.4 6.8 0.250 130
8? May 9.4 7.2 0.280 140

lOo 9/* May 9.4 6.8 0.290 140
3:CQ 17th May 9.4 6.9 0.200 100

18? May 9.4 6.9 0.210 100
19? May 9.4 7.1 0.530 260
5* May 11.2 7.4 0.720 340
8? May 11.4 7.4 0.740 360

<oO 9th May 11.2 7.3 0.780 390
3:
CD 17th May 11.2 7.4 0.870 420

18? May 11.4 7.3 0.890 440
19? May 11.2 7.3 0.900 440

Table 6.15. Field parameters for groundwater samples obtained in May from NG94, 
BH05 and BH06.

The groundwater samples obtained during the sampling period were then analysed 

using an ion chromatograph (Table 6.16). The data is also presented in Figure 6.45 

and Figure 6.46 for boreholes BH05 and BH06 respectively. From these graphs, a 

general increase in concentration of all components is seen in BH06 across the
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monitoring period, mirroring the conductivity results from the CTD logger. In BH05, 

peaks in concentration are shown on the 8th and 19th May in nitrate and sulphate, 

whilst chloride remains more consistent throughout the sampling period.

Borehole ID Concentration in mg/l
& Date Fluoride Chloride Nitrite Bromide Nitrate Phosphate Sulphate

5 "  May 0 .1 0 0 8 6 .1 2 8 7 n .a .1 0 .0 2 6 2 0 .0 3 1 0 n .a . 1 1 .2 9 0 7
8? May 0 .0 8 9 0 6 .1 2 3 8 n .a . 0 .0 2 4 4 0 .0 2 5 0 n .a . 1 1 .1 4 6 1

''j-
o> 9”  May 0 .0 8 6 5 5 .9 6 2 0 n .a . 0 .0 5 7 5 0 .0 1 3 5 n .a . 1 1 .1 5 2 4
CD 17th May 0 .1 9 0 9 5 .4 5 7 8 n .a . n .a . 0 .0 5 4 8 n .a . 1 0 .0 2 7 1

18? May 0 .1 8 1 6 3 .8 7 4 6 n .a . n .a . 0 .0 2 9 4 n .a . 7 .7 0 7 0
19^ May 0 .1 8 1 0 6 .4 0 6 n .a . n .a . n .a . n .a . 1 2 .0 3 0 6

May 0 .0 8 7 3 1 5 .8 6 8 8 n .a . 0 .0 7 6 9 6 .7 3 3 0 n .a . 2 8 .6 2 5 2
8T May 0 .0 7 6 0 1 6 .9 9 7 2 n .a . 0 .1 2 0 0 2 0 .8 5 4 4 n .a . 4 1 .5 0 3 0

io
P 9”  May 0 .0 5 5 8 1 7 .0 6 0 7 n .a . 0 .0 9 2 9 8 .3 8 9 8 n .a . 3 4 .3 9 8 8

CQ 17th May 0 .1 6 0 6 1 5 .5 2 7 7 n .a . n .a . 4 .1 8 8 5 n .a . 2 8 .3 0 1 2
18? May 0 .1 6 9 5 1 4 .5 5 7 0 n .a . n .a . 5 .1 5 3 2 n .a . 2 9 .0 1 7 8
19”  May 0 .1 4 7 0 1 9 .4 6 2 4 n .a . n .a . 2 2 .4 6 0 4 n .a . 6 3 .6 7 3 8

F  May 0 .2 7 3 7 3 7 .7 3 9 4 n .a . 0 .2 4 4 7 2 7 .3 1 7 4 n .a . 7 3 .3 6 4 6

8? May 0 .2 3 7 9 5 0 .4 5 8 4 n .a . 0 .3 3 8 1 3 3 .7 8 1 7 n .a . 8 1 .1 7 5 1
<o
o 9th May 0 .2 4 4 7 5 0 .5 4 2 8 n .a . 0 .3 4 2 6 3 2 .8 6 3 8 n .a . 7 9 .9 9 7 9
3:
cci 17”  May 0 .2 1 4 2 5 1 .5 0 4 8 n .a . n .a . 3 6 .5 3 0 2 n .a . 8 2 .9 3 7 9

1ST May 0 .1 9 8 8 6 2 .3 3 7 8 n .a . n .a . 4 1 .6 7 5 9 n .a . 9 0 .5 4 6 0

19^ May 0 .1 9 6 3 6 5 .3 0 5 4 n .a . n .a . 4 2 .9 6 2 8 n .a . 9 0 .2 6 0 4

* n.a represents below detection level.

Table 6.16. Results from analysis of groundwater samples taken from NG94, BH05 & 
BH06 in May 2006.
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Figure 6.45. Concentrations of chloride, nitrate and sulphate in groundwater samples 
taken from BH05 in May 2006.
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Figure 6.46. Concentrations of chloride, nitrate and sulphate in groundwater samples 
taken from BH06 in May 2006.
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6.5.6.3 S u m m e r-  Ju ly  I A u g u s t 2006

Summer conditions were assessed by sampling undertaken on two days, the 31st July 

and 1st August 2006. Significant rainfall was recorded two days prior to sampling and 

again on the first day of sampling. Maximum rainfall was recorded on the 31st July 

with a recorded rainfall o f 12.8mm. During the sampling period CTD Divers were 

installed in boreholes NG94, BH05, BH06 and BH07. Groundwater levels recorded 

during the sampling period do not appear to vary significantly with less then a lm 

increase in water level in response to the rainfall seen on site (Figure 6.47). 

Groundwater conductivity and temperature records are shown in Figure 6.48 and 

Figure 6.49 respectively with the response from individual wells shown in Figure 6.50 

to Figure 6.52, NG94 is not shown since it does not show conductivity variations in 

response to rainfall on site.

1 4 _____________________________________________________________________________________________________ r 3 3 0

2 7  Jul 2 8  Jul 2 9  Jul 3 0  Jul 31  Jul 01  A u g  0 2  A u g  0 3  A u g 0 4  A ug

M  R ainfall —  N G 9 4  B H 0 5  B H 0 6  -  B H 07

Figure 6.47. Variations in groundwater level recorded in boreholes NG94, BH05, BH06 
and BH07 between 27th July and 4th August 2006. Rainfall recorded on site is also 
shown.
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Figure 6.48. Variations in groundwater conductivity recorded in boreholes NG94, 
BH05, BH06 and BH07 between 27th July and 4th August 2006. Rainfall recorded on 
site is also shown.
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Figure 6.49. Variations in groundwater temperature recorded in boreholes NG94, 
BH05, BH06 and BH07 between 27th July and 4th August 2006. Rainfall recorded on 
site is also shown.
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Figure 6.50. Groundwater conductivity and level variations in borehole BH05 between 
2 r  July and 4th August 2006. Rainfall on site is also shown.
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Figure 6.51. Groundwater conductivity and level variations in borehole BH06 between 
2 r  July and 4th August 2006. Rainfall on site is also shown.
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Figure 6.52. Groundwater conductivity and level variations in borehole BH07 between 
2 r  July and 4th August 2006. Rainfall on site is also shown.

In the weeks leading up to the monitoring period there had been no significant rainfall 

for 17 days and maximum temperatures were in the region of 25 to 30°C. This means 

soil moisture deficits would be significant on site. Rainfall records for Nant-y- 

Gwyddon and those provided by the MORECS data set are similar for the monitoring 

period and the actual evapotranspiration, effective rainfall and soil moisture deficit 

data are provided in Table 6.17 below. The large soil moisture deficit in the area will 

reduce the impact of any rainfall, such that effective rainfall is recorded as zero for the 

MORECS data.

Week up to
Actual 

E vapotranspiration 
(mm)

Soil Moisture 
Deficit (mm)

Effective
Rainfall

(mm)
ISP July 25.9 111.5 0
25^ July 14.2 122.7 0

1st August 15.9 118.3 0
6T August 14.1 127.8 0

Table 6.17. MORECS Data for July /  August 2006 for the area surrounding Nant-y- 
Gwyddon

The conductivity trend in BH05 shows no large scale variation but after the rainfall on 

the 29th July conductivity increased from 0.20mS/cm to 0.28mS/cm over a 9 hour
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Chapter 6 Groundwater System

period but rapidly fell to baseline values. Another slight increase is recorded after the 

rainfall on the 31st. Water levels only increased by 0.5m

Borehole BH06 showed a greater increase in groundwater level with approximately 

lm increase across the monitoring period. The conductivity trends show a rapid 

reduction in conductivity from 0.92mS/cm to 0.78mS/cm in 2.5 hours after the rainfall 

on the 29th, after which a general decline in conductivity is seen. Borehole BH07 

shows a very similar conductivity trend to that seen in BH06 up to the evening of 31st 

July. At this point the second heavy rainfall causes a rapid reduction from l.OlmS/cm 

to 0.46mS/cm over an 18 hour period before gradually increasing again.

Conductivity profiles were recorded for boreholes NG94, BH05, BH06 & BH07 on 

both days of sampling. Figure 6.54 shows the combined conductivity profiles for all 

wells converted to height above ordnance datum. All wells show a reduction in 

groundwater conductivity on the 1st August throughout the well casing; this is most 

strongly marked in BH07.

On both days of sampling, field measurements were taken and are presented in Table 

6.18. Results of the geochemical analysis of the groundwater samples are shown in 

Table 6.19 and Figure 6.53.

Date Temperature
(°C) pH Conductivity

(mS/cm)
TDS

(ppm)

NG
94 31 July 8.7 6.8 0.090 40

1 Aug 8.6 6.8 0.090 40

o 31 July 9.4 6.7 0.220 100

GQ 1 Aug 9.4 6.9 0.190 90

<o 31 July 11.2 7.3 0.780 390
a:
CD 1 Aug 11.2 7.5 0.690 340

Table 6.18. Field data from all boreholes taken on 31st July and 1st August 2006
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Concentration in mg/l
Fluoride Chloride Nitrite Bromide Nitrate Phosphate Sulphate

NG94 31st July 0 .1 3 5 1 6 .6 9 0 5 n .a . n .a . 0 .0 0 6 2 n .a . 1 2 .5 1 2 9

1st August 0 .1 7 0 2 6 .7 1 0 5 n .a . n .a . n .a . n .a . 1 2 .7 8 2 3

BH05 31st July 0 .1 6 1 4 1 3 .7 1 6 3 n .a . n .a . 4 .4 9 1 0 n .a . 3 5 .1 8 3 7

1st August 0 .1 5 6 2 1 3 .8 1 8 1 n .a . n .a . 4 .4 6 6 1 n .a . 3 5 .4 7 0 5

BH06 31st July 0 .2 8 7 8 6 2 .6 7 1 9 n .a . n .a . 2 7 .5 1 7 0 n .a . 1 0 3 .3 8 1 7

1SI August 0 .5 1 2 0 2 0 .3 9 7 1 n .a . n .a . 1 .6 1 3 0 n .a . 5 4 .5 4 2 0

Table 6.19. Results from analysis of groundwater samples taken from NG94, BH05 & 
BH06.

120
■  N G 9 4  3 1 s t  Ju ly

■  B H 0 5  3 1 s t  Ju ly

■  N G 9 4  1 s t  A u g u s t  

□  B H 0 5  1 s t  A u g u s t

■  B H 0 6  3 1 s t  J u ly  D B H 0 6  1 s t  A u g u s t

- J ]  J . j I I
C h lo r id e  N itra te  S u lp h a te

Figure 6.53. Concentrations of chloride, nitrate and sulphate in groundwater samples 
taken from NG94, BH05 and BH06 on the 31st July and 1st August.

In boreholes NG94 and BH05, the concentration o f each component are similar on 

both days. In BH06, the concentrations are higher in the 31st July sample than the 1st 

August, indicating some dilution o f the contaminants in the groundwater between the 

two sampling times.
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Figure 6.54. Conductivity profiles for boreholes NG94, BH05, BH06 and BH07 taken 
on the 31st July and 1st August.
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6.5.6.4 A utum n - S e p te m b e r  I O c to b e r  2006

Sampling during the transition from summer to autumn hydrological conditions 

(period of declining evaporative losses) was carried out on the 27th - 28th September 

and 2nd - 3rd October. Rainfall was predicted for the evening of the 27th September 

followed by significant rainfall in the subsequent days. Monitoring results are 

presented below.

The rainfall data for this monitoring period shows a relatively dry period preceding 

the sampling with heavy rainfall (11mm) on the 27th October and rain recorded on 

each following day until heavy rainfall on the 1st and 2nd October with 71mm of rain 

recorded in a 48 hour period. During the monitoring period, CTD Divers were 

installed in four boreholes, NG94, BH05, BH06 and BH07. The changes in 

groundwater level, conductivity and temperature are shown in Figure 6.55, Figure 

6.56 and Figure 6.57 respectively. Individual boreholes records are provided in Figure 

6.58 to Figure 6.60.

■ ■ R a i n f a l l  N G  9 4  B H 0 5  B H 0 6  — B H 07

Figure 6.55. Groundwater level change in boreholes BH05, BH06, BH07 and NG94 for 
2o September to 3rd October 2006.
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Figure 6.56. Groundwater conductivity change in boreholes BH05, BH06, BH07 and 
NG94 for 25F September to 3rd October 2006.
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Figure 6.57. Groundwater temperature change in boreholes BH05, BH06, BH07 andFigure 6.57. Groundwater temperature cnani 
NG94 for 2 5 * September to 3T October 2006.
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Figure 6.58. Groundwater conductivity and level variations in borehole BH05 for 25th 
September to 3rd October 2006.

0 .9 0 2 9 0

2 8 90 .8 0

2 8 8
0 .7 0

2 8 7
E  0 .6 0

2 8 6
£  0 .5 0

x 2 8 5

o  0 .4 0
2 8 4

O  0 .3 0
2 8 3

0.20
2 8 2

0.10 2 8 1

0.00 2 8 0

2 5  S e p  2 6  S e p  2 7  S e p  2 8  S e p  2 9  S e p  3 0  S e p  01 O ct 0 2  O ct 0 3  O ct

—  C o n d u ctiv ity  —  G ro u n d w a ter  lev e l

Figure 6.59. Groundwater conductivity and level variations in borehole BH06 for 25th 
September to 3rd October 2006.
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Figure 6.60. Groundwater conductivity and level variations in borehole BH07 for 25th 
September to 3rd October 2006.

The rainfall at Nant-y-Gwyddon was significantly higher than the rainfall recorded for 

the general area in the MORECS data set. However a reduction in the soil moisture 

deficit in the preceding weeks indicates a return to less evaporative driven moisture 

balance with the onset of autumn. Over the monitoring period, 109.2mm of rainfall 

was recorded. In borehole BH05, the conductivity data appear to respond to each 

period of rainfall, with several peaks in conductivity observed. The initial rainfall led 

to a reduction in conductivity levels with a general increase over the latter part of the 

monitoring period. BH06 shows a sharp reduction in groundwater conductivity after 

the rainfall on the 27th September, from 0.79mS/cm to 0.68mS/cm in a one hour 

period, with a similar trend on the 28th September. Short lived peaks are also 

identified after the heaviest rainfall on the 1st October and then 2nd October. BH07 

shows a short lived peak on the 27th September from 0.75mS/cm to 0.84mS/cm. This 

was followed by a general decline in groundwater conductivity values, the periods of 

fastest reduction occurring after the periods of heaviest rainfall. During this period, 

when conductivity values were falling, a reduction in temperature was also observed, 

implying a cooler body of water diluting the contaminants in the groundwater at this 

point.
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Chapter 6 Groundwater System

Groundwater conductivity profiles for all boreholes across the sampling period are 

shown in Figure 6.63. In BH06 and BH07 a general reduction in conductivity is seen 

in the entire water column throughout the monitoring period although the trend is 

more pronounced in BH07. In general, BH05 shows a falling conductivity but the 

surface waters on the 2nd, and more significantly the 3rd October, shows elevated 

conductivity values.

Records of pH, groundwater conductivity and total dissolved solids were made in the 

field at the time of sampling. Table 6.20 and Table 6.21 show the results for NG94, 

BH05 and BH06. The analytical results are shown in Figure 6.61 and Figure 6.62 for 

BH05 and BH06. Whilst the analytical data from BH06 remains relatively constant 

throughout the monitoring period, with a slight reduction on the 3rd October, BH05 

shows a marked increase on the 2nd and 3rd October especially in the level of sulphate. 

These data correspond to the trends observed in the conductivity profiles for BH05 

which indicated the presence of a high conductivity body of water the uppermost 

section of the water column. The sampling methodology is likely to be biased to the 

upper section of the water column in this well.

Temperature
CC) pH Conductivity

(mS/cm)
TDS

(ppm)

NG94
27m Sept 9.0 7.6 0.120 60
23" Sept 9.0 6.7 0.120 60
2°° Oct 9.0 6.9 0.130 60
3° Oct 9.0 6.9 0.130 70

BH05
27tn Sept 9.4 6.7 0.270 130
23" Sept 9.4 7.0 0.370 180
2°° Oct 9.6 6.8 0.450 220
3° Oct 9.4 6.9 0.690 340

BH06

27tn Sept 11.2 7.5 0.630 310
23" Sept 11.2 7.0 0.650 320
2nd Oct 11.0 7.3 0.690 340
3 d Oct 11.1 7.3 0.600 290

Table 6.20. Field data for groundwater samples obtained from 27th September to 3rd 
October 2006 from NG94, BH05 and BH06.

Sarah R A Ling 280



Chapter 6 Groundwater System

Concentration in mg/l
Fluoride Chloride Nitrite Bromide Nitrate Phosphate Sulphate

27tn Sept 0.0843 6.2043 n.a. n.a. 0.0074 n.a. 11.8850
n-Oi 28T Sept 0.0986 6.2222 n.a. n.a. n.a. n.a. 12.0288
CD 2™ Oct 0.0956 6.4946 n.a. n.a. 0.0012 n.a. 13.9626

3”  Oct 0.0822 6.2474 n.a. n.a. 0.0119 n.a. 11.9680
27m Sept 0.0622 13.6236 n.a. 0.0191 3.4120 n.a. 42.3663

§ 28F Sept 0.0755 14.1720 n.a. 0.0261 4.4590 n.a. 44.7732
X
CQ 2nd Oct 0.0962 14.4948 n.a. 0 .0878 12.6118 n.a. 98.2181

3* Oct 0.0775 24.1198 n.a. 0 .1679 19.5174 n.a. 110.4606
27th Sept 0.3886 17.8424 n.a. 0 .0589 6.2230 n.a. 60.5597

<o
? 2&h Sept 0.3776 20.6993 n.a. 0 .0797 6.3224 n.a. 63.4892
00 2nd Oct 0.3635 23.1120 n.a. 0 .1013 6.2986 n.a. 64.8271

3”  Oct 0.3036 17.4417 n.a. 0 .0526 5.0956 n.a. 47.8249
n.a represents below detection level.

Table 6.21. Results from analysis of groundwater samples taken from NG94, BH05 & 
BH06 for 27th September to T  October 2006.
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Figure 6.61. Concentrations of chloride, nitrate and sulphate in groundwater samples 
taken from BH05 between 27th September and 3rd October 2006.
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Figure 6.62. Concentrations of chloride, nitrate and sulphate in groundwater samples 
taken from BH06 between 27th September and 3rd October 2006.
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Figure 6.63. Conductivity profile for boreholes NG94, BH05, BH06 and BH07 for 
sampling period 27th September to 3rd October 2006.
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6.5.6.5 W inter -  J a n u a ry  2007

Sampling during the winter was carried out in January 2007. The sampling took place 

during a period of heavy rainfall which included in-excess of 160mm of rainfall 

during a period of one week.

Data logger monitoring data were collected from boreholes NG94, BH05, BH06 and 

BH07. The groundwater level, conductivity and temperature variations in each well 

are shown in Figure 6.64, Figure 6.65 and Figure 6.66 respectively. Data from 

individual boreholes are presented in Figure 6.67 to Figure 6.69.

8 0 .0  340
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330
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320  q
_  50.0

310  §»1  40 .0

30.0

20.0

290
10.0

2800.0
14 Jan 07  15 Jan 07  16 Jan 0 7  17  Jan 0 7  18 Jan 0 7  19 Jan 07  2 0  Jan 0 7  21 Jan 07

■ 1  Rainfall —  N G 94 —  BH 05 —  BH 06 BH07

Figure 6.64. Variations in groundwater level recorded in boreholes NG94, BH05, BH06 
and BH07 between 14th and 21st January 2007. Rainfall recorded on site is also 
shown.
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Figure 6.65. Variations in groundwater conductivity recorded in boreholes NG94, 
BH05, BH06 and BH07 between 14th and 21st January 2007. Rainfall recorded on site 
is also shown.
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Figure 6.66. Variations in groundwater temperature recorded in boreholes NG94, 
BH05, BH06 and BH07 between 14th and 21s January 2007. Rainfall recorded on site 
is also shown.
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Figure 6.67. Groundwater conductivity and level variations in borehole BH05 for 14th 
and 21st January 2007.
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Figure 6.68. Groundwater conductivity and level variations in borehole BH06 for 14th 
and 21st January 2007.
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Figure 6.69. Groundwater conductivity and level variations in borehole BH07 for 14th 
and 21st January 2007.

The monitoring took place during a period of very heavy rainfall and was preceded by 

several weeks of wet weather. As a result there was no soil moisture deficit and 

evaporative losses were negligible. The conductivity trends in BH05 show several 

short lived peaks in conductivity, the largest of which occurred in the early hours of 

the 18th January after 35mm of rain had fallen, but prior to the heaviest rainfall. The 

event shows two maximum peaks 7 hours apart reaching 0.27mS/cm and 0.28mS/cm 

from a baseline value of 0.13mS/cm. Subsequent peaks were smaller in magnitude 

and appeared after recorded periods o f rainfall. A temperature increase of 0.46°C was 

also recorded in BH05 during the initial peak in conductivity. BH06 only shows one 

peak in conductivity coincident with the initial peak seen in BH05 increasing the 

conductivity from 0.45mS/cm to 0.87mS/cm before returning to baseline values 

within an 18 hour period. After this peak, there were a number of very small 

fluctuations in groundwater conductivity. In BH07 there was a gradual increase in 

groundwater conductivity, reaching a peak on the 16th January of 0.36mS/cm. This 

was prior to the majority of the rainfall in this monitoring period and may represent a 

recovery period from previous rainfall on site. After this point there was a general 

decline in groundwater conductivity, with occasional short-lived fluctuations, one of 

which corresponds to the main peaks identified in the other two boreholes. There were
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also temperature variations in this location, with the lowest temperatures 

corresponding to the lowest conductivity values.

Groundwater conductivity profiles for each of the boreholes are outlined in Figure 

6.72. The general trend for BH05 and BH06 is for a gradual increase in conductivity 

from the 16th to the 18th January with a subsequent reduction seen on the 19th January. 

BH05 also shows high conductivity water in the upper section of the water table after 

the 16th January. BH07 shows an initial increase from 16th to 17th January with 

subsequent decrease in conductivity throughout the rest of the monitoring period.

Groundwater samples were obtained and analysed from boreholes NG94, BH05 and 

BH06, field and analytical data are presented in Table 6.22 and Table 6.23 

respectively. During the sampling period, access to NG94 was prevented by flooding 

around the well, indicating significantly elevated groundwater levels in that area. The 

analytical data is presented in Figure 6.70 and Figure 6.71. From these graphs it can 

be seen that the concentration of these elements follows the basic conductivity profile 

in BH05 with a general increase in conductivity from the 16th to the 18th with a 

reduction in concentration on the 19th. BH06, however, shows an initial increase in 

conductivity with a subsequent decrease in concentration.

Temperature pH Conductivity TDS
(PP.m)

NG94

16/01/07 9.1 6.6 0.100 50
17/01/07 9.0 6.9 0.140 70
18/01/07 flooded
19/01/07 flooded

BH05

16/01/07 9.4 7.2 0.180 90
17/01/07 9.4 6.7 0.220 110
18/01/07 9.5 7 0.270 130
19/01/07 9.4 7 0.240 120

BH06

16/01/07 11.2 7.8 0.520 260
17/01/07 11.6 7.3 0.420 210
18/01/07 11.6 7.5 0.400 200
19/01/07 11.6 7.7 0.490 210

Table 6.22. Field data for groundwater samples from NG94, BH05 and BH06 obtained 
between 1(?h and 19th January 2007.
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C oncentration  in mg/l
Fluoride C hloride Nitrite Brom ide Nitrate P h o sp h a te Sulphate

s 16th Jan 0.0961 6 .7 3 6 9 n.a. n .a. n.a. n.a. 13.4955
o
z 17th Jan 0 .1280 6 .5 8 4 7 n.a. n .a. 0 .0006 n.a. 12.5097

16th Jan 0.1030 10 .6878 n.a. n .a. 1.8250 n.a. 20.2751
If)
O 17th Jan 0.1123 11 .8946 n.a. 0 .0079 3.7040 n.a. 26.3048
X
CO 18th Jan 0.1042 15 .7617 n.a. 0 .0398 6.6051 n.a. 31.7736

19th Jan 0.0965 14 .0255 n.a. 0 .0355 5.1962 n.a. 29.7574
16th Jan 0.2634 19 .7160 n.a. 0 .0094 1.6372 n.a. 26.9949

COo 17th Jan 0.2628 2 1 .0 7 1 3 n.a. 0 .0333 2.1006 n.a. 31.1601
X
00 18th Jan 0.2586 18 .6693 n.a. 0 .0238 1.8930 n.a. 29.1192

19th Jan 0.2630 16 .8576 n.a. 0 .0100 1.6176 n.a. 26.4956
Table 6.23. Results from analysis o f groundwater samples taken from NG94, BH05 
and BH06 for to 19^ January 2007.

35

SulphateChloride Nitrate

Figure 6.70. Concentrations o f chloride, nitrate and sulphate in groundwater samples 
taken from BH05 between 1&h and 19th January 2007.
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35

Chloride Nitrate Sulphate

Figure 6.71. Concentrations of chloride, nitrate and sulphate in groundwater samples 
taken from BH06 between 16Ith and 19th January 2007.
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Figure 6.72. Conductivity profiles for boreholes NG94, BH05, BH06 and BH07 for the 
period 16>h to 19th January 2007.
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6.5.6.6 Synthesis and Interpretation.

The seasonal monitoring data for rainfall induced variations in groundwater 

conductivity highlight the influence of soil moisture conditions and evaporative losses 

on the general response of the system. The data also illustrate the varying responses of 

boreholes based on their location with respect to the waste mass.

The conductivity trends were first identified in BH05, located adjacent to the waste 

mass. The conductivity variations at this point are characterised as short lived, high 

intensity peaks in conductivity, with values increasing by up to 400% of the pre- 

rainfall values. The largest peaks in conductivity were observed during winter 

monitoring periods when levels of rainfall are greatest and soil moisture losses 

minimal. The corresponding temperature increases during these strong peaks also 

indicate the mixing of high conductivity, higher temperature water from the waste 

mass with the groundwater system. It should be noted that meteoric waters are likely 

to be of a lower temperature during these periods. The relative rainfall required to 

trigger a conductivity increase is also small compared to the total rainfall.

BH06, located 85 m downstream of the remediated landfill also produces increases in 

groundwater conductivity in response to rainfall, but the response tends to be less 

intense with respect to base line values (up to 130% increase) and persist for longer 

periods of time (3-4 days). This is with the exception of January 2007 where very 

heavy rainfall caused a very large increase in conductivity (200% compared with pre 

rainfall values) similar to the trends identified in BH05. BH07, located 30m 

downstream of the landfill, also shows conductivity variations, but often exhibits large 

reductions in conductivity after rainfall, signifying dilution by an influx of cleaner 

groundwater. Temperature fluctuations also indicate cooler water bodies mixing with 

groundwater flowing through the monitoring site.

The comparison of the seasonal data sets highlights the varying hydraulic situation on 

the site during the year. In the summer the more proximal boreholes tend to show 

dominantly dilution driven trends or little response to rainfall events, but in winter 

marked increases in conductivity are observed. This suggests the hydraulic contact 

between the base of the waste mass and the groundwater system is not present or is
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significantly reduced in the summer months. This hydraulic contact may be absent 

either as a response to soil moisture deficits significantly reducing the impact of 

rainfall on site or the impact of lower base line groundwater levels in the summer 

months as discussed in Section 6.3.1

The analysis of groundwater samples and conductivity profiles monitored on site 

reflect similar trends to those identified by the CTD Divers and show a significant 

correlation between the concentration of chloride, nitrate and sulphate in the water 

samples and the recorded conductivity. These ions are regularly identified as key 

pollutants in landfill leachate plumes. The conductivity profiles also identified the 

presence of high conductivity water in the upper parts of the water column in BH05 

during the periods of increased conductivity. All wells show increased conductivity 

levels in the base of the wells. This is interpreted as the interference of detritus in the 

base of the well casing whilst readings were being taken and not a general reflection 

of groundwater conductivity values at these depths.

6.5.7 Sum m ary  - G roundw ater C onductiv ity

Since the electrical conductivity of groundwater shows a good correlation to levels of 

leachate indicator species it is a useful system to establish the changing response of 

the system to environmental and anthropogenic sources. The ease of monitoring 

groundwater conductivity also makes it useful for continual monitoring of the system.

The general trends at Nant-y-Gwyddon show stable conductivity levels up gradient of 

the site and in general in the Higher Aquifer. The Main Aquifer however shows the 

waste mass is having a detrimental impact on the groundwater quality in terms of 

conductivity and key ionic species in the groundwater. A number of observations can 

therefore be made;

- Groundwater conductivity levels up gradient of the site are relatively low 

and remain consistent for the duration of the monitoring period.

- Available measurements from the Higher A quifer show limited lateral 

spread of any contamination entering the site with no adverse effects 

detected in borehole NG104, adjacent to the site. Further down gradient
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monitoring boreholes are unavailable due to the outcrop of this aquifer at 
the surface.

Elevated levels of groundwater conductivity are detected in boreholes 

adjacent to and down gradient from the waste mass in the Main Aquifer. 

Baseline values of groundwater conductivity in boreholes adjacent to the 

waste mass are typically lower than those down gradient of the site.

- Elevated levels of groundwater conductivity are still detected in NG110 at 

a distance of 290m down gradient of the edge of the waste mass. However, 

levels are lower than those down gradient boreholes in closer proximity to 

the site.

Boreholes both adjacent to and down gradient of the waste mass detect 

short lived periods of elevated groundwater conductivity after periods of 

rainfall.

- A degree of variability is detected in the baseline values of groundwater 

conductivity in the boreholes down gradient and adjacent to the waste 

mass.

- Prolonged rainfall causes flushing of the system in the area around BH07 

leading to a reduction in conductivity values.

Investigations were also carried out to determine whether individual components can 

be identified as causing these events and if they are likely to be derived from the 

landfill. The relative variations in groundwater conductivity suggest the site is having 

an adverse impact on groundwater quality in terms of groundwater conductivity. The 

conductivity of the groundwater reflects the total ionic content of the water, with an 

increase in conductivity reflecting higher levels of ionic components. As was 

discussed in Section 6.5.1 conductivity is commonly used as a proxy for overall levels 

of contamination. Drinking water standards are values outlined in legislation to ensure 

the safety of public drinking waters. In the case of conductivity, a guide level of

0.4mS/cm is provided with a maximum admissible level of 1.5mS/cm (Brassington, 

2007). Groundwater conductivity levels recorded at Nant-y-Gwyddon are consistently 

below this maximum level.

It is hard to establish any temporal framework for groundwater conductivity due to the 

limited span of the data. However, the general conductivity levels recorded in BH06
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and BH07 show a reduction in average monthly conductivity values from 2006 to 

2007. This may be as a result of the influence of the landfill cap and the subsequent 

reduction in leachate levels in the waste mass, but further data is required to establish 

the long term trends.

Based on the data outlined in this section, two hydrogeological conceptual models 

were constructed to reflect the varying winter and summer conditions on site (Figure 

6.73 and Figure 6.74 respectively). The varying levels of effective rainfall and soil 

moisture deficits between the seasons leads to higher groundwater levels during the 

winter than the summer. This means that at periods of increased levels of rainfall in 

the winter, baseline values increase and provide a direct pathway between the Higher 

Aquifer and the base of the waste mass. This pathway then introduces contaminants 

from the base of the landfill into the groundwater in the Higher Aquifer. The increase 

in groundwater conductivity is rapidly detected in the Main Aquifer indicating an 

effective transfer of contaminants via strong vertical pathways, likely to be caused by 

Assuring of the sandstone aquifers. Contamination is also likely to be transferred from 

the steady build up of contaminants in the unsaturated zones beneath the landfill and 

between the two aquifers. In summer months, lower baseline groundwater levels, and 

significantly reduced rates of effective rainfall, means that this direct pathway is not 

present except during times of exceptionally high levels of summer rainfall. 

Throughout the year a zone of accumulation below the landfill will be present as 

leachate drains from the base of the site. The presence of strong vertical pathways due 

to fissures in the sandstone aquifer allows this accumulated leachate to reach the area 

above the Main Aquifer and provide a constant source of low level contamination. 

The absence of the hydraulic connectivity between the base of the landfill and the 

groundwater system means that, during the summer, rainfall is more likely to show 

flushing of the system by clean water entering from up gradient. During times of 

prolonged drought the lack of dilution means that conductivity levels in the Main 

Aquifer are observed to increase. The findings outlined in these conceptual models 

form the basis of the numerical modelling reported in Chapter 8. The numerical 

modelling will be used to verify these findings.
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6.6 S u m m ary

The groundwater system at Nant-y-Gwyddon consists of a series of stacked sandstone 

aquifers separated by less permeable coal, mudstone and siltstone bands. Vertical 

connectivity between the aquifers is provided by fractures in the strata. The 

groundwater level shows a seasonal fluctuation and also a rapid response to rainfall 

with a short lived increase in groundwater level with an asymptotic return to baseline 

values. The Higher Aquifer is likely to intercept the under drainage system at the base 

of the waste mass.

A reduction in groundwater quality based on both chemical composition and 

conductivity trends is identified down gradient of the site, the long term temporal 

trends are less clear. Monthly sampling results show a general increase in the 

concentration of species in the groundwater, potentially linked to changing monitoring 

infrastructure, whilst continual monitoring of conductivity in individual wells 

indicates a potential reduction in contamination levels. The response of the system to 

environmental influences such as rainfall also highlighted the complex nature of the 

mechanisms for contaminant transport at the site. It also shows the importance of 

natural attenuation in the form of advection and dilution for the mitigation of the 

leachate plume down gradient of the site.
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CHAPTER 7 GEOPHYSICAL INVESTIGATIONS

7.1  In t r o d u c t io n

Chapter 6 outlined variations in groundwater conductivity with respect to the location 

of the landfill waste mass. Mean groundwater conductivity values in the Main Aquifer 

were shown to increase soon after groundwater came in contact with the waste mass 

and peaked immediately down gradient of the site. These elevated conductivity 

readings were then attenuated as the distance from the waste mass increased. These 

findings identified the presence of a groundwater contamination plume caused by the 

landfill waste mass leading to an overall reduction in groundwater quality in the down 

gradient region. Based on these findings, two geophysical techniques were used to 

investigate the extent of the leachate contamination plume with the aim of delineating 

the boundaries of the plume and obtaining a level of detail not available from static 

point sources such as groundwater monitoring boreholes. The surveys were centred on 

the area of ground immediately down gradient of the site and included boreholes 

BH06 and BH07 detailed in the previous chapter. Initially an electromagnetic survey 

using a GEM-2 instrument was used to detail the electromagnetic response and the 

apparent conductivity of the ground at varying depths. Based on these results, a 

resistivity survey was carried out in the same area to provide vertical profiles through 

the strata highlighting the variations in resistivity of the ground. Detailed explanations 

of both techniques and additional survey data are presented in Chapter 4 

(Methodology).
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7.2 E l e c t r o m a g n e t ic  S u r v e y

An electromagnetic survey allows easy coverage of a large area of ground targeting 

the contamination at shallower depths. When coupled to a GPS system the survey data 

can be used to produce a contoured map of the region at varying depths in terms of the 

electromagnetic response of the ground. The GEM-2 instrument records the secondary 

electromagnetic field produced by the ground both in phase and at right angles to the 

primary field generated by the instrument. From these data it is possible to calculate 

the apparent conductivity of the ground, which is a function of the nature of the 

ground conditions and can be used to identify areas of contamination or varying 

geology. The survey area is shown in Figure 7.1.

O u tc r o p  o f  
H igh er A q u ifer

BH 06

Waste Ma:

1 0 0 m

Figure 7.1. Nant-y-Gwyddon site plan showing the approximate extent of GEM-2 
survey area shaded in grey.
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The instrument is capable of acquiring data from multiple depths during the same 

survey determined by the frequency of the primary field generated by the instrument. 

The depth of penetration, for each frequency, is a function of the resulting ground 

conditions. Often the depth of penetration is quoted as function of the skin depth 

(depth at which the amplitude of the wave reaches 1/e or 37% of the amplitude of the 

original wave form). Huang, (2005) reports that for small broadband electrical sensors 

(specifically the GEM-2) the depth of penetration of the electromagnetic wave is 

proportional to the square root of the skin depth. However, the realities of on site data 

acquisition are such that the depth of penetration cannot be accurately calculated. It is 

therefore assumed that the survey depths lie between ground level and a probable 

maximum penetration of approximately 20m for the lowest frequency. At greater 

depths the survey data also become increasingly noisy and definition is lost. The 

chosen frequencies were between 47010Hz and 450Hz in order of increasing depth of 

penetration and were chosen to minimise the interference caused by other 

electromagnetic sources such as power sources. The apparent electrical conductivity 

of the ground is calculated by the instrument for each frequency based on the in phase 

and quadrature response of the ground. The apparent electrical conductivity results are 

presented in Figure 7.2 to Figure 7.6 for each of the survey frequencies.
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Figure 7.2. Apparent electrical conductivity results for primary field frequency 
47010Hz. Survey undertaken May 2007.
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Figure 7.3. Apparent electrical conductivity results for primary field frequency 
13590Hz. Survey undertaken May 2007.
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Figure 7.4. Apparent electrical conductivity results for primary field frequency 3930Hz. 
Survey undertaken May 2007.
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Figure 7.5. Apparent electrical conductivity results for primary field frequency 1170Hz. 
Survey undertaken May 2007.
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Figure 7.6. Apparent electrical conductivity results for primary field frequency 450Hz. 
Survey undertaken May 2007.

From the figures shown above, a number of key areas of interest are identified. These 

findings are outlined below for each frequency in order of increasing depth of 

penetration.

47010Hz -  (Figure 7.2) a number o f variations in ground conductivity are 

shown at this frequency. The extent of the waste mass is strongly marked in 

the western edge of the site reflecting either the inert bund in front of the 

waste mass or leachate saturation of the ground immediately adjacent to the 

waste mass. A variation is also shown across the northern edge of the survey 

area with a sub linear feature trending north-west with a localised high 

conductivity reading at the far end. Another two anomalies are shown north 

of BH07; observations made at the time of the survey highlight the presence 

of a metal cable at the surface in this region.

13590Hz -  (Figure 7.3) the plot is very similar to the results from the 

47010Hz survey with the linear feature still evident and an additional feature 

identified north of borehole BH07. A strong anomaly is also present on the
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southern edge of the area of missing data in the centre of the plot. A metal 

culvert was present at ground level associated with the surface water drain. 

3930Hz — (Figure 7.4) the results from this frequency are very similar to the 

13590Hz plot described above.

1170Hz -  (Figure 7.5) the extent of the waste mass is still identifiable for 

this survey frequency with the majority of the ground surface anomalies no 

longer detected with the exception of the very high values recorded in the 

north east comer of the survey area, with values greater than 2,000 mS/m 

recorded. This is likely to be due to a source of interference and not a 

reflection of tme ground conditions. The most notable variation in this figure 

is the divide between the area north and south of the main east-west trending 

roadway. South of this divide there appears to be little variation in the data 

with the lowest conductivity values detected here. North of the line greater 

variation is identified and localised areas of higher conductivity.

450Hz -  (Figure 7.6) the results from this frequency are very similar to the 

1170Hz plot described above.

7.2.1 Interpretation

From the figures presented above, is it obvious that there is a strong signal response in 

the shallow depths of penetration, notably in the northern edge of the survey area, 

where a linear feature is detected. This anomaly was detected by the three most 

shallow survey frequencies along with a number of localised anomalies. These 

variations are best observed in the survey carried out at 47010Hz (Figure 7.2) 

representing the shallowest penetration into the ground (approximately lm). This is 

reproduced in Figure 7.7 with appropriate annotations and interpretations. The 

approximate outcrop of the Higher Aquifer is also shown.

The interpretation in Figure 7.7 identifies a number of isolated anomalies which are 

likely to be caused by near surface interference. Three of the anomalies are identified 

as metallic objects at the surface. The most significant anomaly is located in the 

northern area of the survey and is shown as an approximately linear feature. At 

shallow depths this response is typical of a buried pipe or trench. Since the feature 

originates close to the edge of the waste mass it is likely that this feature is caused by
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a leachate drainage pipe. The layout of the leachate drainage pipes in the survey area 

is shown in Figure 7.8, along with information on the construction materials. The 

main connection in this area is constructed from PVC pipe and so should not create 

such a strong response in the survey data. However reports supplied by the operators 

suggest the presence of a previous pipeline which is no longer operational and which 

was constructed from steel pipe work and is likely to cause a strong anomaly in this 

area. However, the width of the anomaly is still relatively large and could reflect a 

change in the substrata to some degree. This may represent disturbance of the ground 

during the installation of the pipeline or historical or current contamination associated 

with it. Other near surface variations, specifically in the region north of BH07, may 

also suggest shallow variations in conductivity linked to the presence of the waste 

mass. The pipe line is no longer detected in the lowest two survey frequencies 

(deepest depth of penetration). An interpretation of the variations identified in the 

deeper part of the survey (frequencies 1170Hz and 450Hz) is shown in Figure 7.9.
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Figure 7.7. Apparent electrical conductivity results for survey frequency 47010Hz at 
Nant-y-Gwyddon with annotations and interpretations for surface anomalies. Survey 
undertaken May 2007.

Sarah R A Ling 307



Chapter 7 Geophysical Investigations

BH06
m

194160

194140

194120

194100

194080

194060

194020

298060 298080 298100 298120 298140 298160 298180 298200 298220

mS/m

K E Y
---------------------  Location of known leachate  line (PVC)

---------------------  Location of known leachate  line (Steel)

—  —  —  Unproved location of leacha te  line (Steel) 
^  Location of leachate  inspection m anhole

Figure 7.8. Location o f known leachate drainage manholes and pipelines in the vicinity 
of the survey area.
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Figure 7.9. Apparent electrical conductivity results for survey frequency 450Hz at Nant- 
y-Gwyddon with annotations and interpretations for deeper anomalies. Survey 
undertaken May 2007.

For the frequencies that penetrate deepest into the ground, two of the four localised 

anomalies are still detected. The greatest variation across the survey area shows a 

change in conditions between the northern and southern regions. This is interpreted as 

either a change in geology or saturation conditions as the gradient of the ground is 

towards the northern region or variations of conductivity within the strata caused by 

contamination either from the pipe line identified above or via the base of the waste 

mass. The location of the surface outcrop o f the Higher Aquifer is also shown in the 

figure and lies close to the area of variation detected in this survey. This may indicate 

that a change in geology is the most likely cause for the survey results.
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7.2.2 Sum m ary  -  E lectrom agnetic  S u rvey

The electromagnetic survey of the area down gradient of the waste mass at Nant-y- 

Gwyddon identified a number of anomalies and variations in the apparent 

conductivity of the ground at differing depths of penetration. The edge of the waste 

mass and the area in immediate proximity to the waste mass were clearly identified as 

areas of high apparent conductivity due to the nature of the inert bund or leachate 

saturated waste. A number of localised anomalies were identified as interference from 

objects close to the surface and not connected to the underlying geology or the 

landfill.

The main anomaly identified in the survey was the presence of a current or relic 

leachate drain that was identified as a liner feature of higher conductivity. It is also 

possible that the leachate drain has caused localised contamination of the surrounding 

strata creating a wider path of increased conductivity. Further investigation of the area 

would be useful to fully identify the nature of the leachate drainage system at this 

point.

In the deeper profiles a variation was identified that can be interpreted as either a 

change in geology or a change in the conductivity properties of the substrata either 

due to the identification of the groundwater table or changes in the conductivity of the 

groundwater body. The manufacturer suggests the maximum penetration of the 

equipment at the highest frequency is between 20 and 30m depending on the 

resistivity of the ground. The lowest frequency used in this survey (450Hz) should 

reflect this range of penetration. Based on data from BH06, the mean groundwater 

level in the Main Aquifer for this location is approximately 20m below the ground 

level at the time of the survey. Therefore the variations in conductivity may reflect 

variations in the groundwater system linked to the landfill waste mass.

Records from the two boreholes in the survey area, provided by the CTD Divers 

installed in both wells, are presented in Figure 7.10. The survey was undertaken after 

a prolonged period of rainfall between the 6th and 19th May when more than 200mm 

of rainfall was recorded on site. The conductivity results from the monitoring 

boreholes suggest low levels of groundwater conductivity in both wells in the region
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of 0.41mS/cm. Compared to the conductivity in these locations during the period of 

rainfall these levels are reduced after the system was flushed with relatively clean 

water during the heavy rainfall. However it is also possible that the survey has 

detected a change in geology related to the outcrop of the Higher Aquifer in the 

southern region of the survey area. Further investigation is required to fully 

understand the situation.
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Figure 7.10. Conductivity results from BH06 and BH07 for May 2007 plotted with 
rainfall recorded on site.

Sarah R A Ling 311



Chapter 7 Geophysical Investigations

7.3 Electrical  R e s ist iv it y  S u r v e y

Electrical resistivity surveys record the nature of the subsurface in terms of the 

apparent resistivity of the ground when an electrical current is introduced via an array 

of electrodes. Inverse modelling of the apparent resistivity measurements produces a 

model of the ground surface which is determined to create these measurements in the 

form of a depth corrected vertical section. In response of the findings of the 

electromagnetic survey presented in Section 7.2, two resistivity lines were surveyed in 

the region down gradient of the waste mass at Nant-y-Gwyddon. The location of the 

two survey lines were designed to produce a deep section running approximately 

parallel to the front edge of the waste mass targeting the Main Aquifer system and to 

provide additional information on the leachate line identified in the electromagnetic 

survey. The survey lines consist of up to 54 electrodes, equally spaced throughout the 

line at 5m intervals for Line 1 and 2m for Line 2. Details for each survey line and the 

array geometry are provided in Section 4.9.2. The lines were also surveyed using a 

GPS system to provide information on the topographical variation across the line. 

This information is included in the inversion package in order to provide an accurate 

image of the subsurface conditions. The two lines cross at approximately right angles 

and are shown on a site plan in Figure 7.11 as dashed lines. The two resistivity 

surveys are presented in Figure 7.12 with annotations showing an interpretation of the 

inversion model.
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Figure 7.11. Nant-y-Gwyddon site plan showing the location of the resistivity survey 
undertaken in September 2007.
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7.3.1 Interpretation

Line 1 represents a 255m survey line that reaches a maximum depth of approximately 

40m below ground level. The 54 electrode survey with 5m spacing was aligned so that 

it ran approximately parallel to the front edge of the waste mass at right angles to 

groundwater flow. The survey line was located approximately 50m down gradient 

from the waste mass. The inverse modelling image presented in Figure 7.12 shows the 

depth corrected model of the calculated true resistivity for the survey based on the 

apparent resistivity readings recorded on site. The annotated figure shows the 

interpretation of the resistivity model in terms of the geological and groundwater 

systems at Nant-y-Gwyddon. Borehole BH06 is located approximately 15m east of 

the survey line and is marked on the figure as well as the anticipated groundwater 

level inferred from this borehole.

At the southern extent of the survey line, an area of lower resistivity (higher 

conductivity) is interpreted as the presence of the Higher Aquifer in this area, overlain 

by a high resistivity surface layer. For the majority of the survey line, the surface 

layers show a high resistivity layer reflecting the dry conditions on site and the 

relatively stony nature of the ground across the majority of the site with bedrock 

identified at the surface in some areas across the line. The exception to this trend is 

between 160m and 200m from the start of the survey line where low resistivity values 

are shown at the surface. This region corresponds to the high conductivity area 

detected by the electromagnetic survey presented in Section 7.2 and interpreted as the 

location of a buried leachate drainage pipeline and potential zone of contamination. 

The location of the known leachate pipes are also shown in Figure 7.12. The lateral 

spread of the low resistivity zone in this area may also suggest the presence of 

localised contaminated ground in the vicinity of the leachate pipes. Conversely the 

nature of the steel pipe work may have a negative effect in terms of interference 

sufficient to cause this low resistivity zone. Of greatest importance in this resistivity 

line is the nature of the low resistivity zone at the base of the survey area. 

Groundwater levels in borehole BH06 at the time of the survey were recorded as 

280mAOD which correlates to the approximate depth at which this low resistivity 

body is detected. The lowest resistivity (highest conductivity) is found in the centre 

of the model in a relatively confined zone. The nature of the aquifer is such that
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groundwater flow occurs predominantly through fissure flow. It is possible that this 

low resistivity zone represents a plume of higher conductivity groundwater centred 

around a major flow path in the aquifer system with the high conductivity due to 

contaminants sourced from the waste mass. A secondary plume is also detected to the 

south of the main low resistivity plume. The model also suggests some connectivity 

between the surface contamination from the leachate pipe line and the aquifer system 

potentially centred on another fissure in the aquifer.

Line 2 was located so that the high conductivity area located close to the leachate pipe 

lines could be investigated further. The survey line was 100m long and ran parallel to 

the leachate lines at approximately right angles to Line 1 and in the direction of 

groundwater flow. The survey consisted of 51 electrodes at 2m spacing and reached a 

modelled depth of approximately 18m below ground level. The inverse resistivity 

model is presented in Figure 7.12. From the electromagnetic survey and the results of 

Line 1 it is expected that this area is likely to be of low resistivity as a result of either 

contaminants in the ground or the presence of a metallic pipeline. In the figure, the 

relatively low resistivity in Line 2 can be seen when compared to Line 1. Some 

variation in resistivity is apparent and potential leakage from the front edge of the 

waste mass is identified. The generally low resistivity would suggest some degree of 

contamination from the pipe line when compared to the remainder of the ground 

surveyed in Line 1 since this area lies above the water table of the Main Aquifer and 

the Higher Aquifer is believed to be absent.

7.3.2 Summary -  Resistivity Survey
Two resistivity survey lines were undertaken in September 2007 in the area 

hydrogeologically down gradient of the waste mass at Nant-y-Gwyddon landfill site. 

The first survey line ran approximately parallel to the front edge of the waste mass at 

right angles to the direction of groundwater flow. The second line ran perpendicular to 

Line 1 and was located to investigate the ground conditions close to a known leachate 

pipeline. From the inverse modelling results for Line 1 it was shown that an area of 

relatively low resistivity could be detected at depth, and was interpreted as marking 

the location of the Main Aquifer groundwater system, where saturation and solute 

loadings reduce the observed resistivity (increase electrical conductivity). A low
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resistivity area was also identified in the region of the leachate pipeline, much nearer 

to the surface, either due to the effect of the metallic pipe work or due to localised 

contamination in the region (or both). Some connectivity between these regions was 

also identified. The second survey line confirmed that the near-surface ground in the 

locality of the leachate pipe had relatively low resistivity and also identified some 

variation in the overall resistivity through the modelled section. It is difficult to assess 

the degree to which the resistivity signal of the pipeline overprints that of the 

surrounding groundmass.
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7.4 S u m m ary

Two geophysical techniques were used at Nant-y-Gwyddon to survey the variation in 

the conductivity of the subsurface at different depths. The source of these variations 

may be due to naturally occurring changes in the geology or due to contamination 

entering the system from anthropogenic sources. The aim of the surveys was to 

identify the presence of any contamination derived from the waste mass in the 

groundwater bodies or the unsaturated zone hydrogeologically down gradient of the 

site.

The electromagnetic survey o f the site provided information on the shallow strata and 

identified the presence of a potentially contaminated zone close to the line of a 

leachate pipeline. However, a buried cable may also have caused some interference in 

this area leading to difficulty in fully interpreting this anomaly. Some variations were 

also identified at greater depths which were interpreted as either reflecting a change in 

geology or the effects of higher conductivity below the water table of the Main 

Aquifer, linked to contamination from the site.

To investigate the area further two resistivity lines were surveyed to provide more 

information on the variations identified on site by the electromagnetic survey. Line 1 

penetrated into the Main Aquifer, approximately 50m from the edge of the waste 

mass, and identified variations in the resistivity of the ground known to lie below the 

water table. These variations are interpreted as contamination from the waste mass 

travelling through preferential pathways within the Main Aquifer formed by the 

fissures present in the sandstone bedrock. Some variations were also identified in the 

near surface with a low resistivity zone closely matching the area identified in the 

electromagnetic survey as showing high conductivity. The second resistivity line 

confirmed the relatively low resistivity in this area and also potentially identified a 

low resistivity body derived from the edge of the waste mass. However, the presence 

of the leachate pipe line makes the final interpretation difficult since the interference 

from the metallic components will also contribute to the low resistivity readings.
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CHAPTER 8 GROUNDWA TER MODELLING

8.1  In t r o d u c t io n

Computer simulations based on the equations of groundwater flow and contaminant 

transport allow hydrogeological situations to be visualised and an understanding of 

the mechanisms in operation to be gained. However, a model is a tool that uses a 

simplified version of reality and should always be used cautiously. For Nant-y- 

Gwyddon Landfill Site, the numerical modelling package Visual MODFLOW has 

been used to model the groundwater system beneath the waste disposal site based on 

available observational data. This model is then used as a tool to interpret possible 

processes of interaction between the landfill waste mass and the groundwater 

environment, and to predict future trends in groundwater contamination.

8.1.1 Model Development and Construction
With the presence of two aquifer systems beneath Nant-y-Gwyddon a number of 

modelling techniques can be adopted to predict groundwater contamination from the 

site. Each of these options is outlined below with an assessment of their applicability 

to Nant-y-Gwyddon.

1. Model the whole system using a single model domain. The available 

modelling package, MODFLOW, is not capable of resolving multiple 

water tables due to the presence of an unsaturated zone between the two 

aquifers.

2. Model the whole system in terms o f strata but only resolve one 

groundwater table. This should in theory include the influence of the 

upper layers of strata but without the presence of an upper water table. In 

practice this produces an easily calibrated lower water table but using 

MODFLOW the highest layers of strata (representing the upper aquifer 

and the underlying siltstone band) are presented as dry. According to the 

MODFLOW manual (McDonald and Harbaugh, 1988) this means;
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a. If recharge (rainfall / landfill leakage) is applied to the top surface, 

the presence o f  the dry cells acts as an impermeable barrier 

preventing the application o f the recharge value.

b. If the recharge is set to be applied to the uppermost Wet cells (main 

aquifer) the interaction of the higher strata are not included in the 

calculations.

3. Model the two aquifers separately but use the predicted outputs from the 

Higher Aquifer model as inputs to the Main Aquifer model. This should 

effectively couple the two systems albeit manually. However;

a. Very little calibration data is available for the Higher Aquifer, 

especially down gradient of the waste mass.

b. There is an unquantifiable influence from the basal drainage of the 

landfill.

c. There is no direct way to measure the output from the Higher 

Aquifer either in terms of concentration or flow and the values 

would have to be broken down into individual recharge values to 

be applied to the upper surface of the Main Aquifer.

4. Model just the Main Aquifer. Since the impact o f  the Higher Aquifer 

cannot be modelled in terms of groundwater flow or solute transport as 

discussed in point 2 then the effect is the same as only modelling the Main 

Aquifer. Water from the Higher Aquifer and waste mass are represented as 

recharge functions on the top surface of the model.

By modelling the Main Aquifer alone the modelling package is kept in a simple form, 

avoiding instability whilst retaining the flexibility o f being able to adapt the recharge 

functions to represent changing conditions. The groundwater model is based on a 

hydrogeological conceptual model outlined in Figure 8.1. The key aspects of the 

model are outlined below.

Sarah R A Ling 320



Chapter 8 Groundwater Modelling
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Figure 8.1. Conceptual model used for the development of Visual MODFLOW 
groundwater flow models.

8.1.1.1 Model Domain

The model domain is defined by the user and contains information on the geology, 

including aquifer properties, the extent o f the modelled area, elevation data and 

monitoring locations. The extents of the model in terms of x, y and z coordinates are 

shown in Table 8.1. The Main Aquifer extends vertically from the base of the siltstone 

band which forms the confining layer for the Higher Aquifer to the No. 1 Rhondda 

Rider. Where the Main Aquifer is present at the ground surface the elevation of the 

top layer is defined by the topography. The No. 1 Rhondda Rider is modelled as an 

aquiclude with no water passing through the strata. In reality some connectivity may 

be present with the lower systems due to localised fissures. The area below this is not 

considered in this modelling process.

Minimum (m) Maximum (m)
X 7500 8500
y 3700 4200
z 250m AOD 350mAOD

Table 8.1. Extents o f model domain.

The majority of the waste mass lies above the Higher Aquifer system but in the area 

in the north east of the waste mass it sits directly on the Main Aquifer sandstone. The
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landfill system is not included in the model but is represented by a recharge function. 

This recharge value can represent both water and dissolved contaminants.

8.1.1.2 Model Grid

The model is divided into two layers with elevation data for each layer imported as 

x,y,z data files. The topographic data is based on available survey data for the site and 

inferred basal contour data for the waste mass prior to the establishment of the 

landfill. The elevation o f the subsurface geology is derived from available borehole 

data and the interpreted geological horizons. This data was extrapolated using the 

terrain modelling package SURFER from Golden Software Incorporated and imported 

into Visual MODFLOW. Each layer is divided into cells in plan view to allow the 

calculation of the transport equations. The basic model has grid squares of 25m by 

25m. A typical cross section from the modelling package is shown in Figure 8.2, 

below.

84008200

Figure 8.2. Cross Section along northing 4200 through the model domain showing the 
influence o f the topography o f the ground surface and geological strata.

8.1.1.3 Aquifer Properties
No site specific data are available for aquifer properties at Nant-y-Gwyddon, therefore 

input data are obtained from available literature (Domenico and Schwartz, 1998, 

Fetter, 2003, Hiscock, 2005, Schwartz and Zhang, 2003, Todd and Mays, 2005). 

Based on available borehole logs, the underlying lithologies are known to be 

sandstone and siltstone bands with a basal coal seam and mudstone band which is
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modelled as an aquaclude. Input data for each stratum include hydraulic conductivity, 

specific storage, specific yield, effective porosity and total porosity. Data specific to 

the South Wales region is also limited and variable. The British Geological Survey 

Hydrogeological map of South Wales (BGS, 1986,) indicates values for the Upper 

Coal Measures including porosity of as little as 2% with flow primarily occurring 

from natural joints and fissures which are enhanced in areas of mining and 

subsidence.

Jones, et al., (2000) present the available data from the minor aquifers in England and 

Wales. As a minor aquifer, little data are available for the Upper Coal Measures. It is 

stated that coal measure sandstones are well cemented and possess very little primary 

porosity or inter granular permeability. Secondary porosity is the controlling factor for 

groundwater flow. The region shows a complex multi layered aquifer system due to 

individual sandstones supporting aquifer systems. The values used in the initial run 

are shown in Table 8.2. Hydraulic conductivity values are assumed to be equal in the 

x, y  and z directions in this model. Normally, a degree of anisotropy is assumed but 

the presence of fissures in the system is likely to increase the hydraulic conductivity 

in the z direction.

V a lu e U n its S a n d s t o n e M u d sto n e
Hydraulic Conductivity (Kx v) ms'1 0.0001 1x10’11
Hydraulic Conductivity (7cJ ms'1 0.0001 1x10'1*
Specific Storage (SJ m 0.001 0.001
Specific Yield (Sv) - 0.1 0.05
Total Porosity (ntot) - 0.25 0.2
Effective Porosity (neff) - 0.2 0.1

Table 8.2. Default hydrogeological properties used in initial model run.

8.1.1.4 Boundary Conditions
The key boundary conditions in the hydrogeological model are used to define water 

entering and exiting the site. This includes surface infiltration of precipitation and 

groundwater entering the site from up-gradient of the modelling domain. Recharge 

from rainfall will be a numerical value based on an assumption of the percentage of 

water entering the groundwater system. Klinck and Trick, (2001) suggest 17% of 

rainfall contributes to recharge. Another key issue is the use of effective rainfall and 

not total precipitation. MORECS data from the Met Office are used to provide
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information on effective rainfall when evapotranspiration is taken into account. The 

strata receive groundwater from up gradient of the site and this is represented by a 

constant head boundary at the edge o f the model domain based on extrapolated 

groundwater levels recorded in monitoring wells.

8.1.1.5 Contaminant Loading

The primary contaminant loading comes from the landfill waste mass. Whilst the 

nature of leachate production and movement within the waste mass is complex, the 

impact on the surrounding environment in generally defined by the quality and 

quantity of the leachate leaking from the basal liner. The landfill is therefore 

represented by a recharge and contaminant recharge function releasing water into the 

system with a known contaminant concentration. The concentration of the leachate is 

well documented by monthly sampling and analysis. The volume of leachate being 

released is unknown but will be investigated during the modelling process.

8.1.1.6 Monitoring Wells

Monitoring wells are added to the modelling system and field data on values for 

groundwater level and concentration of specific chemicals can be input to act as 

calibration points for the model. Records of on site measurements are checked against 

calculated values to establish the accuracy of the model.

8.1.1.7 Modelling Fissure Flow

From available literature (BGS, 1986, George, 1970, Jones, et al., 2000) it is known 

that the sandstone of the Upper Coal Measures are well cemented and possess very 

little primary porosity. However natural fissures and joints provide an effective 

secondary permeability such that flow rates can be rapid (Klinck and Trick, 2001) and 

lateral dispersion is minimal. The nature of fissure flow increases localised 

heterogeneity creating a spatial variation in hydraulic conductivity and therefore 

groundwater flow (Cook, 2003). Without detailed records of fracture density and size 

it is impossible to fully model fissure flow. In some cases a fractured medium is 

modelled as a homogeneous mass equivalent to the average hydraulic conductivity
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and porosity of the strata (Gburek, et al., 1999). In the case of Nant-y-Gwyddon there 

is insufficient evidence of the nature of the fissures in the sandstone beds to model 

fissure flow and so a homogeneous mass will be used. Whilst this is not ideal, 

calibration of hydraulic head values should allow a regional scale model to be 

developed.
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8 .2  Initial M o d e l l in g

The initial groundwater modelling was carried out using steady state modelling of the 

system. This represents the point at which the system reaches equilibrium if the 

boundary conditions remained constant and no other factors influenced the site. In 

reality, this scenario will never happen as the environmental system is constantly 

changing and influence over the system comes from many other factors than are 

modelled here. The benefit of steady state modelling is that relative changes in the 

system can be assessed like for like. Where appropriate, transient modelling is then 

derived based on the outcome o f the steady state results (Section 8.4.2.2).

The initial stage of modelling is to re-create the known hydrogeological setting. In 

this case only the Main Aquifer is modelled and water levels from observation 

boreholes reaching this stratum are used to calibrate the model. Initially, the mean 

long term groundwater levels are used, as outlined in Table 8.3, below.

Borehole Mean groundwater level 
(mAOD)

BH02 298.17
BH05 291.41
BH06 280.68
NG94 328.52
NG97 275.57

NG101 289.86
NG110 265.11

Table 8.3. Mean groundwater levels in the Main Aquifer for the period 2000 to 2007.

The groundwater levels are controlled by the constant head boundaries at the edge of 

the modelling domain as well as recharge from rainfall. For the initial model run, 

average annual rainfall rates (1900mm) are used along with the assumption that 17% 

of rainfall contributes to aquifer base flow (Klinck and Trick, 2001). An iterative 

process is then used to determine the values for the constant head boundaries and 

recharge functions which produce a groundwater table most closely replicating the 

known average groundwater levels values in on site monitoring boreholes. The 

modelled groundwater table is shown in Figure 8.3 in plan view. Visual MODFLOW 

produces a calibration plot of observed groundwater levels against those generated by 

the model. This is shown in Figure 8.4 and indicates a good replication of the 

groundwater system.
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Figure 8.3. Modelled groundwater surface in Main Aquifer after initial run.
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Figure 8.4. Calibration Curve for groundwater level in Nant-y-Gwyddon model. 
Observed head against modelled head after initial model run.
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8.2.1 Calibration Sensitivity Analysis

A sensitivity analysis of the key input parameters allows an assessment of the relative 

impact that errors and inaccuracy in the definition of these values has on the overall 

modelling output. For this model the key aquifer properties and the boundary 

conditions applied to the system are considered in the sensitivity analysis. Changes in 

the system are judged in terms of groundwater level at boreholes BH02 and BH06 and 

the mean and maximum groundwater velocity in the x direction (direction of primary 

groundwater flow). Each parameter is outlined below with a discussion of their 

relative importance.

8.2.1.1 Hydraulic Conductivity

The hydraulic conductivity o f the system reflects the ability of water to pass through 

the aquifer. No site specific data are available for Nant-y-Gwyddon, but because of 

the known fissures in the ground a relatively high value for hydraulic conductivity is 

adopted based on values found in the literature. Isotropy is assumed based on the lack 

of data and the presence of vertical fissures. The results of the sensitivity analysis are 

presented in Table 8.4.

Hydraulic
conductivity

(ms1)

Groundwater 
level in BH02 

(mAOD)

Groundwater 
level in BH06 

(mAOD)

Mean velocity 
in x direction 

(m/s)

Maximum 
velocity in x 

direction (m/s)

1 x 10* No Convergence
1 x 10'* No Convergence
1 x 10* 299.30 281.90 1.04 x 10'° 4.73 x 10
1 x 10'° 304.89 291.05 1.05x10'° 9.49 x 10'°
1 x 10'° 341.61 336.10 1.14 x 10'' 3.61 x 10'b

Table 8.4. Sensitivity analysis results for hydraulic conductivity.

In terms of aquifer properties, the hydraulic conductivity of the aquifer system plays 

an import role in controlling both the rate of groundwater flow and the head at 

specific points. The stability of the system is also dependant on the accurate definition 

of the property. This model is only stable over a limited range with no convergence 

when the value of hydraulic conductivity is too large and flooding of the system when 

values are too low. Essentially, it controls the rate at which water can pass though the 

system. In this case only values between lxlO '4 m/s and lxlO '5m/s produce results
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within the range of groundwater levels seen in monitoring boreholes. The variation of 

which leads to approximately 5 to 1 Om of variation in the groundwater level and one 

order of magnitude in the groundwater flow velocities for one order of magnitude 

variation in the initial value. It is known that groundwater flow velocities are 

relatively high at Nant-y-Gwyddon (Klinck and Trick, 2001) and as such the value of 

lxlO'4 m/s is retained as the default value.

8.2.1.2 Storativity

The storativity of the system controls the volume of water the system is capable of 

storing (specific storage) and the volume of water it will readily yield (specific yield). 

No site specific information is available for Nant-y-Gwyddon so default values were 

chosen from the available literature. The results are presented in Table 8.5 and Table 

8.6 .

Specific 
storage (m'1)

Groundwater 
level in BH02 

(mAOD)

Groundwater 
level in BH06 

(mAOD)

Mean velocity 
in x direction 

(m/s)

Maximum 
velocity in x 

direction (m/s)

1 x 10JJ 299.30 281.90 1.04 x 10'b 4.73 x 10'b
5x 10'J 299.30 281.90 1.04 x 10’b 4.73 x 10’6
1 x 10~J 299.30 281.90 1.04 x 10'6 4.73 x 10'b
5x 10A 299.30 281.90 1.04 x 10'b 4.73 x 10‘b
1x10* 299.30 281.90 1.04 x 10‘b 4.73 x 10’a

Table 8.5. Sensitivity analysis results for specific storage.

Specific yield
Groundwater 
level in BH02 

(mAOD)

Groundwater 
level in BH06 

(mAOD)

Mean velocity 
in x direction 

(m/s)

Maximum 
velocity in x 

direction (m/s)

0.05 299.30 281.90 1.04 x 10'b 4.73 x 10'b
0.10 299.30 281.90 1 .0 4 x 1  O'6 4.73 x 10'b
0.15 299.30 281.90 1.04 x 10‘b 4.73 x 10'b
0.20 299.30 281.90 1 .0 4 x 1  O’6 4.73 x 10"b

Table 8.6. Sensitivity analysis results for specific yield.

The storativity of the system only becomes important in transient simulations when 

water levels are altered significantly using pumping wells. As such, the specific yield 

and specific storage have no impact on the steady state modelling results.
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8.2.1.3 Porosity

The porosity of the aquifer is considered in terms of total and effective porosity. 

Reports indicate the local geology has a low primary porosity due to cementing of the 

sandstone, as low as 2% in some reports (BGS, 1986). However, significant 

secondary porosity is present in terms of fissures and fractures which increase the 

porosity of the aquifer. The results are presented in Table 8.7 and Table 8.8 for total 

and effective porosity respectively. During the total porosity sensitivity analysis, the 

effective porosity was set to 0.15 to ensure total porosity is greater than effective 

porosity at all times.

Total porosity
Groundwater 
level in BH02 

(mAOD)

Groundwater 
level in BH06 

(mAOD)

Mean velocity 
in x direction 

(m/s)

Maximum 
velocity in x 

direction (m/s)
0.15 299.30 281.90 1.39 x 10'3 6.31 x 10'3
0.20 299.30 281.90 1.39 x 10 s 6.31 x 10'b
0.25 299.30 281.90 1.39 x 1 0 '3 6.31 x 10'b
0.30 299.30 281.90 1 .3 9 x 1 0'5 6.31 x 10'b
0.35 299.30 281.90 1.39 x 10’3 6.31 x 10'b

Table 8.7. Sensitivity analysis results for total porosity.

Effective
porosity

Groundwater 
level in BH02 

(mAOD)

Groundwater 
level in BH06 

(mAOD)

Mean velocity 
in x direction 

(m/s)

Maximum 
velocity in x 

direction (m/s)

0.05 299.30 281.90 4.16 x 10'° 1.89 x 104
0.10 299.30 281.90 2.08 x 10’° 9.46 x 10'3
0.15 299.30 281.90 1.39 x 10’3 6.31 x 10'3
0.20 299.30 281.90 1.04 x 1 0 ° 4.73 x 10’3
0.25 299.30 281.90 8.32 x 10'b 3.78 x 10'b

Table 8.8. Sensitivity analysis results for effective porosity.

In terms of porosity, only the effective porosity has an impact on the groundwater 

system. The effective porosity controls the volume available for water to flow 

through. With a reduced porosity there is less pore volume so that the same amount of 

water will travel faster through the system. There is an exponential relationship 

between effective porosity and both the average groundwater velocity and maximum 

velocity in the x direction as shown in Figure 8.5. Since the porosity of the 

groundwater system at Nant-y-Gwyddon is driven by secondary porosity in fractures 

it is likely that local values for effective porosity will vary significantly. It is therefore 

difficult to define a single value to use in this model. A value of 15% is adopted.
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Figure 8.5. Relationship between effective porosity of the aquifer and groundwater 
velocity through the system.

8.2.1.4 Constant Head Boundary

Constant head boundaries are user defined parameters which control the water 

entering and exiting the model domain. The key constant head boundaries are on the 

western and eastern extents of the modelling domain. The boundary conditions are 

varied by 2m increments and the results presented in Table 8.9 and Table 8.10. Linear 

gradients are used; 3 10-311  m AOD therefore indicates a linear gradient of 310 to 

311mAOD is applied from north to south. For the eastern boundary, due to the local 

topography the minimum value in the north of the section is 267mAOD.

Constant head 
boundary 
(mAOD)

Groundwater 
level in BH02 

(mAOD)

Groundwater 
level in BH06 

(m AOD)

Mean velocity 
in x direction 

(m/s)

Maximum 
velocity in x 

direction (m/s)

306-310 No convergence
308-312 No convergence
310-314 299.30 281.90 1.04 x 10 4.73 x 10'°
312-316 301.04 283.42 1 .0 9 x 1 0 ° 5.31 x 10'°
314-318 302.80 284.92 1.14 x 10'° 5.87 x 10’b

Table 8.9. Sensitivity analysis results for changes to the western constant head 
boundary.
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Constant head 
boundary 
(mAOD)

Groundwater 
level in BH02 

(mAOD)

Groundwater 
level in BH06 

(mAOD)

Mean velocity 
in x direction 

(m/s)

Maximum 
velocity in x 

direction (m/s)
267-267 No convergence
267-268 No convergence
267-270 299 .30 281.90 1.04 x 10'a 4 .7 3 x 1  O'55
269-272 299 .34 282.60 9.90 x 10'° 4.33 x 10°
271 -  274 299 .40 283.44 9.40 x 10'° 3.98 x 10°

Table 8.10. Sensitivity analysis results for changes to the eastern constant head 
boundary.

The boundary conditions control the volume of water entering and exiting the 

groundwater system. In general, the constant head boundaries at the model edges have 

the greatest impact on the groundwater level in the system but can cause the system to 

become unstable. They also have some overall impact on the groundwater velocity but 

not to a significant extent. However, applied individually the 2m increments do not 

create 2m changes in the groundwater level with the western boundary causing 

approximately 1.5m increase and the eastern boundary leading to 0.7 -0.8m increase. 

These values are typically used to control and alter the groundwater flow system 

during the modelling process.

8.2.1.5 Recharge
The recharge of this system comes from rainwater infiltrating into the underlying 

strata. Klinck and Trick, (2001) suggest 17% of the rainfall contributes to base flow of 

the aquifer and for the long term average this equates to approximately 323mm of 

recharge per year. Recharge values are applied evenly across the entire area.

Recharge
(mm)

Groundwater 
level in BH02 

(mAOD)

Groundwater 
level in BH06 

(mAOD)

Mean velocity 
in x direction 

(m/s)

Maximum 
velocity in x 

direction (m/s)

100 No convergence
200 No convergence
323 299.30 281.90 1.04 x 10 4.73 x 10
400 299.43 282.20 1.04 x 10’b 4.73 x 10*
500 299.62 282.59 1.04 x 1 0 * 4 .7 3 x 1 0 °
1000 300.56 284.41 1.04 x 10‘6 4 .7 3 x 1 0 °

Table 8.11. Sensitivity analysis results for recharge.
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The recharge value contributes to variations in groundwater level across the system 

but does not influence the groundwater flow velocity. The results indicate an increase 

in recharge of lOOmm/year leads to approximately 0.2m increase in groundwater 

levels in BH02 and between 0.3 and 0.4m in BH06.

8.2.1.6 Summary

In general, the aquifer properties of hydraulic conductivity and effective porosity have 

the greatest influence over the rate of groundwater flow and the boundary conditions 

(constant head boundaries and recharge) control the head of water in the system. The 

boundary conditions are used to alter the flow regime during the modelling process to 

reflect changing conditions on site. As a result, the sensitivity of the system to 

changes in porosity and hydraulic conductivity are considered in the results presented 

in later sections of this chapter to fully demonstrate the need for accuracy in these 

physical parameters.

8.2.2 M odel Verification

The key aim of this model is to replicate recorded observations of groundwater quality 

at times of varying rainfall. During these rainfall events the increase in groundwater 

level plays an important role in the mechanism of contaminant transport and therefore 

is a key part of the numerical modelling. To verify that the model is capable of 

replicating this, a rain event is modelled here. As was highlighted in the sensitivity 

analysis, the groundwater levels are primarily controlled by recharge and the constant 

head boundaries. The rainfall event in March 2006 (outlined in Section 6.3.2) 

recorded 47mm of rain over a three day period which is equivalent to 5700mm of rain 

per year. The steady state approach to modelling uses recharge values in terms of 

annual rainfall figures. The results presented here show the variation in the system if it 

were allowed to reach equilibrium, whilst in real life such high annual rainfall rates 

are impossible. When rainfall events are simulated in Section 8.4.2 the nature of short 

lived increases in recharge are considered and indicate the impact of varying 

groundwater levels on groundwater contamination. Using the assumption that 17% 

reaches the underlying strata, this leads to a recharge value of almost lOOOmm/year.
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The recorded boreholes indicated an increase in groundwater levels in the order of 
4m.

By increasing the recharge value to lOOOmm/year an average groundwater level 

increase of approximately 2m was simulated in the numerical model. This indicates 

the need for alteration to the constant head boundaries to represent a greater volume 

of water entering the site from up gradient in response to the rainfall event. The 

groundwater table is effectively lifted by an additional 2m by increasing the constant 

head boundaries by the same amount. The modelling results for the key boreholes are 

shown in Table 8.12.

Borehole
Initial 

groundwater 
level (mAOD)

Recharge of 1000mm
Recharge of 1000mm and 
constant head boundary 

changes
Groundwater 
level (mAOD)

Increase in 
groundwater 

(m)

Groundwater 
level (mAOD)

Increase in 
groundwater 

(m)
BH06 281.90 284.41 2.51 286.34 4.44
BH05 292.22 294.08 1.86 295.83 3.61
BH02 299.3 300.56 1.26 302.31 3.01

NG101 287.58 289.82 2.24 291.65 4.07
NG97 276.94 279.14 2.20 280.96 4.02

Mean 2.01 3.83

Table 8.12. Groundwater level variations in response to increased rainfall on site.

8.2.3 Sum m ary -  G roundw ater Level

A numerical model was created in Visual MODFLOW to replicate the monitoring 

data for the groundwater system beneath Nant-y-Gwyddon Landfill Site. The model 

was shown to recreate a similar groundwater table in the Main Aquifer in terms of 

groundwater flow direction and overall groundwater level. A sensitivity analysis of 

the system highlighted the importance of aquifer properties in controlling 

groundwater flow, but due to a lack of site specific data, the initial values, based on 

the range of data presented in available literature (Domenico and Schwartz, 1998, 

Fetter, 2003, Hiscock, 2005, Schwartz and Zhang, 2003, Todd and Mays, 2005), are 

maintained. The impact of fissure flow and the significance of secondary porosity will 

mean that the values of hydraulic conductivity and porosity are unlikely to be uniform 

across the entire modelling domain. The model is also capable of replicating increased
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groundwater levels in response to rainfall on site via a combination of increased 

recharge rates and constant head boundaries introducing groundwater from up 
gradient of the site.
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8.3 C o n t a m i n a n t  T r a n s p o r t

The contaminant transport section of the numerical modelling aims to replicate the 

findings from groundwater monitoring results and geophysical surveys presented in 

the preceding chapters. The information gained about the leachate body and the waste 

mass as a whole will also be used to model the changing nature of the site after the 

installation of the landfill cap and as the waste mass ages further.

The majority of the monitoring data in Chapter 6 were based on records of electrical 

conductivity of the groundwater. The numerical modelling package Visual 

MODFLOW is unable to model conductivity and so ionic components are used 

instead. It has been shown that conductivity is a useful proxy to key components 

including chloride. Chloride is commonly presented as a key indicator of landfill 

leachate and is often chosen as part of monitoring and modelling regimes 

(MacFarlane, et al., 1983, Olofsson, et a l, 2006, Stantom, et al., 2004). This is for a 

number of key reasons;

Chloride is commonly present at levels which exceed the detection level in 

leachate and groundwater bodies.

Chloride is naturally present in groundwater systems providing a well 

defined background concentration.

Chloride is a conservative ion (Christensen, et al., 2001) meaning that it is 

not affected by processes such as sorption or ion exchange. It is very stable 

in groundwater with attenuation processes dominated by dilution, 

advection and mechanical dispersion.

The choice of this ion means that the modelling results are for the worst case scenario 

with a high concentration ion entering the groundwater system with limited 

attenuation processes other than those provided by the flow of groundwater (dilution, 

advection and mechanical dispersion). Field data from borehole observations are used 

for the calibration of the model, the background values for chloride are determined 

from the records obtained from groundwater boreholes up gradient of the site. The 

mean values obtained from these points are used to apply an initial concentration to 

the system and also to control the concentrations in water entering the site via 

constant head recharge boundaries. This ensures the system does not become diluted
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by the input of ‘clean’ water. The minimum, maximum and mean concentration of 

chloride in the groundwater system up gradient, adjacent to and down gradient of the 

waste mass as well as in selected individual wells at Nant-y-Gwyddon are presented 

in Table 8.13, plus data for leachate obtained directly from the waste mass for the 

three main stages of the development of the site.

Chloride Concentrat ion (mg/l)
Location Mean Minimum Maximum

Groundwater Up Gradient 7.24 3.0 12.0
Groundwater Adjacent 23.51 9.0 51.1
Groundwater Down Gradient 17.27 2.0 78.0

BH02 (Up gradient) 6.40 4.0 9.0
CO
CD BH05 (Adjacent) 14.87 10.0 23.0
o

-C BH06 (Down gradient) 36.75 9.0 78.0
8
o NG94 (Up gradient) 7.46 3.0 12.0
CO NG97 (Down gradient) 6.78 3.0 32.6

NG110 (Down gradient) 15.79 8.0 70.0
Leachate Period 1 (active) 749.00 354.0 989.0
Leachate Period 2 (temporary capping) 572.53 20.1 1030.0
Leachate Period 3 (final capping) 1093.88 418.0 1340.0

Table 8.13. Statistical analysis of chlohde content in groundwater and leachate at 
Nant-y-Gwyddon for the period 2000 to 2007.

The chloride is applied to the system as part of the recharge function with the 

concentration of the chloride entering the modelled system based on available 

leachate data. The volume of contaminated water entering the site is controlled by the 

recharge function in that area. As is discussed below this means an even distribution 

of recharge, as was used for the initial definition of the groundwater system, is no 

longer appropriate.

From the data in Table 8.13 it is obvious that the distribution of chloride 

concentrations down gradient of the site is uneven. BH06 shows the highest chloride 

concentrations and NG97 shows generally low levels indicating minimal 

contamination in this area. No monthly monitoring data for chloride are available in 

BH07, but the groundwater conductivity trends from the continual monitoring of the 

system, indicate a level of contamination similar to that seen in BH06. NG110 is 

located down gradient, but at a distance from the waste mass and still shows 

identifiable levels of contamination with a degree of attenuation when compared to 

the levels identified in BH06.
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Applying a constant contamination recharge value of 323mm per year (17% of annual 

average) with a concentration of 600mg/l (mean for Period 2) of chloride to the entire 

extent of the landfill waste mass produces an evenly distributed contamination plume 

immediately down gradient of the site. Maximum chloride concentrations in the 

modelled output are 49.3mg/l. Evidence from the groundwater monitoring data and 

geophysical surveys has proven that the distribution of chloride concentrations are not 

equal in the area down gradient of the Nant-y-Gwyddon waste mass.

8400

N6101

^  G r o u n d w a te r  m o n ito r in g  b o r e h o le    G r o u n d w a te r  ta b le ; l in e s  o f

O e q u ip o te n t ia l
A p p r o x im a te  e x t e n t  o f  w a s t e  m a s s

Eastings (m) 100m

15 20 25
Chloride concentration in mg/l

Figure 8.6. Modelled chloride concentration in groundwater when an equal recharge 
rate of 323mm/yr with a concentration of 600mg/l is applied across the entire area of 
the waste mass.

It should be noted that for the majority of the site, the waste mass is located above the 

Higher Aquifer, through which the contaminated groundwater needs to pass to reach 

the Main Aquifer modelled here. This means the leachate will be diluted by the water 

in the Higher Aquifer before reaching the Main Aquifer. Across the remainder of the 

site, specifically the north eastern part of the waste mass, the Higher Aquifer is not 

present and the leachate is released directly to the Main Aquifer. Based on this
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information, the following approach to recharge and contaminant concentration is 

adopted as shown in Figure 8.7 with an explanation provided below.

eoZ
a «■

N

1

8000 

E astings (m) 100m

N6101

^  Groundwater monitoring borehole 

O  Approximate extent of w aste m ass

CD Recharge zone

Figure 8.7. Recharge zones defined in Visual MODFLOW model for Nant-y-Gwyddon.

1. The basic recharge function representing rainfall recharge via the Higher 

Aquifer only. The default setting for this recharge value is 323mm/yr based on 

17% of average annual rainfall reaching the aquifer (Klinck and Trick, 2001). 

Chloride concentration is set to zero.

2. The region where rainfall recharge is applied directly to the Main Aquifer 

system (Higher Aquifer not present). There is no site specific data for this 

region and so the same value as is shown in Zone 1 is used here. Any increase 

in recharge due to the absence of the Higher Aquifer is likely to be 

counteracted by increased runoff due to the steeper gradient of this area. 

Chloride concentration is set to zero.

3. Region below the waste mass where the Higher Aquifer is present above the 

Main Aquifer. Contaminants reaching the Main Aquifer are likely to be
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diluted in the Higher Aquifer by an unknown quantity. Recharge rates will be 
set as the default value of 323mm/yr.

4. Area where leakage from the waste mass is applied directly to the Main 

Aquifer. There is no dilution of the leachate before is enters this Aquifer. Rate 

of recharge is an unknown variable. Contaminant concentration is based on 

known leachate concentrations for set periods of development of the site.

8.3.1 Initial R esu lts

Using the approach to contaminant recharge explained in Section 8.3, a non uniform 

plume is produced with a core of highest concentration of chloride in the northern 

section of the plume. The contaminant transport modelling results for chloride 

concentrations are shown in Figure 8.8 in plan view for the steady state model. Figure 

8.9 shows the calibration curve for the key boreholes for mean observed chloride 

concentration against calculated values. Leakage from the base of the waste mass is 

modelled as having a concentration based on leachate data from the post closure 

period prior to the installation of the final landfill cap (Period 2). For the rate of 

leakage from the base of the site, an iterative process was used to find the recharge 

rate which produces a leachate plume most closely matching the chloride 

concentrations in the groundwater monitoring boreholes; this was determined to be in 

the region of 750mm/yr. The recharge rate from the Higher Aquifer is assumed to be 

equal to that used for the remainder of the area (323mm/yr).
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Figure 8.8. Modelled chloride concentration in groundwater after steady state model 
run.
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Figure 8.9. Calibration curve for chloride concentration in Nant-y-Gwyddon numerical 
model. Observed concentration against modelled concentration after initial model run.
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8.3.2 Calibration S en s itiv ity  A na lysis

The key components of the contaminant transport process are considered in a 

sensitivity analysis to assess their relative influence on the modelling results. The 

main aspects to be considered are the rate of recharge of the contaminant and the 

overall concentration of the leachate entering the system. These two parameters are 

considered for recharge areas 3 and 4, representing recharge from the waste mass via 

the Higher Aquifer and recharge direct to the Main Aquifer system, respectively. The 

results are presented below in terms of maximum contaminant concentration and 

concentration at boreholes BH06 and NG110, both located down gradient of the 

landfill waste mass. The default values used in the initial modelling results are 

presented in bold. The relative significance of these values is discussed in the 

summary (Section 8.3.2.4).

8.3.2.1 Recharge Direct to the Main Aquifer

The recharge direct to the Main Aquifer comes from leachate leaving the waste mass 

through the basal lining system and entering the groundwater system modelled here 

without passing through any other body other than the unsaturated zone lying between 

the waste mass and the aquifer system. The rate of leakage is unknown and has been 

determined through the modelling process. The concentration of the chloride in the 

leachate is determined through analysis of leachate from the site but still shows an 

element of variation within the results. Both factors are considered here and the 

results are presented in Table 8.14 and Table 8.15 respectively.

Rate of recharge 
(mm/yr)

Chloride 
concentration at 

BH06 (mg/l)

Chloride 
concentration at 

NG110 (mg/l)

Maximum chloride 
concentration 

(mg/l)

250 17.51 12.35 19.43
500 26.08 16.09 30.32
750 34.87 19.74 41.13
1000 43.51 23.77 51.83
1250 51.68 27.16 61.99

Table 8.14. Sensitivity analysis results for rate of contaminant recharge to Main 
Aquifer. Default values used in initial modelling are shown in bold.
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Contaminant
concentration

(mg/l)

Chloride 
concentration at 

BH06 (mg/l)

Chloride 
concentration at 

NG110 (mg/l)

Maximum chloride 
concentration 

(mg/l)
200 17.08 12.02 19.24
400 25.97 15.94 30.16
600 34.87 19.74 41.13
800 43.84 24.03 51.46
1000 53.49 28.07 63.50

Table 8.15. Sensitivity analysis results for contaminant concentration entering Main 
Aquifer. Default values used in initial modelling are shown in bold.

8.3.2.2 Recharge via the Higher Aquifer

The recharge of contaminants via the Higher Aquifer occurs after leachate passes 

through the Higher Aquifer where it is diluted and subsequently enters the Main 

Aquifer which is modelled here. The default recharge rate is set as the same value 

defined for rainwater recharge reaching the Main Aquifer and the contaminant 

concentration was determined during the modelling process. The results are presented 

in Table 8.16 and Table 8.17.

Rate of recharge 
(mm/yr)

Chloride 
concentration at 

BH06 (mg/l)

Chloride 
concentration at 

NG110 (mg/l)

Maximum chloride 
concentration 

(mg/l)

100 34.43 18.87 40.16
200 34.28 19.18 40.74
323 34.87 19.74 41.13
400 35.28 20.32 41.52
500 35.31 20.70 41.60

Table 8.16. Sensitivity analysis results for rate of contaminant recharge from Higher 
Aquifer. Default values used in initial modelling are shown in bold.

Contaminant
concentration

(mg/l)

Chloride 
concentration at 

BH06 (mg/l)

Chloride 
concentration at 

NG110 (mg/l)

Maximum chloride 
concentration 

(mg/l)

0 33.02 16.93 39.18
25 34.10 18.29 40.24
50 34.87 19.74 41.13
75 35.93 21.08 42.12
100 37.09 22.45 43.23

Table 8.17. Sensitivity analysis results for concentration of contaminant entering via 
the Higher Aquifer. Default values used in initial modelling are shown in bold.
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8.3.2.3 Sensitivity of the System to Aquifer Properties

In Section 8.2.1, it was demonstrated that the two aquifer parameters that have the 

greatest influence on the groundwater system output values are the hydraulic 

conductivity and effective porosity of the sandstone aquifer. Their influence on the 

resultant contamination plume needs to be assessed. Variations in both the hydraulic 

conductivity and the effective porosity of the aquifer lead to changes in the 

groundwater flow velocity and will impact on the rate at which contaminants are 

earned through the system. The results of the sensitivity analyses of these values are 

presented in Table 8.18 and Table 8.19.

Hydraulic 
Conductivity (m/s)

Chloride 
concentration at 

BH06 (mg/l)

Chloride 
concentration at 

NG110 (mg/l)

Maximum chloride 
concentration 

(mg/l)
5.0 x 10'* 57.68 26.00 68.85
7.5 x 10 42.80 23.35 50.98
1.0 x nr4 34.87 19.74 41.13
1.5x 10'4 26.32 15.93 30.48
2.0 x 10" 21.86 14.23 24.95

Table 8.18. Sensitivity analysis results for hydraulic conductivity of the Main Aquifer. 
Default values used in initial modelling are shown in bold.

Effective Porosity 
(%)

Chloride 
concentration at 

BH06 (mg/l)

Chloride 
concentration at 

NG110 (mg/l)

Maximum chloride 
concentration 

(mg/l)

0.10 34.87 19.74 41.13
0.15 34.87 19.74 41.13
0.2 34.87 19.74 41.13

0.25 34.87 19.74 41.13
0.30 34.87 19.74 41.13

Table 8.19. Sensitivity analysis results for the effective porosity of the Main Aquifer. 
Default values used in initial modelling are shown in bold.

As can be seen from the tables presented above, only the hydraulic conductivity alters 

the groundwater flow regime sufficiently to impact the concentration of the chloride 

in the contaminant plume. The results of the sensitivity analysis for the hydraulic 

conductivity are presented in Figure 8.10.
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Figure 8.10. Relationship between the hydraulic conductivity of the aquifer and the 
modelled chloride concentration in the contaminant plume.

As can be seen from Figure 8.10, the hydraulic conductivity of the aquifer system has 

an exponential relationship with the chloride concentration at BH06 and NG110 and 

the maximum values of chloride in the groundwater system. There is no site specific 

information on the hydraulic conductivity of the system below Nant-y-Gwyddon and 

the fissured nature of the aquifer will mean that the value is likely to vary across the 

site. The adopted modelling methodology means that a single value is assumed to 

represent the entire system as a homogeneous mass however it has been shown that 

inaccurate assessment of the initial value will lead to inaccuracies in the modelling 

results. This variation should be kept in mind for all subsequent modelling results.

8.3.2.4 Summary
For the release of contaminants direct to the Main Aquifer, the concentration is 

relatively well constrained from analysis of leachate samples. However, the data do 

reflect a range of values. The sensitivity analysis for this data set shows that the 

concentration of contaminant entering the groundwater system at this point has a 

significant impact on the resulting concentration at the specified boreholes as well as 

the overall maximum. Similarly, the rate of release of contaminants has a significant 

impact on the modelled levels of chloride in the groundwater system down gradient of
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the site. The modelling process suggests the concentration of chloride entering the 

Main Aquifer via the Higher Aquifer is much lower than the direct route due to 

dilution in the Higher Aquifer system. As a result, the sensitivity analysis shows the 

rate of recharge and recharge concentration have less impact on the modelled levels of 

chloride in the groundwater system, although some variation is detected. The key 

aspects of the contaminant transport process are therefore the rate of recharge to the 

Main Aquifer and the concentration of the contaminant entering the system at this 

point. Due to the lack of data for the rate of leakage from the base of the landfill and 

the concentration of chloride in the water entering via the Higher Aquifer, the 

modelling process was used to determine the likely order of magnitude of these 

values. The sensitivity analysis was then used to determine the likely influence of 

these factors. The aquifer properties also have an impact on the modelled plume with 

hydraulic conductivity appearing to be the most significant factor. Without further 

investigation to determine site specific details a range of values have to be considered, 

leading to the variability in the modelled chloride plume.

8.3.3 Sum m ary -  C ontam inant Transport

The contaminant transport engine in Visual MODFLOW, MT3DMS, allows for 

recharge values which introduce water into the system to be coupled with a recharge 

concentration factor to allow a specified concentration of contaminant to be 

introduced at a known rate. In this model these functions are used to represent 

leachate leaking from the base of the waste mass and entering the Main Aquifer. 

There are two pathways by which this happens. The majority of the site is underlain 

by the Higher Aquifer which acts to dilute the leachate before it reaches the Main 

Aquifer through fissures in the basal unit. In the north east comer of the waste mass, 

the Higher Aquifer is not present and therefore leachate is released directly to the 

modelled water body. The introduction of contaminants to the system in the numerical 

model has to reflect these two scenarios. The modelled contaminant was chosen as 

chloride, a conservative ion, and therefore likely to represent the worst case scenario 

as the transport and attenuation process are only influenced by processes associated 

with groundwater flow.
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The modelled contamination plume is created by assuming the majority of the 

contaminant loading is a result of leachate being released directly to the Main Aquifer 

in the north east comer of the waste mass. This replicates the observational data 

acquired from groundwater and geophysical monitoring data which indicated a 

localised increase in groundwater chloride levels in the area north of borehole BH06, 

trending approximately north east.

The results from the modelling process indicate the dilution undergone in the Higher 

Aquifer and the interaction with the under liner drainage system is sufficient to 

significantly reduce the chloride loading in the remainder of the site to approximately 

one tenth of the raw leachate entering the Main Aquifer directly. The recharge rate of 

750mm/year from the area discharging direct to the Main Aquifer equates to 2.4x10'
o  • •  •

m/s. Design criteria for the hydraulic conductivity of landfill liners are commonly 10' 

9m/s with one metre of leachate head. However, the effectiveness of liners will reduce 

with time leading to an increase in overall permeability. The modelling results 

indicate the liner at Nant-y-Gwyddon, which was installed approximately 20 years 

ago, is not performing to current design criteria. The modelling results also indicate 

the effectiveness of natural attenuation due to advection and dilution in the leachate 

plume. Chloride was modelled as a worst case scenario and shows significant dilution 

of the 600mg/l initial concentration used to represent undiluted landfill leachate. 

Maximum chloride concentrations in the groundwater system for the steady state 

model is 41.13mg/l. Dilution and attenuation of the plume down gradient is also 

observed with a reduction to 19.74 mg/1 (approximately half) in borehole NG110 at an 

approximate distance of 350m from the maximum recorded value.

The system modelled here is based on a number of assumptions where accurate and 

site specific values are not available. The hydraulic conductivity of the aquifer was 

shown to influence the contaminant loading in the steady state model, since it 

influences the volume of water passing through the system. Any chloride 

concentration values generated by the modelling process are liable to variation 

because of the unknown input values. However, the general trends in contaminant 

transport of the system are likely to be unaffected.
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8 .4  Ve r if ic a tio n  o f  H y d r o g e o l o g ic a l  C o n c e p t u a l  M o d el

The development of the model outlined in the previous sections produces a tool that 

can be used to help explain observed trends and also predict how the system may 

respond to future changes in site conditions such as an aging waste mass or failure of 

the engineering systems. The hydrogeological conceptual model outlined at the end of 

Chapter 6 forms the initial premise for the modelling approach and, as such, the 

numerical model can be used to test the accuracy of the initial conceptual model.

8.4.1 R esp o n se  to Rainfall

As was shown in Chapter 6, variations in groundwater conductivity are triggered by 

changes in rainfall patterns and levels of effective rainfall. The numerical model 

developed in this chapter can be used to explain the processes occurring during these 

events. The key mechanisms to be considered are outlined below in terms of 

variations in contaminant levels during changing rainfall levels;

Periods of extended rainfall leading to dilution of contaminants in the 

groundwater system.

- Periods of extended drought creating lowered groundwater levels but 

without a reduction in leachate leakage rates leading to observed increases 

in levels of contamination.

It was observed that extended periods of heavy rainfall will lead to a decrease in 

groundwater contamination levels throughout the observed contamination plume, the 

opposite was observed during extended periods o f dry weather. This can be modelled 

by varying the groundwater levels in the model and observing the impact on the 

contamination plume. Simulations with both increasing and decreasing rates of 

rainfall recharge are modelled and the observed levels of groundwater and resulting 

chloride plume are presented in Table 8.20 and Figure 8.11. During the modelling 

process the rate of contaminant release is maintained as a constant.
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Rainfall
(mm/year)

Recharge
(mm/yr)

Water Level (mAOD) Chloride Concentration 
(mg/l)

BH05 BH06 NG110 BH05 BH06 NG110
1900 323 288 .90 279.91 271.03 9.01 34.87 19.74
600 102 287 .17 278.06 270.57 9.41 42.69 19.09
1200 204 288.01 278.98 270.61 9.05 37.93 18.90
2500 425 290.19 281.46 272.67 8.98 30.38 16.11
3000 510 290 .66 282.08 273.41 8.91 28.80 13.65
5000 850 291.36 283.01 274.33 8.84 26.63 12.45

Table 8.20. Modelling results from simulations o f increasing rates o f rainfall and the 
resulting contaminant levels in observational wells.

Drought conditions Prolonged heavy rainfall -B -B H 0 5
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Figure 8.11. Variations in chloride concentrations at observation wells with varying rate 
of rainfall.

As can be seen in Figure 8.11, with the increase in groundwater level, triggered by 

increased rates of rainfall, a gradual reduction in contaminant concentration is 

recorded in observation boreholes throughout the leachate plume. This can be 

considered as being a result o f the additional dilution factor created by the increased 

volume of water in the groundwater system. Conversely, a reduction in recharge rates 

leads to an increase in chloride concentration especially in BH06 in the centre of the 

plume. NG110 shows a slight reduction in concentration during drought conditions 

but this could be as a result o f changing groundwater flow regimes during the 

modelling process. In real life the concentration of chloride entering the system via 

the Higher Aquifer is also likely to change as the dilution factor in this aquifer varies 

with the volume of water passing through the upper system. The overall effect would
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be to increase the trends seen here with a higher concentration entering during drought 

conditions and lower concentrations when dilution factors are higher during heavy 

rainfall.

8.4.2 Rainfall Triggered C ontam ination E ven ts

The rainfall triggered contamination events show an increase in groundwater 

conductivity, interpreted as increased levels of contamination, coupled with 

groundwater level increases. As was shown above, a general increase in groundwater 

level will lead to the dilution of contaminants in the groundwater system and so 

another mechanism must be influencing the transportation of contaminants leading to 

the short lived increases.

Individual events were described in Chapter 6, showing significant increases in 

conductivity of up to 400% from background levels to maximum values. Groundwater 

monitoring results also provide information on the levels of individual components in 

the groundwater and their variation throughout out these events, including variations 

in chloride. Data on the background and maximum values of chloride in the 

monitored wells are presented in Table 8.21 indicating the relative increase 

throughout the monitored events.

Monitoring Period
Chloride concentration in 

BH05 (mg/l)
Chloride concentration in 

BH06 (mg/l)
Baseline Maximum Baseline Maximum

N ov/D ec 2005 16 26 Not recorded Not recorded
May 2006 14 19 37 65

July/Aug 2006 13 13 20 62
S ept/O ct 2006 13 24 17 23

Jan 2007 10 15 16 21

Table 8.21. Analytical results o f chloride concentrations in BH05 and BH06 during 
rainfall triggered events showing baseline and maximum values.

The monitoring data highlights the variability of the chloride concentration during 

these periods with many factors influencing the chloride concentration in these wells. 

It was shown in Chapter 6 that soil moisture deficits and effective rainfall levels 

significantly influence the response of the system as well as groundwater levels and 

the rate of discharge from the landfill. The conceptual model presented in Chapter 6 

suggests that these increases in groundwater conductivity may be triggered when
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rising groundwater levels intercept areas of normally unsaturated media where 

leachate is capable of accumulating. The increase in groundwater level triggers a 

release from these areas which are recorded in groundwater monitoring wells as 

increases in groundwater conductivity. In some areas, reductions in groundwater 

conductivity are also identified as clean water enters the system diluting the 

contaminant plume specifically in the southern section of the plume.

It is also possible that rainfall percolating into the waste mass leads to higher leachate 

levels and triggers an overtopping of the basal liner and a subsequent spillage of 

leachate into the underlying aquifer system. However, the rapid response of the 

system in these events and the lack of evidence for varying leachate levels in the 

waste mass suggest that this is not likely. These trends have also been identified after 

the installation of the final landfill capping system which should effectively remove 

the infiltration of rainwater into the waste mass.

The limitations of the numerical model mean that these zones of accumulation cannot 

be modelled; however conditions can be applied to the model to replicate the likely 

situations. The following approach is adopted;

Increase in chloride levels coupled with groundwater increase,

o Increase in contaminant release direct from the waste mass

(recharge area 4)

o Increased groundwater levels due to increased rainfall recharge 

rates and constant head boundaries.

- Introduction of clean water to the southern section of the contaminant 

plume causing flushing of the system and a reduction in chloride

concentration.

o Recharge concentrations from the Higher Aquifer are likely to 

increase due to groundwater levels intercepting the zone of 

accumulation beneath the waste mass but greater dilution factors

both in the Higher and Main Aquifers should mitigate these

increases once the groundwater reaches the Main Aquifer system. 

Also, the time lag for water to migrate from the Higher Aquifer to 

the Main Aquifer is likely to minimise the impact of contaminants 

from this source.
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8.4.2.1 Steady State Modelling

Using the methodology outlined above, the steady state modelling results are 

presented in Table 8.22 in terms of chloride concentrations at boreholes BH05, BH06 

and BH07, the latter of which has been regularly shown to demonstrate flushing of 

contaminants during monitored periods. The simulations are repeated for two rates of 

rainfall equivalent to 3000mm and 4000mm of rain per year (recharge rates of 

510mm/yr and 680mm/yr respectively) for both an increase in contaminants from 

recharge areas 3 and 4 and from recharge area 4 alone.

Recharge
Conditions

Chloride 
concentration 
at BH05 (mg/l)

Chloride 
concentration 
at BH06 (mg/l)

Chloride 
concentration 
at BH07 (mg/l)

Normal 9.01 3 4 .8 7 1 6 .56
Increased contaminant release in 

areas 3 and 4, recharge 
510mm/yr

9 .8 3 4 7 .7 2 2 0 .8 2

Increased contaminant release in 
area 4 only, recharge 510mm/yr 9 .3 5 4 5 .7 6 1 7 .59

Increased contaminant release in 
areas 3 and 4, recharge 

680mm/yr
9 .9 3 4 3 .5 5 2 0 .1 6

Increased contaminant release in 
area 4 only, recharge 680mm/yr 8 .8 6 4 1 .4 7 1 6 .6 9

Table 8.22. Modelling results showing variations in chloride concentrations in 
boreholes BH05, BH06 and BH07 during simulations o f rainfall triggered events.

The modelling results indicate that if  recharge rates are increased in parallel with an 

increase in contaminant release, signifying a pulse of contaminants released into the 

groundwater system, chloride concentrations are observed to rise in all boreholes. 

When this is coupled with a reduction in contaminant release via the Higher Aquifer, 

through additional dilution and delay in contaminant transfer, a slight reduction in 

chloride levels are observed throughout the plume but is most strongly marked in 

BH07 in the southern part of the plume.

In BH05, increases in chloride concentrations are observed during all simulations but 

these are not as strongly marked as those identified in the analytical data. It is likely 

that a preferential pathway is located in the region of BH05, allowing contaminants to 

reach the borehole before they are diluted by the groundwater system. This 

preferential pathway may utilise the fissures present in the sandstone aquifer that 

provide a high hydraulic conductivity passage through the aquifer. These fissures are
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not individually modelled but an average value for the entire aquifer is adopted during 

the numerical modelling process.

8.4.2.2 Transient Modelling

Steady state modelling allows the modeller to gain an understanding of the system in 

terms of overall changes and major flow paths, however, small scale variations cannot 

be fully assessed and in such cases transient modelling is required. In the steady state 

modelling outlined in Section 8.4.2.1 it was shown that when the varying rates of 

contaminant release are coupled to the increase in groundwater levels caused by 

rainfall events an increase in contaminants is detected in the boreholes down gradient 

of the site. A transient model was then designed based on the steady state model 

outlined above to demonstrate the variations in the system at specific points with time. 

Flushing of the system was also demonstrated in the steady state model when clean 

water is introduced to the system. Using the transient model, rainfall events are 

recreated in terms of increased recharge rates and increased constant head boundaries 

to simulate larger volumes of groundwater entering the site from up gradient. From 

groundwater monitoring results outlined in Chapter 6, it was demonstrated that 

increases in groundwater conductivity occurred relatively rapidly after the start of the 

rainfall event but were quickly reduced as clean water entered the site. Four stress 

periods are therefore defined in the transient model and are outlined in Table 8.23. 

Stress Period One represents the initial steady state modelling results that are used as 

the starting point for the transient model to reduce the computational time scales by 

providing initial values for groundwater levels and concentration.

Stress Period Description Duration
1 Steady state simulation N/A

2 Increased groundwater levels and 
increased contaminant release 3 Days

3 Increased groundwater levels only 2 Days
4 Background levels 5 Days

Table 8.23. Description o f time periods for transient modelling o f rainfall triggered 
contamination events.

When these stress periods are applied to the transient model, the variations in the 

modelled chloride levels at observation boreholes are minimal (Table 8.24). However,
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when these values are plotted as a percentage of the maximum chloride concentration 

recorded during the modelling period some variations are identified (Figure 8.12).

D a y
M o d e lle d  c h lo r id e  

c o n c e n tr a t io n  (m g /l)

B H 05 B H 06 B H 07

0 9.30 34.47 16.67
1 9.40 34.80 17.08
2 9.19 34.88 17.17
3 9.09 35.13 17.46
4 9.20 35.22 17.57
5 9.24 35.49 16.84

Table 8.24. Transient modelling results for rainfall triggered contamination events.
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Figure 8.12. Variations in chloride concentration at key boreholes after transient 
modelling o f rainfall triggered contamination events.

As can be seen in Figure 8.12 the three wells presented here show differing responses 

to the rainfall induced chloride variations. Borehole BH05 lies closest to the edge of 

recharge area from the base of the landfill and shows the quickest response to the 

additional contaminants with a relatively rapid increase followed by a subsequent 

reduction in chloride level triggered by clean water entering the model domain via 

rainfall recharge and increased water levels from up gradient. BH06 lies at a distance 

from the waste mass and shows a gradual increase in chloride concentration as the 

contaminants are transported through the system. Observations made at BH07
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commonly show increases in contaminant levels followed by flushing of the 

groundwater system during rainfall events. Similarly, these modelling results show an 

initial increase in chloride level followed by a rapid reduction.

It is likely that in reality, the fissured nature of the aquifer means that dilution factors 

for the pulse of contaminants triggered by an increase in groundwater level are 

reduced as the contaminants travel through the preferential pathways created by the 

fissures. However, during this modelling procedure the aquifer is treated as a 

homogeneous mass and so dilution of the additional contaminants occurs throughout 

the aquifer system. As such, levels o f contaminants recorded down gradient of the site 

are not in the same order of magnitude as those recorded during groundwater 

monitoring and sampling. However, as a method of investigating the mechanisms in 

operation in the groundwater system the relative changes in levels of chloride as 

presented here do help to gain some additional understanding.

The modelling results shown in Figure 8.12 can then be compared to results obtained 

from the boreholes located on site. Figure 8.13 shows monitoring results for 

groundwater conductivity from BH05 and BH06 in addition to results from an up 

gradient borehole (NG94) as a background comparison (data are not available for 

BH07). The figure shows the period 27th November to 7th December 2005 and is 

reproduced from Section 6.5.6. The figure shows the rapid increase in groundwater 

conductivity in BH05 followed by a more gradual increase in BH06 in response to 

31mm of rainfall on site. Figure 8.14 shows a similar data set for the period 27th July 

to 4th August 2006 and includes monitoring data from BH07. During this period, 

24.4mm of rainfall was recorded and very little variation is detected in BH06 and a 

slight increase in groundwater conductivity detected in BH05. However, a significant 

flushing of the system is detected in BH07 after each o f the two episodes of heavy 

rainfall on site. The differences between these two monitoring periods highlight the 

variation in data produced in a real-life system and the simplification of the numerical 

model. The results monitored in the individual boreholes are influenced by a number 

of factors including atmospheric trends and soil moisture conditions some of which 

are impossible to include in the modelling process. However the replication of the 

main processes identified in the monitoring results helps to determine the key
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mechanisms in operation in the transfer of contaminants from the waste mass to the 

wider environment.
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Figure 8.13. Variations in groundwater conductivity recorded in boreholes BH05, BH06 
& NG94 for the period 2 r  November to 7th December 2005. Rainfall recorded on site 
is also shown.
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Figure 8.14. Variations in groundwater conductivity recorded in boreholes NG94, 
BH05, BH06 and BH07 for the period 27th July and 4th August 2006. Rainfall recorded 
on site is also shown.
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8.4.2.3 Summary -  Rainfall Triggered Contamination Events

Groundwater monitoring results identified short lived periods of elevated groundwater 

conductivity triggered by rainfall on site. Coupled with these episodes, flushing of the 

system was also identified in the region around borehole BH07. Through a process of 

steady state and transient modelling, the importance o f recharge direct from the waste 

mass to the Main Aquifer becomes more obvious. During periods of rainfall, an 

increase in groundwater level triggers the increase in the release of contaminants, 

either from contact with the base o f the waste mass or the zone of accumulation in the 

unsaturated zone below the site as outlined in Figure 8.15.

Waste mass and 
leachate body

Basal lining system

E lev ated  g ro u n d w ater level 
during ra instorm  e v en ts

5Z. B ase lin e  g ro u n d w a ter level

Area normally flushed 
by aquifer

Continual leakage of leachate *  x Accumulation of leachate in
through basal liner •  pore spaces and fissures

Figure 8.15. Explanation o f the zone of accumulation below the waste mass where 
stored contaminants are released to the groundwater system during times of elevated 
groundwater level.

This additional pulse of contaminants causes a short lived period of high levels of 

chloride detected in the groundwater before returning to baseline conditions. The 

flushing of the system during these events is produced by introducing relatively clean 

water to the system via the Higher Aquifer, since the transfer of contaminants in this 

area is delayed by the confining unit and diluted by increasing groundwater levels in 

the Higher Aquifer. An increase in groundwater level will lead to a greater release of 

contaminants and higher levels of chloride in the groundwater system, therefore these

Sarah R A Ling 357



Chapter 8 Groundwater Modelling

trends are most strongly marked during the winter months when soil moisture deficits 

are minimal and effective rainfall levels are at their highest.

8.4.3 Predictions of Future Trends

A landfill site remains a potential risk to the environment until the waste mass has 

fully degraded and no longer produces leachate that possesses a contaminant load 

greater than the surrounding groundwater. The volume of leachate within the waste 

mass will also reduce, since the installation of the landfill cap at Nant-y-Gwyddon 

leachate levels have already been shown to be falling with a significant reduction in 

waste mass saturation after the exclusion of infiltrating rainwater. As a result, the 

immediate effect is that the concentration of the leachate within the waste mass will 

initially increase in the short term followed by the gradual reduction in leachate 

concentration due to the degrading waste mass. To reflect this, three scenarios will be 

modelled using the numerical model designed for Nant-y-Gwyddon for the short, 

medium and long term development of the site.

8.4.3.1 Short Term

In the short term, reduced rainwater infiltration into the waste mass will lead to an 

increase in leachate concentration. However as the leachate levels fall the leakage 

rates, controlled by the head o f leachate on the liner, will also fall. The short term 

modelling shows the impact on the groundwater system of both these factors.

The initial model was designed using the mean concentration data for chloride for the 

period whilst the site was inactive but uncapped (Period 2). Data from the post 

capping monitoring already show an increase in leachate concentration with the mean 

concentration of chloride in excess of 1000mg/l whilst the model was based on a 

mean concentration of 600mg/l. The 1000mg/l value is modelled here along with a 

higher value (1250mg/l) with both the current recharge rate of 750mm/year and also a 

reduced rate of 500mm/year. It is assumed that the recharge from the Higher Aquifer 

will not significantly influence the concentration of chloride in the groundwater 

monitoring boreholes and so these values are maintained as a constant. The results are
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tabulated below (Table 8.25) and the modelling results for the higher recharge rate are 

shown in Figure 8.16 for 1000mg/l.

Chloride 
concentration 

in leachate 
(mg/l)

Recharge 
rate (mm/yr)

Modelled 
chloride 

concentration 
at BH06 

(mg/i)

Modelled 
chloride 

concentration 
at NG110

(mg/l)

Maximum
chloride

concentration
(mg/l)

600 750 34.87 19.74 41.13
1000 750 53.49 28.07 63.50
1000 500 38.89 21.28 45.36
1250 750 64.01 32.14 76.93
1250 500 45.61 24.41 55.13
Table 8.25. Modelling results for the short term future trends showing increased 
leachate concentration and a varying rate of leakage.
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Figure 8.16. Modelling results for the short term future trends showing an increased 
chloride loading (from 600mg/l to 1000mg/l) and rate of recharge of 750mm/yr.

The modelling results indicate that an increase in leachate concentration from 600mg/l 

(current mean leachate concentration) to 1000mg/l (as a result of decreased dilution 

from infiltrating rainwater in the waste mass) without a reduction in overall leakage 

rates would lead to an increase in groundwater contamination down gradient of the
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site with maximum values increasing from 41.13mg/l to 76.93mg/l. However, leakage 

rates are likely to reduce as leachate levels fall within the waste mass and as such the 

impact of the more concentrated leachate should be mitigated by a reduced volume of 

leachate entering the groundwater system. Maximum chloride values in the 

groundwater plume for an initial concentration of 1250mg/l with a reduced recharge 

rate of 500mg/l are modelled as 55.13mg/l.

8.4.3.2 Medium Term

The medium term modelling represents the period where leachate levels have 

stabilised within the waste mass but the degrading waste mass produces a falling 

contaminant load. A decreasing leachate concentration and a reduced recharge rate 

should lead to a steady reduction in contaminant loading on the groundwater system. 

The numerical model is used to reproduce a falling concentration of leachate within 

the waste mass with a relatively stable rate of recharge. The simulations are carried 

out for a progressively falling concentration at different rates of recharge and are 

presented in Table 8.26 and Figure 8.17. The area where leachate passes through the 

Higher Aquifer first is assumed to have negligible impact.

Chloride 
concentration 

in leachate 
(mg/l)

Recharge 
rate (mm/yr)

Modelled 
chloride 

concentration 
at BH06 
(mg/l)

Modelled 
chloride 

concentration 
at NG110 

(mg/l)

Maximum
chloride

concentration
(mg/l)

600 750 34.87 19.74 41.13
500 500 23.04 14.76 26.84
400 500 20.31 13.46 22.95
300 500 17.19 12.27 19.35
200 500 14.18 10.96 15.62
100 500 11.17 9.63 11.92
500 300 17.30 12.20 19.57
400 300 15.50 11.43 17.31
300 300 13.91 10.72 15.12
200 300 11.95 9.91 12.79
100 300 10.10 9.15 10.55
500 100 11.49 9.71 12.22
400 100 10.84 9.47 11.43
300 100 10.22 9.20 10.67
200 100 9.60 8.94 10.01
100 100 8.98 8.68 9.60
Table 8.26. Modelling results for the medium term trends showing a reduction in 
leachate concentration and a varying rate of leakage.
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Figure 8.17. Modelled trends showing the relationship between chloride concentration 
entering the system and the recorded concentrations at BH06 for three rates of 
recharge.

The modelling results show a linear relationship between the concentration of chloride 

entering the system and the recorded values in BH06. However the degradation of the 

waste mass is likely to follow an asymptotic trend with time (Qasim and Chiang, 

1994) suggesting contamination levels will also reduce asymptotically once the 

leachate levels have stabilised. The unknown factor is the time scale for this 

degradation which will be specific to Nant-y-Gwyddon and is difficult to predict. The 

time scale is likely to be in the region of tens of years.

8.4.3.3 Long Term
The long term modelling replicates the time at which the performance of the basal 

liner and capping system has been significantly inhibited as the materials degrade. 

Increased infiltration rates will lead to increased leachate production rates but at a 

lower contaminant loading to current values because of the older waste mass and the 

additional factor of dilution from the infiltration of rainwater. If the lining and 

capping materials are now ineffective a recharge rate similar to the rest of the model 

domain is predicted (323mm/yr). The concentration of contaminants is also likely to 

be low. In this case, simulations are run for chloride concentrations of 100mg/l and

5 0 0  mm/yr 
- B -  300  mm/yr 
- X - 1 0 0  mm/yr

500  600
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200mg/l. The introduction of contaminants from the Higher Aquifer is assumed to be 

negligible at this point and is set to 10mg/l, indicating concentrations just above 

background levels. The results are presented in Table 8.27 and Figure 8.18.

Chloride 
concentration 

in leachate 
(mg/l)

Recharge 
rate (mm/yr)

Modelled 
chloride 

concentration 
at BH06

(mg/l)

Modelled 
chloride 

concentration 
at NG110

(mg/l)

Maximum
chloride

concentration
(mg/l)

600 750 34.87 19.74 41.13
100 323 10.40 7.89 11.34
200 323 8.42 7.04 8.98

Table 8.27. Modelling results for the long term future trends showing decreased 
leachate concentration and a rate of leakage reflecting negligible liner and capping 
systems.

8000

100m

7 8 9 10 11 12 13 14
C hloride concentration  in mg/l

^  Groundwater monitoring borehole   Groundwater table; lines of

O equipotential
Approximate extent of waste mass

Figure 8.18. Modelling results for the long term future trends showing a decreased 
chloride loading (from 600mg/l to 100mgA) and rate of recharge of 323mm/yr (reduced 
from 750mm/yr) indicating the ineffectiveness of lining systems.
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The modelling results indicate that the system is now capable of mitigating the 

reduced contaminant loading and the resulting plume is only slightly above 

background levels of chloride concentration (7mg/l). The area where water initially 

passes through the Higher Aquifer no longer shows any significant plume due to the 

effect of dilution in both aquifers. The combination of the degraded waste mass and 

the dilution of the leachate by rainwater should ensure a relatively low concentration 

of chloride in the leachate which the system is easily capable of remediating.

8.4.3.4 Summary -  Future Trends

The future impact of the waste mass on the groundwater system is controlled by the 

changes occurring within the waste mass and also the long term performance of the 

engineering systems. It is likely that the initial exclusion of rainwater and the 

increased concentration of the resulting leachate could lead to increased groundwater 

contamination if  the rate at which leachate is entering the system is not significantly 

reduced. Over the next 20 to 100 years the waste mass will continue to degrade 

producing increasingly dilute leachate, the continued exclusion of rainwater from the 

system will minimise the rate o f leachate production and therefore the quantity of 

leachate leaving the site via the basal liner. As the concentration of contaminants in 

the leachate and the volume o f leachate reduces so should the contamination detected 

in the down gradient groundwater systems. The asymptotic degradation of the 

contaminant in the waste mass should be matched by observations in the groundwater 

system. In the long term, the lining and capping systems will become ineffective and 

rainwater will pass freely through the waste mass. The additional dilution provided by 

this and the degraded nature o f the waste mass should mean the contaminant plume 

down gradient of the waste mass is now approaching negligible levels.
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8.5 S u m m ary

A numerical model has been developed in order to aid the understanding of the 

groundwater systems beneath Nant-y-Gwyddon Landfill Site and the mechanisms in 

operation leading to the transport of contaminants from the base of the landfill waste 

mass to the groundwater hydrogeologically down gradient of the site. The model 

considers the Main Aquifer only and was developed based on the monitoring data and 

hydrogeological model outlined in Chapter 6 and the geophysical surveys presented in 

Chapter 7. Data from these chapters are used to verify and calibrate the numerical 

model.

Initially, the groundwater table was replicated to provide a basis for contaminant 

transport. A key simplification in this part of the model development is the 

assumption that the fissured aquifer beneath the site can be represented by average 

hydraulic conductivity and porosity values whilst in real life the strata is likely to 

exhibit a greater degree o f variation.

Contaminant transport within the system was modelled by chloride entering the 

aquifer from the base of the waste mass. Chloride is a conservative ion and as such is 

not affected by natural attenuation other than advection and dilution. The introduction 

of chloride into the system occurs in two regions defined in the model, undiluted 

direct from the waste mass and via recharge from the Higher Aquifer which lies 

between the waste mass and the Main Aquifer across the majority of the site. In the 

latter region, significant dilution of the leachate occurs before it reaches the Main 

Aquifer.

Based on this conceptual model, a leachate plume was modelled which matched the 

monitoring data described in Chapter 6 and the geophysical data in Chapter 7. These 

modelling results highlight the significance of the dilution in the Higher Aquifer for 

reducing the impact on the Main Aquifer since the majority of the contaminant plume 

can be attributed to the region where leachate enters the Main Aquifer directly. The 

rate of leakage in this model was shown to be approximately 750mm/year. The 

modelling results also replicate the process of natural attenuation driven by advection

Sarah R A Ling 364



Chapter 8 Groundw ater Modelling

and dilution which means the concentration of chloride in the system decreases down 

gradient o f the site.

The model is then used to verify the assumptions made in the hydrogeological 

conceptual model for the site. Different groundwater levels were shown to cause 

varying levels o f dilution in the groundwater system as shown by increased chloride 

concentration during periods o f  prolonged drought and a general reduction at times of 

heavy rainfall.

Steady state and transient modelling was used to investigate the mechanisms in 

operation during rainfall triggered contamination events. The short lived peaks in 

levels of contaminants recorded in groundwater monitoring boreholes are shown to be 

linked to pulses of leachate being released into the groundwater system. As rainfall 

triggers a rise in groundwater levels the groundwater intercepts areas of contaminated 

ground below the waste mass or the base o f the waste mass in some areas. Once the 

contaminants are released into the groundwater, dilution from clean rainwater rapidly 

reduces the elevated levels o f contamination in the groundwater. The preferential 

flushing of the regions to the south o f the contaminant plume is triggered by clean 

water entering the system in the region where the Higher Aquifer overlies the Main 

Aquifer; this is most strongly identified in the region around BH07.

The numerical model can be used as a predictive tool showing that in the immediate 

future, increasing leachate concentration caused by the exclusion of rainfall after the 

installation of the landfill cap is likely to lead to increased levels of contaminant in the 

groundwater system, despite falling rates o f leakage. In the medium to long term the 

degrading waste mass is likely to act as the controlling factor, producing a gradually 

declining contaminant load in the groundwater system. At the point at which the 

lining systems become ineffective, the degradation of the waste mass should be such 

that there is minimal additional impact on the groundwater system.

The modelling results are prone to variation based on the specific input values used in 

the definition o f the model. As well as the rate o f leakage and concentration of the 

leachate entering the site, the aquifer properties have been shown to influence the 

output results. O f these, the hydraulic conductivity has the greatest influence and
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especially if the value is reduced, will significantly increase the modelled 

concentrations in the groundwater plume because of variations caused to the flow rate 

of the groundwater system. Whilst these findings will influence individual modelling 

results if  the model is defined for one potential value of the hydraulic conductivity the 

relative changes in response to changing scenarios (age of waste mass, changing 

groundwater levels) should still be valid.

8.5.1 R efin ing  th e  C oncep tua l S ite  M odel

The numerical model was designed using the available data for the geological strata 

and topography, along with known elevation o f the base o f the waste mass. This 

information formed the basis o f the initial conceptual site model to aid the 

understanding o f the transport mechanisms in operation in and around the landfill site. 

The modelling process in turn provides positive feedback on the relative importance 

of each aspect o f the conceptual model in terms o f the overall impact of the site. The 

updated hydrogeological conceptual model is shown in Figure 8.19 and is a refined 

version of the hydrogeological conceptual model developed in Chapter 6 after the 

assessment of groundwater monitoring data alone.

The new model highlights the importance of the absence of the Higher Aquifer in 

some areas. Through the modelling process it has been shown that the majority of the 

contaminant loading detected in the Main Aquifer is derived from the area where the 

Higher Aquifer is not present and leachate is released directly to the Main Aquifer. 

Where the Higher Aquifer is present the dilution in this water body and the interaction 

with the under liner drainage systems is sufficient to reduce the concentration of 

contaminants which enter the Main Aquifer to levels significantly lower than in the 

unaltered leachate. As such if  the Higher Aquifer was absent across the entire site, or 

had little remedial impact on the contaminant levels, the extent of groundwater 

pollution detected in the Main Aquifer would be considerably greater. The 

significance of the unsaturated zone is also highlighted in the modelling process with 

a likely build up of contaminants in the region between the base of the waste mass and 

the groundwater table. At times of elevated groundwater levels these contaminants 

become mobilised into the groundwater system creating a short lived pulse of 

contaminants which enter the Main Aquifer and are detected in the monitoring data.
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8.5.2 F urther M odelling R equ irem en ts

The modelling process has greatly improved the understanding of the hydrogeological 

conceptual model for Nant-y-Gwyddon and the relative significance of specific parts 

of the site. However, because the model represents a simplified version of reality and 

the lack o f site specific data for aquifer properties the model will never fully resolve 

the true nature o f the ground. The most significant simplification is the treatment of 

the fissured aquifer as a homogeneous body. Since little information is available on 

the extent and nature o f the fissures and the difficulty of modelling fissures at this 

scale, their influence was amalgamated into the general aquifer property. However, 

when dilution factors and the flow of water via preferential pathways are concerned 

the current aquifer properties will fail to detect subtle variations in contaminant 

transport. As such the current model is useful for modelling the general mechanisms 

in operation on site and the long term trends in contaminant transport. However, for 

smaller scale predictions the inaccuracies in the model become more significant. For 

greater detail in the modelling process, site specific information in terms of aquifer 

properties is required and a greater understanding of the variation of the geology 

across the site is needed. This additional information would also aid the understanding 

of the overall sensitivity o f the model as unknown parameters could be more closely 

refined.
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CHAPTER 9 DISCUSSION

9.1 In tro d u c tio n

The key objective o f this research project was to assess the impact of the installation 

of the final capping system at the Nant-y-Gwyddon disused landfill in terms of 

changes to the waste mass and the surrounding environment. An integrated approach 

to this research was adopted which considered the importance of the interaction of 

each landfill system with surrounding systems, and with the wider environment. The 

research is set in the context of previous studies that have considered individual 

aspects o f landfills, but not the evolution of the sites as a whole, including their 

environmental settings, after changes in their operational status. The findings 

presented in this thesis are considered in terms of three key time periods which 

correspond to the major stages o f development of the Nant-y-Gwyddon Landfill Site, 

where data are available. These are defined as follows;

Period 1 -  Site is actively receiving waste and uncapped (up to March 2002). 

Period 2 -  Site is no longer operational and is only covered with a temporary 

capping system (March 2002 to August 2005).

Period 3 -  Site is permanently capped (August 2005 to present).

This chapter is structured to respond to the key aims outlined in Chapter 1, namely;

1. Observations o f the response of the waste mass in terms of the leachate 

and landfill gas systems after the installation of the cap.

2. Development of the understanding of the key environmental systems, 

contaminant transport mechanisms and the any response to the installation 

of the cap.

3. Development o f a hydrogeological conceptual model based on the findings 

from the waste mass and the environmental systems.

4. Predictions for the future environmental impact of the site.

5. An overall assessment of the impact of the landfill capping system on all 

aspects o f the integrated system.
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9.2  Wa s t e  Ma s s

The leachate and landfill gas systems are intrinsically linked through the breakdown 

of the waste mass and represent the liquid and gaseous products o f the process of 

decomposition. The solid residue remaining in the containment facility will continue 

to decay until the entire waste mass has stabilised, at which point leachate and landfill 

gas will no longer be produced.

9.2.1 L ea ch a te  L eve ls  a n d  G eneration R a tes

As highlighted by Oweis and Biswas, (1993), falling leachate head in the waste mass 

and falling leachate generation rates are a good indication of landfill cap efficiency. 

At Nant-y-Gwyddon, theoretical leachate generation rates for the site during various 

stages of operation were calculated using water balance calculations and compared to 

observational data o f the volume of leachate being disposed of off site to the foul 

sewer. These values are summarised in Table 9.1.

Stage of Development Calculated rainwater 
contribution (I/s)

Measured leachate 
discharge (I/s)

Uncapped (Period 1) 3.4 Unavailable
Pre Closure (Period 1) 2.1 6.0
Post Closure (Period 2) 1.3 1.6
Post Capping (Period 3) Negligible 0.9

Table 9.1. Comparison o f calculated and recorded leachate generation rates at Nant-y- 
Gwyddon for key stages o f development.

The values indicate the site was initially discharging almost three times the volume of 

water anticipated by the water balance calculations. This is most likely due to the 

inclusion of surface water run off from areas of the site that were then uncapped. 

Current discharge rates no longer include surface water run off since the entire site is 

now capped, and show a reduction in leachate generation rates as a result of the 

exclusion of infiltrating rainwater. Leachate generation is expected to continue to fall 

as the waste mass continues to dry out and a state of equilibrium between water 

entering the site via uncontrolled pathways and the production of leachate through the 

decomposition o f the residual waste mass is reached.
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Leachate generation rates were also assessed within the waste mass using a data 

logging probe to record the rate of recharge of leachate in a sump located at the edge 

of the waste mass which is periodically emptied. This sump was constructed as part of 

the capping process and therefore data are not available before capping of the site. 

The results indicated there was a delay between the installation of the landfill cap and 

the reduction in leachate generation rates recorded at this point. During the capping 

process recharge rates o f 67 1/h were recorded and after 6 months this had increased to 

75 1/h. After approximately 2 years, the rate of recharge had reduced to approximately 

15 1/h. This indicates the waste mass was significantly saturated at the point of 

capping such that the reduction in infiltration rates caused by the installation of the 

landfill capping system was not reflected in the leachate generation rates for a 

minimum of 6 months.

Due to the complex nature o f leachate bodies within the waste mass and the 

heterogeneity o f the permeability of the waste in general, the monitoring of leachate 

levels is notoriously difficult. However, both long term periodic monitoring and short 

term continual monitoring of the leachate levels across the waste mass were used to 

determine the variations in leachate levels on a temporal basis. Piezometers provide 

dedicated monitoring locations for leachate levels and a number of independent 

leachate bodies were identified across the site. Post capping, a gradual decline is 

shown in two o f the four monitoring locations remaining in operation. Data loggers 

were also installed in a gas well for a period of more than 2 years. Although prior to 

final capping (Period 2) there was a degree of variation in the leachate level, post 

capping (Period 3) a gradual reduction in leachate level was observed. Variations 

linked to rainwater ingress due to a localised failure of the capping system around this 

gas extraction well were rectified after the identification of a surface water drain 

located in close proximity to the well that was providing a direct pathway for 

rainwater to enter the waste mass at this location. Relocation of the surface water 

drain significantly reduced infiltration rates at this point.

The change in saturation of the waste mass is best demonstrated by cross borehole 

electrical resistivity tomography images produced at approximately 6 month intervals. 

The very low conductivity bodies identified immediately after the installation of the 

capping system indicate a high level of saturation as a result of high rates of
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infiltration into the waste mass. After a period of 6 months the saturation is shown to 

have reduced and the trend continued throughout the following year, with significant 

reduction in leachate saturation of the waste mass.

9.2.2 T rends in L eacha te  C om position

Whilst landfill leachate composition is site specific, general trends can act as 

indicators of the age o f the waste mass and general condition of the site. Ehrig, (1989) 

suggested that the ratio BOD/COD in methanogenic landfill sites is typically below 

0.1 compared to above 0.4 for acetogenic waste masses. Observed pH values are also 

neutral to slightly alkaline in methanogenic waste masses. In the case of Nant-y- 

Gwyddon, a steadily rising pH value since November 1998 and a BOD/COD ratio 

close to or below 0.1 indicates the waste mass is undergoing methanogenisis and the 

remaining acetogenic areas are being exhausted, initially through the closure of the 

site and the cessation o f the deposition of fresh waste and latterly through the 

installation of an engineered landfill cap. The comparison of the leachate data for the 

site to published data in Waste Management Paper 26B (DoE, 1995) shows the site 

produces relatively dilute leachate as a result of the site remaining uncapped for an 

extended period o f time in the absence of fresh waste deposition. Even whilst the site 

was operational, high levels of precipitation would lead to the increased dilution of 

leachate. The two components which show elevated levels when compared to the 

published means are nitrate and nitrite. This is likely to be a result o f oxygen ingress 

in the leachate disposal system triggering the breakdown of ammoniacal nitrogen to 

its oxidised states during the period between the leachate leaving the waste mass and 

it being collected from the monitoring location.

The variation in key parameters and chemical components of the leachate during the 

three stages o f development was also considered and indicates how engineering 

practices on site will influence the chemical composition of the leachate generated by 

it. In general, a reduction in concentration was observed between Periods 1 and 2 

indicating the cessation of deposition of fresh waste on site. In most cases the 

variability o f the data set also decreased, especially in the organic indicators (BOD, 

COD, TOC), indicated by a reduction in the standard deviation and co-efficient of 

variation for the data. This has previously been interpreted as the establishment of
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more stable conditions in the waste mass (Stantom, et al., 2004) through the removal 

of fresh sources o f contaminant and the protection provided by the temporary capping 

in Period 2. After the closure of the site (Period 3) leachate was pumped from a 

number of gas wells and directed to the main leachate monitoring point within the 

waste mass. As a result, a significant increase in the concentration of key leachate 

components is detected in this monitoring location. Data logger recordings of leachate 

conductivity in a gas extraction well and an inspection manhole into the leachate 

drainage network indicates the variability of the system and also the disturbances 

caused by onsite operations during capping. The conductivity of the leachate in the 

gas well shows a relative reduction indicating the influence of infiltrating rainwater 

leading to the dilution of the local leachate system. A significant increase in 

conductivity was observed at the leachate inspection manhole showing the changing 

conditions on site. In both cases, after the construction period the conductivity 

returned to levels similar to pre-construction values.

9.2.3 Landfill G as P roduction  a n d  E m iss io n s

Prior to capping, high leachate levels and a temporary cover material meant capture 

efficiency and production rates of the landfill gas removal system were compromised. 

Despite the predicted improvements after the installation of the landfill cap, 

production rates have fallen during Period 3 and the increased proportion of methane 

was not sustained. The age o f the majority of the waste mass is likely to be the cause 

o f falling production rates and methane content as gas production potential falls with 

the decomposition of readily available organic substrate.

The emission o f landfill gas via the surface layers is also of key concern during the 

design and construction of a landfill capping system. At Nant-y-Gwyddon, sub 

capping collection networks were installed to remove gases from below the cap and to 

minimise any likely gas pressure that may lead to the uncontrolled escape of gases to 

the atmosphere. Prior to capping (Period 2), measurements of the soil vapour phase 

indicated a number o f localised emissions of methane and carbon dioxide at the 

surface, commonly coincident with leachate breakout. The installation of the landfill 

cap meant the results o f a repeat survey during Period 3 showed minimal variations in 

these gases and nothing above those values indicated to originate from the colliery
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spoil used as a restoration material. As such the landfill cap was shown to act as an 

efficient method o f minimising the uncontrolled release of landfill gas to the 

atmosphere.
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9.3  E n v ir o n m e n t a l  S y st e m s

The key environmental body at risk from the landfill waste mass is the groundwater 

system which is separated from the waste mass by the unsaturated sub strata. The 

system is assessed in terms o f the impact from the uncontrolled release of leachate 

from the base o f the site.

9.3.1 H ydrogeo log ica l S y s te m s

The hydrogeological systems reflect the local geology which comprises a cyclical 

series of sandstones, siltstones, mudstones and coal beds associated with the Upper 

Coal Measures o f the South Wales Coalfield. There are three main aquifer systems 

identified on site, the Lower, Main and Higher Aquifers. The vast majority of the 

monitoring data are available from the Main Aquifer with limited information for the 

Lower Aquifer (one monitoring point). Due to the geological outcrop of the strata, the 

Higher Aquifer is not present across the entire site and so monitoring data are 

dominated by up gradient locations. Groundwater flow is predominantly in an easterly 

to north easterly direction following the predominant dip of the geological strata. All 

three aquifers exhibit a wide range of groundwater levels with a rapid response to 

rainfall. Maximum observed groundwater level increases in the response to rainfall 

events were in the region o f 5 - 6m for the Main Aquifer and 7-8m in the Higher 

Aquifer over a period o f approximately 48 hours. The fractured sandstone aquifers 

have limited primary porosity and storage coefficients leading to the rapid transfer of 

infiltrating rainwater and large increases in groundwater level (Price, 1996). Seasonal 

variations in the base line levels are also demonstrated in response to the change in 

effective rainfall rates. It was known at the time of the construction of the site that the 

headwaters o f the Nant-y-Gwyddon stream issued where the Higher Aquifer outcrops 

below the base o f the site and therefore sub liner drainage systems were installed to 

relieve any hydrostatic pressures on the liner and divert this water to the leachate 

treatment system. Assessment of the groundwater levels indicate that where present, 

the Higher Aquifer is likely to interact with the base of the landfill and provide a 

direct link to the hydrogeological systems. The presence of the drainage system will 

help to minimise the impact o f this pathway but as the effectiveness of the drainage 

system reduces the risk created by this link will increase. The interaction of the key
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aquifer systems is considered in Section 9.3.3.2 during the numerical modelling 

process and their relative impact on the wider environment.

9.3.2 Groundwater Chemistry

Chemical classification of groundwater bodies as well as temporal and spatial 

variations in groundwater chemistry can be used to identify sources of contamination 

in groundwater systems. Monitoring results from groundwater samples are available 

from 2000 to 2007 covering the three periods of development of the site from 

operational phases to post capping. Each water body was classified using a Piper 

Diagram indicating the relative dominance of key anions and cations in the 

groundwater sample. Most groundwater samples showed a similar chemistry both in 

terms of source aquifer and location relative to the waste mass. Considering a wider 

suite o f parameters, the Higher Aquifer displayed the greatest variability, with the 

down gradient borehole showing relatively low levels o f contamination compared to 

the rest of the aquifer. This illustrates the relative sensitivity of the unconfined aquifer 

as a whole and the absence of direct hydrogeological pathway from the waste mass to 

down gradient areas o f the Higher Aquifer. In general, the Main Aquifer showed 

increased levels o f components linked to leachate contamination down gradient of the 

site and in those boreholes located adjacent to the waste mass. The Lower Aquifer 

was only monitored at one down gradient location and as such no spatial assessment 

can be made. However, the concentrations of most parameters are similar to or lower 

than those seen in the Main Aquifer boreholes. Due to changes in the monitoring 

regime, no obvious temporal variations were identified for the monitoring period 2000 

to 2007.

To put the increased levels of contaminants arising from the into context, Table 9.2 

shows a comparison between drinking water standards outlined in the Water Supply 

(Water Quality) Regulations 2000 and the mean values from down gradient 

monitoring locations in the Main Aquifer for some key components. Only ammonium 

exceeds the regulatory standards but further comparison to mean up gradient values 

(0.63mg/l) shows this value also exceeds this drinking water standard.
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Parameter Units
Drinking

Water
Standard

Main Aquifer mean 
down gradient value

Ammonium mg/I 0.5 0.81
Chloride mg/l 250 17.6
Conductivity uS/cm 2500 308.5
Sulphate mg/i 250 37.2
pH Between 6.5 

and 10.0 6.89
Sodium mg/l 200 16.1
Cadmium ng/i 5.0 <0.02
Chromium pg/i 50 0.02
Nickel nfl/i 20 0.03
Nitrate mg/l 50 1.6
Nitrite mg/l 0.5 0.08

Table 9.2. Comparison o f drinking water standard levels and mean down gradient 
concentration o f groundwater water samples.

MacFarlane, et a l,  (1983) also considered the importance o f thermal plumes created 

by the elevated temperature in a landfill waste mass caused by the process of 

decomposition. At Nant-y-Gwyddon, temperatures in the waste mass are commonly 

in excess o f 40°C. When long term mean groundwater temperatures are considered, a 

0.3°C increase is detected in the Higher Aquifer down gradient o f the site and 0.8°C 

increase in the Main Aquifer. These measurements are taken from groundwater 

samples ex-situ to the groundwater system. When in-situ measurements are 

considered the temperatures within individual wells are shown to be relatively stable, 

except when cooler water enters the system during periods o f heavy rainfall. The 

variation between wells relates to the proximity o f the well to the waste mass. The 

highest temperatures were recorded in BH07, 30m from the edge o f the waste mass, 

and show an average increase o f 6°C relative to up gradient values. The temperatures 

observed in other boreholes show a decrease with distance from the waste mass and 

reach near back ground levels in NG110, 290m from the site.

9.3.2.1 Trends in Groundwater Conductivity

Groundwater conductivity was shown to provide a suitable proxy for the levels of key 

contaminants in groundwater samples and allows the continual monitoring of the 

groundwater system through the use o f data loggers recording variations in 

conductivity, temperature and water depth. This continuous monitoring provides a 

significantly more detailed record o f changes occurring in the groundwater system
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than those recorded by monthly monitoring samples and highlights variations that 

would not be identified by traditional monitoring methods.

Records of conductivity from an up gradient borehole in the Main Aquifer supported 

previous indications that levels were relatively stable, with conductivity generally 

measuring between 0.09 and 0.14mS/cm. Records of conductivity from the Higher 

Aquifer down gradient o f the waste mass were also stable with similar conductivity 

values to those detected up gradient in the Main Aquifer, supporting the suggestion of 

a lack o f hydraulic connectivity between the waste mass and the Higher Aquifer at 

this point. The trends in groundwater conductivity become more complex in the 

adjacent and down gradient boreholes in the Main Aquifer. The key location 

monitored adjacent to the waste mass (BH05) shows low levels of baseline 

conductivity between O.lOmS/cm and 0.25mS/cm. However, short lived peaks in 

conductivity were also recorded, lasting typically no more than 48 hours with up to a 

400% increase in conductivity. Similar trends were also identified in a corresponding 

borehole on the southern edge of the waste mass (BH10). The greatest degree of 

variability, and the highest background readings, were recorded in the boreholes 

immediately down gradient of the waste mass (BH06 and BH07). The baseline values 

were in excess o f 0.4mS/cm for BH06 and 0.3mS/cm for BH07. Short lived increases 

in conductivity were observed, but tended to persist for longer durations and represent 

a smaller increase in conductivity with respect to background values. Flushing of the 

system with clean water is also demonstrated, especially in BH07 with rapid falls in 

groundwater conductivity, often following initial increases, shortly after rainfall. The 

natural attenuation capability o f the system is illustrated by the fact that maximum 

conductivity levels are recorded immediately down gradient of the site with a gradual 

decrease in conductivity with distance from the waste mass, indicating a gradual 

dilution o f the contaminant plume due to mixing with fresh water and adsorption of 

ions in the aquifer system. Whilst elevated levels in conductivity were recorded at 

NG110 (290m from the waste site and approximately 200m further down gradient 

than BH06) both the baseline values (0.2mS/cm) and maximum recorded values 

(0.45mS/cm) are shown to be lower than those recorded in either of the other down 

gradient boreholes.
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The variability seen in the groundwater conductivity in response to rainfall was 

investigated to assess the controlling factors driving these variations. The magnitude 

of the response o f the system was shown to be associated with relative levels of 

effective rainfall and soil moisture deficits. Geochemical analysis of groundwater 

samples suggested conductivity variations were related to the presence of 

contaminants such as chloride, nitrate and sulphate, suggesting leachate as a likely 

source of increased contaminant levels.

The long term trends determined in groundwater conductivity show a relative 

decrease in background values in BH06 and BH07 throughout the monitoring period 

of November 2005 to September 2007 for BH06 and July 2006 to September 2007 for 

BH07. Values for January 2007 are considerably lower than those recorded in January 

2006, with both wells showing a fall from between 0.8mS/cm and 0.9mS/cm in 

January 2006 to between 0.5mS/cm and 0.6mS/cm for BH06 and 0.4mS/cm for BH07 

in January 2007. Insufficient long term data are available to assess whether this is 

linked to the changes on site but the initial reduction was observed from July 2006 

onwards and not prior to that date. This time scale agrees with the observations in 

waste mass saturation identified in the cross borehole resistivity survey following 

installation o f the landfill cap. Whilst base line values of conductivity in BH06 and 

BH07 have fallen since July 2007, episodic increases linked to rainfall have 

continued, and their magnitude has increased after this period.

9.3.3 Leachate Plume Delineation and Modelling

Limitations in point source information from fixed borehole locations led to the use of 

geophysical techniques and numerical modelling to visualise the likely extent of the 

increased contamination levels in the groundwater down gradient of the site.

9.3.3.1 Geophysical Investigations

A multi-frequency electromagnetic survey produced information on the near surface 

variations in ground conductivity and identified a potential zone of contamination 

associated with a leachate drainage system. An area close to the edge of the waste 

mass also highlighted potential contamination direct from the waste mass in the
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region north o f BH07. Based on likely survey depths and the known geometry of the 

groundwater system, this suggests near surface contamination above the water table of 

the Main Aquifer and limited to the area in immediate proximity to the source of the 

leachate; either the leachate drainage pipeline or the waste mass itself. The deepest 

survey results identified a likely change in geology or saturation conditions but no 

significant variations that could be attributed to contamination from the waste mass at 

this depth. The contamination identified above the water table is therefore relatively 

static but will be mobilised by infiltrating rainwater and or elevated groundwater 

levels.

Investigation o f the deeper strata was provided by an electrical resistivity tomography 

survey. The resulting ground model identified the location of the groundwater table in 

the Main Aquifer and showed a degree of variation in the resistivity of the water body 

interpreted as a localised contamination plume with potential linkage to the zone of 

contamination around the leachate drainage system. The limited primary porosity and 

strong secondary fracture porosity o f the sandstone aquifer is likely to produce 

preferential pathways for the transportation of contaminated groundwater through the 

strata, identified as zones o f low resistivity, while less favourable flow paths with 

lower water contents and lower levels o f contamination are correlated with zones of 

higher resitivity in the tomograph. For general situations, Christensen, et al., (2001) 

suggest that leachate plumes rarely exceed the width of the landfill. The fissure flow 

at Nant-y-Gwyddon will tend to limit the lateral spread of the contamination plume, 

with seepage concentrated in those areas favoured by preferential pathways.

9.3.3.2 Numerical Modelling

A numerical model was designed to replicate the groundwater system at Nant-y- 

Gwyddon including the influences of the landfill waste mass. The key findings from 

the process were that majority of the contaminant loading in the Main Aquifer is 

derived from the region under the waste mass where the Higher Aquifer is absent. 

Across the remainder o f the site, the Higher Aquifer and sub-liner drainage system 

significantly reduces the impact of the waste mass on the deeper aquifer systems. As 

such, the visualisation of the plume shows it to be centred down gradient of the area 

beneath the landfill where the Higher Aquifer outcrops, with a relatively low level of
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contamination down gradient of the remaining area. The potential for natural 

attenuation is also replicated here with a gradual reduction in contamination as 

distance from the waste mass increases. The flushing process is also modelled, and 

shows that the area where the Higher Aquifer shields the Main Aquifer is also 

important in allowing clean water to pass below the site via the Main Aquifer at times 

of heavy rainfall, leading to reduced concentrations at the Main Aquifer observation 

boreholes. Pulses o f contaminants detected in the groundwater monitoring boreholes 

can only be modelled if  additional contaminants enter the system either due to 

mobilisation by infiltrating rainwater or elevated groundwater levels intercepting 

reserves o f contaminants in the unsaturated strata in the zone beneath the landfill 

where the Higher Aquifer is missing. The key short fall in the modelling process is the 

simplification o f the aquifer system by representing the fissured aquifer as a 

homogeneous mass. This removes the complexities of the model but provides insights 

into the key mechanisms. Gburek, et al., (1999) also adopted this approach and 

showed groundwater systems can be modelled so long as the simplification is 

considered when assessing the modelling results. The authors also highlight the need 

for knowledge o f the hydraulic properties of the aquifer systems is critical for accurate 

replication. These site specific data are missing in the case of Nant-y-Gwyddon and 

further investigations would be needed for additional modelling.
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9 .4  H yd r o g e o lo g ic a l  C onceptual Model

The hydrogeological conceptual model developed at the end of Chapter 8 is 

reproduced here (Figure 9.1) and is based on the findings from the monitoring data, 

geophysical surveys and numerical modelling outlined in previous sections. The 

conceptual model represents the current understanding of the key mechanisms 

involved in the transport o f contaminants from the waste mass to the groundwater 

system and the interaction between the various aspects of the site including 

meteorological influences. The model can then be used as part of the predictive 

process to assess the future impact o f the site and the influence of the installation of 

the landfill cap.

The model shows the relative influence of the leachate leaving the base of the waste 

mass direct to the Main Aquifer when compared to other areas beneath the landfill 

where the Main Aquifer is protected by the Higher Aquifer which acts to dilute the 

leachate and contaminated water is removed via the basal drainage system. The 

majority of the contaminant loading in the Main Aquifer is therefore sourced from the 

area where the Higher Aquifer is missing, with lower levels of contaminant migration 

elsewhere via vertical pathways from the Higher Aquifer. The hypothesised zone of 

contaminant accumulation is also shown, where contaminants are capable of 

collecting in the unsaturated sub strata between the waste mass and the Main Aquifer. 

This zone is periodically flushed by increased groundwater levels triggered by 

rainfall, causing elevated levels of contaminants to be detected in the groundwater 

system. The fissured nature of the sandstone aquifer also plays an important role in 

the transportation o f the contaminants. As was shown in the electrical resistivity 

survey the distribution o f contaminants in the Main Aquifer is variable. Combined 

with a spatially variable distribution of contaminant source, the fissures create 

preferential pathways for contaminant transport and increase the rate of groundwater 

flow.
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One of the initial aims of the research project was to adopt an integrated approach to 

the assessment o f Nant-y-Gwyddon Landfill Site by taking each of the key systems, 

such as the waste mass and the wider environment and identifying how each aspect 

interacts and plays a part in the transport of contaminants. It has been shown that the 

sub-strata also play an important role in groundwater contamination trends and the 

atmospheric system in terms of meteorological variations must also be considered as a 

trigger for variation o f contamination in the aquifer system.
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9.5 Im p a c t  o f  the  Landfill Capping  S y ste m  an d  P redicted  

Fu tu re  Tr e n d s

The immediate impact o f the installation of the landfill cap was detected in the waste 

mass, leading to a reduction in leachate saturation through the exclusion of infiltrating 

rainwater. Before capping, the site was shown to produce a relatively dilute leachate 

when compared to published data for typical landfill sites (DoE, 1995) as a result of 

the site remaining uncapped for an extended period of time between the cessation of 

waste disposal and the final capping and its location in an area of high annual rainfall. 

The reduction in leachate generation has also been shown both at the leachate sump 

and through discharge volumes. Whilst the exclusion of rainwater was immediate, the 

time lag between this and the detection of significant reduction in leachate saturation 

and generation was in the order of months (up to 2 years for leachate drainage).

The emission o f landfill gas via the surface was also effectively removed after 

capping with no levels o f carbon dioxide or methane detected above background 

values once the cap was established. The presence of the landfill cap has the potential 

to increase landfill gas pressures in the waste mass such that the rate of transfer to the 

sub strata increases. No elevated levels of landfill gas constituents have been detected 

in the sub surface monitoring boreholes since the installation of the landfill cap.

The significance o f reduced leachate levels in the waste mass is understood when the 

connection between the leachate system and the environment is considered. The 

limited attenuation capacity o f the colliery spoil underlying the waste mass means that 

once the HDPE basal liner is breached, the passage of leachate into the groundwater 

system is largely unhindered. The resulting groundwater contamination plume in the 

groundwater system is a direct result of this uncontrolled release of leachate via the 

base of the waste mass. The reduction in the volume of leachate produced by the site 

will lead to a reduction in the volume entering the environmental systems. Whilst 

insufficient time has passed to assess the long term impact on the groundwater 

system, a reduction in the baseline values in BH06 and BH07 have already been 

detected. Variations are still detected in all locations during rainfall events as a result
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of the mobilisation o f leachate from the unsaturated zone between the base of the 

waste mass and the Main Aquifer groundwater table. This zone of contamination will 

remain a source o f pollutants for an extended period of time of an unknown duration.

The other impact o f the reduced leachate levels is the potential for an increase in 

leachate strength due to a reduction in dilution. Whist current observations of 

increased leachate strength can be attributed to the pumping from landfill gas wells 

and the introduction o f landfill gas condensate to the system, no overall increase in 

leachate strength has been observed. Predictions from the numerical model suggest 

that an increase in leachate concentration should be minimised due to a decrease in 

overall volume o f leachate entering the groundwater system and therefore greater 

dilution. However if  leachate accumulates in the unsaturated zone the relative 

magnitude o f short-term episodic releases triggered by rainfall could increase 

compared with those currently observed.

In the medium and long term, a degrading waste mass will lead to a gradually 

decreasing contaminant load (Stantom, et al., 2004) on the groundwater system both 

in terms o f baseline values and the magnitude of episodic releases. The eventual 

degradation o f the synthetic lining and capping systems will mean an increase in 

leachate saturation levels and generation rates. The degraded waste mass and 

increased dilution rates should ensure sufficiently low levels of contaminant loading 

to minimise any adverse impact. The numerical modelling also shows the 

groundwater system should be capable of remediating the groundwater plume due to 

mixing with clean water entering from areas unaffected by contamination from the 

waste mass.
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9 .6 W id er  R e l e v a n c e  of  the R esearc h  Pr o je c t

This research project has provided an integrated approach to the changes occurring at 

a landfill site during the period immediately after the installation of a final capping 

system. The scope o f the project includes changes not only occurring to the waste 

mass but also to the surrounding environment. Previous studies have identified 

changes in leachate composition with time, even covering the closure period such as 

outlined by Stantom, et al., (2004) but generally fail to assess the impact these 

changes in leachate composition will have on the surrounding environment. Another 

key aspect o f landfill research is to consider the long term changes and breakthrough 

curves of contaminants in the sub strata and aquifer systems. Robinson, et al., (1999) 

present a study covering a 16 year monitoring period of an attenuation blanket below 

a waste mass showing the progress of contaminants through the low hydraulic 

conductivity unsaturated zone. These data consider only the break through curve and 

do not deal with the general environmental impact or the effect of a changing leachate 

source term with time.

One of the key findings from this research project is the identification of the 

inadequacy o f regulatory monitoring requirements for detecting short term variations 

in the groundwater systems. Relatively inexpensive conductivity data loggers 

provided high quality data which identified the complexity of the mechanisms 

releasing contaminants into the groundwater and the importance o f rainfall events in 

their initiation. Yenigul, et al., (2005) previously highlighted the ineffectiveness of 

poorly positioned and insufficient down gradient monitoring locations to observe 

changes in contamination levels and prevent further degradation of groundwater 

quality. At Nant-y-Gwyddon where fissure flow is the primary mechanism of 

groundwater flow, variations in groundwater contaminants are likely to occur both 

spatially and temporally. As such continual monitoring of the groundwater system 

identified additional small scale trends and basic groundwater modelling was used to 

increase the understanding of the spatial variation of the contaminants.
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CHAPTER 10 CONCLUSIONS AND 

RECOMMENDA TIONS

The main findings from this research project are presented below in terms of the key 

findings specific to Nant-y-Gwyddon and also in terms of the overall implications for 

the remediation o f landfill sites in general. Nant-y-Gwyddon is a lined waste disposal 

site in the South Wales valleys and is unusual for the length of time the site was non- 

operational before the installation of the final landfill cap. However the conclusions 

developed here, especially in terms of monitoring approaches and the release of 

leachate into the groundwater system, are also relevant to other sites with or without a 

similar history.

10.1 C o n c l u sio n s

The conclusions presented below are based on findings from the monitoring of Nant- 

y-Gwyddon and a general assessment of monitoring techniques used in the industry in 

general and implemented by the regulatory bodies.

Prior to the installation of the landfill cap, the waste mass at Nant-y- 

Gwyddon had high leachate levels and generally dilute leachate due to the 

uncontrolled infiltration of rainwater through the temporary colliery spoil 

capping.

The installation of a LLDPE landfill cap and associated drainage media 

prevented the infiltration of additional rainwater and led to a reduction in 

leachate saturation and generation rates with changes observed after a 

minimum delay of 6 months.

The points at which the landfill cap is penetrated by gas extraction 

boreholes may provide a direct pathway for the ingress of water to the 

waste mass if  not permanently joined and sealed. This localised failure is
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exacerbated if  water is allowed to accumulate around the gas well due to 

protective barriers surrounding the wells.

Leachate generation rates at Nant-y-Gwyddon are expected to continue to 

fall in the future based on the fact that current leachate generation rates 

still exceed predicted rates indicating a drying waste mass.

A soil vapour survey of the landfill mass indicated a number of locations 

where landfill gas was reaching the surface layers in the temporarily 

capped waste mass. A post capping survey showed the removal of these 

hotspots and methane and carbon dioxide levels reduced to background 

levels. The engineered landfill cap therefore acts as an efficient barrier to 

minimise the uncontrolled release of landfill gas to the atmosphere.

The waste mass at Nant-y-Gwyddon is undergoing methanogenesis and the 

installation o f the landfill cap has produced a more stable environment 

with the exclusion of the majority of the acetogenic areas.

The Nant-y-Gwyddon site is dominated by three groundwater systems 

underlying the waste mass. The aquifer at most risk from pollution from 

the waste mass is the Main Aquifer which has a piezometric surface 

between 25 and 30m below ground level and is developed within fractured 

sandstones and underlain by the No. 1 Rhondda Rider Coal Seam.

The other key aquifers are the Lower and Upper Aquifers. The Lower 

Aquifer is supported by the No. 1 Rhondda Coal Seam approximately 40m 

below the No. 1 Rhondda Rider Coal Seam and is only monitored at one 

down-gradient location. The Upper Aquifer is not present across the entire 

site and lies approximately 20 -  25m above the Main Aquifer. 

Approximately 15% of the landfill waste mass is underlain by the Higher 

Aquifer and the remaining area lies directly above the Main Aquifer.

Whilst elevated levels of leachate components are detected in the 

groundwater in the Main and Lower Aquifers down gradient of the site, the 

majority o f the contaminant species detected are typically below the levels 

outlined in the Water Supply (Water Quality) Regulations 2000.
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A thermal plume is observed down gradient of the site in the Main Aquifer 

with increasing attenuation of the thermal anomaly with distance from the 

waste mass. The ambient temperature of the Main Aquifer is 

approximately 9°C and the plume temperatures are 6°C higher than this in 

BH07, 30m from the edge of the waste mass, a 2°C increase was detected 

in BH06, 85m from the waste mass and temperatures had returned to 

similar levels at NG110, 290m away from the waste mass.

Episodic periods of elevated groundwater conductivity are detected 

adjacent to and down gradient from the waste mass. During these periods, 

conductivity increases by up to 400 % above ambient values, the events 

lasting between 12 hours and 3 days. These short peaks in conductivity 

occur in the early stages o f groundwater response to rainfall events, when 

water table levels are rising. It is inferred from the geology and from 

numerical modelling outcomes that these short pulses of increased 

contaminant loading are linked to flushing of contaminants from a zone of 

accumulation in the unsaturated substrata beneath the landfill in an area 

where the Main Aquifer outcrops. Effective rainfall and soil moisture 

levels were shown to be controlling factors in the magnitude of the 

observed response.

At NG110, 290m from the edge of the waste mass, variations in 

groundwater conductivity are still detected but short lived increases are not 

identified. Baseline conductivity values remain below the baseline values 

for boreholes BH07 and BH06, 30m and 85m from the edge of the waste 

mass respectively, indicating dilution of the contaminants in the aquifer as 

distance from the waste mass increases.

The use o f relatively inexpensive data loggers to record conductivity 

changes has highlighted the inadequacies of monthly monitoring regimes 

driven by the regulatory authority.

Interpolation between boreholes, both within the landfill waste mass and in 

the groundwater systems down gradient of the landfill, in terms of water 

levels and contaminant load, is facilitated by use of non-invasive
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geophysical investigations. Borehole to borehole methods are shown to be 

effective in delimitating perched leachate within the waste mass, while 

conventional resistivity tomography has been utilised to investigate 

groundwater geometry down gradient of the site. Spatial distribution of 

possible contaminant plumes has been partially addressed using a limited 

GEM survey, and this technique appears to offer considerable promise. In 

all geophysical investigations, however, validation of resulting models 

against borehole data is considered essential.

The majority of contaminant loading from the waste mass in the Main 

Aquifer is attributed to the area of outcrop below the landfill where a direct 

pathway exists from the base of the site to this aquifer. The Higher Aquifer 

acts as a shield for the remainder of the site by intercepting and diluting 

downward migrating contaminants. The Higher Aquifer is intercepted by 

the under liner drainage system which removes groundwater from below 

the waste mass. The Higher Aquifer also allows clean water to pass below 

in the site in the Main Aquifer to increase the dilution and flushing of the 

system at times o f heavy rainfall.

This research project represents an in depth understanding of the 

interaction between the waste mass and the wider environment and 

provides a concise Hydrogeological Conceptual Model against which 

future trends can be assessed.

Future behaviour o f the site is predicted to reflect the gradually declining 

contaminant loading as a result of reduced leachate generation rates within 

the waste mass.

Reduced rates of dilution of leachate within the waste mass because of the 

exclusion o f infiltrating rainwater may lead to increased leachate 

concentration and an increase in the magnitude of the episodic short- 

duration spikes in groundwater conductivity as a result of flushing of 

contaminants accumulating in the unsaturated zone beneath the landfill.
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10.2 R ec o m m en d atio n s

The recommendations are based on the findings from this research project that are 

applicable to other landfill sites as well as findings specific to Nant-y-Gwyddon.

All waste disposal sites should employ conductivity, temperature and 

depth data loggers to fully assess the temporal variations in groundwater 

quality and gain a detailed understanding of the mechanisms of 

contaminant transport.

Current monthly monitoring regimes required by the regulatory authorities 

should be viewed as providing point source data only and should be 

supplemented by the inclusion o f more frequent data acquisition with the 

help o f  data logging probes.

Additional modelling o f the Nant-y-Gwyddon Landfill Site should include 

an assessment o f the influence o f the fissures in the sandstone aquifer. 

Field data on the aquifer properties should also be collected.

Long term assessment o f the groundwater conditions at Nant-y-Gwyddon 

should be determined through the application o f data loggers in the down 

gradient monitoring boreholes.

Basic numerical modelling o f groundwater systems at landfill sites, when 

combined with concise monitoring data, allows the development of a 

greater understanding o f the mechanisms involved in the transport of 

contaminants to the wider environment The technique should be more 

widely adopted in the development of site conceptual models for historical, 

current and future landfill sites.

An integrated approach should be adopted when considering the impact of 

operational changes on site at all waste disposal facilities.
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Appendix A Geological Borehole Logs

APPENDIX A GEOLOGICAL

W ell
In fo

NO 102 (N G R  80 29 .5 1 , 3 7 4 3 .1 7 ) Oepth

S a nd y  b o u ld e r c lay 0 .0 0  3 4 6 .0

0 .5 0 3 4 5 .5

P o o r reco ve ry  at; 
4 .1 0 -  4.40  

1 2 .8 0 -1 3 .6 0  
1 4 .9 0  -  20 .3 0  
4 3 .0 0  -  5 5 .5 0

C oa l (R h o n d d a  R id e r N o 1)

M ud s to n e 6 4 .1 0

(End of borehole) 6 7  .00

281 9  

2 7 9 .0

NG 101 (N G R  8 0 2 9  4 7 , 4 2 3 0  29 ) D e p th Le ve l I W e ll I 
In fo

S a n d y  b o u ld e r  c la y 0 0 3 1 5 .0

-

W e a th e re d  sa n d s to n e Off" 5TO5
S a n d s to n e 5 50 3 0 9 5

N

y/  S ilty  sa n d s to n e 11 30 30 3  7

5 Z

S a n d s to n e

W a fe r  level at 25mBGL

11 7 0 3 0 3 3 N

I
/  S ilty  s a n d s to n e 2 5 .5 0 2 8 9 .5 \

'  S a n d s to n e 2 6  0 0 2 8 9  0

1

^  C o a l 2 6  60 2 8 8  4

S a n d s to n e 2 6  80 28 8  2

^ C o a l  (N o .1  R h o n d d a  R id e r) 3 6  00 2 7 9 .0

M u d s to n e 3 6  30 2 7 8 7

S a n d s to n e

(End of borehole)
4 2 5 0  

4 5  00

2 7 2 5

2 7 0 0

|  Made ground Q  Siltstone Monitoring borehole installations;
2J Boulder Clay [23 Mudstone - Plain pipe S Slotted pipe
□  Sandstone ■  Coal n  (response zone)

SZ Groundwater level (January 2006 unless stated)
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Appendix A Geological Borehole Logs

NG 103 (N G R  7 8 1 0 4 0 , 3 7 0 6 .5 9 ) D ep th Leve
In to

S a n d y  b o u ld e r c lay 0  0 0  3 4 7 .0

1 5 0  3 4 5 .5S a n d s to n e  w ith  c la y  b a n d s

1 3 5 0 3 3 3 .51S a n d s to n e

41 00  30 6  0
S i t y  s a n d s to n e

S a n d s to n e

5 3  6 0 !2 9 3 .4 '
S a n d s to n e  w ith  d a rk  ba n d s

5 7 .3 0  2 8 9  7

6 0  20 286 8S ity  m u d s to n e

J ) t  M u d s to n e  (N o .1  R h o n d d a  R id e r?  

S a n d s to n e (End of borehole)

NG 104 (NGR 8145.77, 3946.11) D ep th L e ve l w in

S a nd y b o u ld e r d a y 0.00 331.2

|
W eathe re d  san dstone 12 0 330.0

S a nd s to ne

Tn a l

2.80 3 2 8 4

rlu o a i
S a nd sto ne 4.90 326 3 '

j

ySW y s a n ds ton e 6.30 324 y

S a nd s to ne  w ith s ilty  b a nd s  a t 12 .1 0m  
8  12.90m

6.70 324.5

I
[ 5 Z .  1 M ud s ton e  (H IG H E R )

■  Water level at 13.9mBGL
S a nd s to ne  (End of borehole)

1 3 2 0

m

317.8

m 1

Key: |  Made ground 
□  Boulder Clay 
~ Sandstone

| | Sittstone 
Q  Mudstone 
■  Coal

Monitoring borehole installations;

Rain pipe Slotted pipe (response zone)
Groundwater level (January 2006 unless stated)

Sarah R A Ling A-2



Appendix A Geological Borehole Logs

NG 106 (N G R  7 7 1 9 .3 9 , 37 76 .1 6 ) D ep th Le ve l
Info*

x S a n d y  b o u ld e r d a y 0 .0 0 34 7 .0

5
S a n d s to n e 0 .5 0 346 .5

M u d s to n e 6  6 0 340 4

s

S a n d s to n e 7.10 339.9

5 Z

Cfcoal 10 .40 3 3 6 6

S a n d s to n e  (water level at 1Z ImBGL) 1 0 .6 0 3 3 6 .4 \
\

''S ilty  sa n d s to n e  H IG H E R 13 .4 0 3 3 3 .6

S a n d s to n e 14 1 0 332 9 1
xg itty  s a n d s to n e 15 4 0 3 3 1 .6

S a n d s to n e 16 .00 3 3 1 .0

S a n d s to n e  w ith  dartc b a n d s 20  0 0 3 2 7 0

/M u d s to n e 26  5 0 32 0  5

S a n d s to n e

(End of borehole)

2 6 .7 0  

30  50

32 0  3 

3 1 6 5

NG 106 (N G R  76 5 9  41 . 38 3 1 .3 9 ) D ep th

OM
W e ll' 
In fo  !

Sandy bo u ld e r c lay

S a nd s to ne  w »h d a y  bands

S o ft s an ds ton e  (Watermelt 10.4mBGL)
S ity  sands ton e

W55
1070

S a nd sto ne

S ity  m ud s ton e  H IG H E R‘■ ! j j  S ilty  m udsti

fTSEf
TTST

(End of borehole)
1715IM fi331 9 

.331.0

NG 107 (N G R  76 59 .4 7, 38 95 .5 4 ) Depth Level W ell
In fo

M ad e  g ro un d 0.00 342 0

S a n d s to n e 1.20 340.8

featy s a n ds ton e 3.60 3 3 8 4

S a n d s to n e  (water level at 4.2mBGL) 3 S 0 - 3 5 5 T

1
S « y  m ud s ton e  H IG H E R 6.50 335.5

(End of boreholem m

Key: |  Made ground 
□  Boulder Clay 
~  Sandstone

□  Siltstone
□  Mudstone 
■  Coal

Monitoring borehole installations;

Rain pipe Slotted pipe (response zone)
SZ Groundwater level (January 2006 unless stated)
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Appendix A Geological Borehole Logs

NG 106 (N G R  76 8 1 . 3 9 6 1 ) D ep th Le ve l W ell
In fo

3

, M a d e  g ro u n d  /  to p so il 0 0 0 3 3 7 .5

\

\

\1

-

W e a th e re d  s ilty  san d s to n e 0.30 3 3 7 .2

G re y  s i t y  sa n d s to n e 0 8 0 3 3 6 .7

G re y  s i t y  m u d s to n e 14 .50 32 3 .0

G re y  s i t y  s a n d s to n e  w th  b ro w n  s i t y  
s a n d s to n e  b a n d s

(End of borehole)

17 .30

3 6 .0 0

3 2 0 .2

3 0 1 .5

NG 109 (N G R  7681 . 3 9 4 4 ) D ep th Le ve l jWei
Info

I

M ade g ro un d 0.00 3 3 8 .0

G re y  s i t y  san ds ton e 0 .2 0 3 3 7 .8

D ark g re y -b la ck  s i t y  san ds ton e 9 .5 0 3 2 8 .5

m
G re y  s i t y  san s to ne 10 .20 32 7 .6

G rey  s i t y  m ud s ton e  (c la y  trace s) 14 .5 0 32 3 .5

G re y  s i t y  san d s to n e  w th  brow n s i t y  
sa n d s to n e  bands

17 30 32 0 .7

1

G re y  s i t y  san d s to n e 36 8< 3>lT
I D a rk  g re y -b la c k  s i t y  sha ley  

m ud s ton e

p

38.11 29 9  9

l /  G rey  s i t y  m u d s to n e  w ith  san ds ton e  
I bands

4 9 3 0 28 8 .7

L G re y  s i t y  sa n ds ton e 5 0 4 0 2 8 7 6

51 00 28 7 .0

S
\

B row n g re y  s « y  san ds ton e 56 80 2 8 1 2

\
NS

G re y  s i t y  sh a le y  m ud s ton e •63 50 27 4 .5

G re y  bro w n  s i t y  san ds ton e

(End of borehole)

64 .8 0

79.60

27 3 .2  

2 5 8  4

\

*

I
\

s
*
\

Key:
|  Made ground 
□  Boulder Clay 

Sandstone

n  Siltstone 
|  Mudstone 
■  Coal

Monitoring borehole installations;

Plain pipe Slotted pipe (response zone)
SZ Groundwater level (January 2006 unless stated)
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Appendix A Geological Borehole Logs

NG 110 (NGR 8 3 6 2 .4 1 5 2 ) D e p th Le ve l wen
In fo

W e a th e re d  b ro w n  s ilty  s a n d s to n e 0 .0 0 2 7 8 .0

G re y  s ilty  s a n d s to n e  

Water Level at 13. OmBGL

1.60 2 7 6 .4

\

&
I
I
s

V e ry  s a n d y  s il ly  b ro w n  m u d s to n e
13 .0 02650

G re y  s ilty  s a n d s to n e

(End of borehole)

15.30

2 0 .0 0

2 6 2 7

2 5 8 0

-
Ss

*

NG 111 (N G R  8382, 4132) Le ve l W ell
In fo

W ea the re d  brow n s ilty  san ds ton e 0.00 278.5

s

*
S
\

S
y

s

$
\

*
s

1
*
S

i
G re y  s i t y  san dston e 1.30 277.2

Ve ry  san dy  bro w n  s ilty  m ud s ton e 15.70 262 8

---------------
17.50 261.0

G rey  s i t y  m u d s to n e  w ith  b la ck  s i t y  
sha ley  m u d s to n e  b a nd s

N o . 1 R h o n d d a  R id e r

20.80 257.7

H j

x z

G re y  s i t y  sh a le y  m ud s ton e 26 OC252 5

G re y  s i t y  sa n d s to n e  w ih  b ro w n  s i t y  
san d s to n e  b a n d s

Water Level at 48 8mBGL (Dec 05)

27 .50 251.0

'C o a l
(End of borehole)

68 50

6 9  4 0
210.0
2 0 9 1

Kev:J |  Made ground □  Siltstone Monitoring borehole installations;
Boulder Clay Mudstone - Plain pipe jS Slotted pipe
Sandstone ■  Coal lS (response zone)

SZ Groundwater level (January 2006 unless stated)
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Appendix A Geological Borehole Logs

BH 01 (NGR 7841, 3818)
Info

M a d e  g ro u n d 0 00 345 5
S ilty  sa n d s to n e 0.50 345.0

G re y  sM y  s h a le y  m u d s to n e 10.0C 335 !
11.20 334 3S ilty  sa n d s to n e

(End of borehole) 21 .0d 324.5

m 
4 

■ 
i

BH 02 (NGR 7790, 3864) D ep th Le ve l ’Atell
Info

M ad e  ground 0 00 3 3 9 0
S ilty  san ds ton e 1.10 33 7 9

%

H " “
16.00 3 2 3 0 \

S i t y  san d s to n e 19 60 319.4

s

Is
s
\

\

S i t y  sh a le y  m ud s ton e 38.50 300 5 *
S ity  san d s to n e  
Water level at 40.7mBGL

39.50 299.5
\

S
S ity  sh a le y  m ud s ton e
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BH 04 (N G R  7 7 5 0 ,3 9 0 5 ) D ep th Le ve l W ell
In fo
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BH 09 (NGR 8030, 3806) Depth Level Well
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X
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Appendix B Water Balance Calculations

APPENDIX B WATER BALANCE CALCULATIONS

The water balance calculation provides a volumetric estimation of the amount of 

leachate produced by an individual landfill based on the characteristics of the site and 

the meteorological regime of the area. In order to calculate the water balance at a 

specific site a number of methods are available. Field studies often use lysimeters to 

measure effective rainfall on site and assess the input into the waste mass (Albright, et 

a l , (2004), Hotzl, et a l ,  (1985)) and measurements of discharge are used to assess 

changes in storage. Hand calculations are also commonly used to predict water 

balances for individual sites based on a principle of conservation of mass.

B.1 Hand Calculation Method

The general calculation is based on Equation B.l as outlined in Waste Management 

paper 26B DoE, 1995.

Lo = [ER + LI W + IRA] -  [LTP + aW + DL]
Equation B.1

Where:
Lo = free leachate retained
ER = effective rainfall (can be adjusted for runoff)
LIW = liquid industrial waste
LTP = leachate discharged off site
IRA = infiltration through resorted and capped areas
a = unit absorptive capacity of wastes
W = weight of absorptive waste
DL = designed seepage

Similar methods are commonly used to calculate water balances of landfills 

Bengtsson, et al., (1994) both for the assessment of lining and cover systems and for 

regulatory assessment EPA, 2003. Koemer & Daniel (1997) describe a hand 

calculation which uses a spreadsheet to calculate monthly water balance analysis. The 

choice of a monthly time scale allows seasonal trends to be assessed without the need 

for daily calculations; however, the impact of individual storm events cannot be
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modelled. The basic spreadsheet is shown in Figure B.1 and the specific input data is 

outlined below.
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Figure B.1 Basic spreadsheet for calculation of water balance analysis as 
described by Koemer & Daniel (1997)

8.2  Nant-y-G wyddon Water Balance Calculation

Using the method outlined by Koemer & Daniel (1997) a hand calculation for the 

water balance at Nant-y-Gwyddon is presented. The water balance requires the input 

of both site specific data and step by step calculations which are outlined.
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Row A: Average Monthly Temperature

Average monthly temperature for the site in °C is entered into the first row of the 

table. Weather data for Nant-y-Gwyddon is recorded by an on site weather station 

with data available from March 2003. Average, maximum and minimum monthly 

temperatures are presented in Table B.1 and Figure B.2.

Mean Max Min
January 4.2 4.7 3.6
February 4.0 5.1 2.6
March 6.2 8.5 3.5
April 8.0 8.8 7.5
May 10.4 11.0 10.0
June 14.7 15.9 14.1
July 16.0 18.6 14.1
August 15.7 17.1 15.0
Septem ber 13.8 15.2 12.8
October 9.7 11.6 7.7
Novem ber 7.1 8.3 5.6
D ecem ber 5.6 7.9 4 .5

Table B.1. Mean, maximum and minimum values for monthly temperatures 
recorded at Nant-y-Gwyddon Landfill Site for the period 2003-2006.
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J a n  F e b  M a r  A p r  M ay  J u n  J u l  A ug  S e p  O c t  N o v  D e c

Figure B.2. Mean monthly temperatures recorded at Nant-y-Gwyddon for the 
period 2003-2006 with maximum and minimum monthly data given shown by 
error bars.
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Row B: Monthly Heat Index (Hm)

The monthly heat index is a dimensionless, empirical parameter which is used to 

estimate the evapotranspiration at the site. It is calculated based on the average 

monthly temperature, since average temperatures are above 0°C, Hm is calculated as 

follows.

H„ = (0.2T)'514 (for T > 0°C)

The annual heat index (Ha) is calculated from the sum of the monthly heat index 

values.

Row C: Unadjusted Daily Potential Evapotranspiration (UPET)

The value for the unadjusted daily potential evapotranspiration (UPET) represents the 

maximum amount of evapotranspiration possible in the case of a fully saturated soil. 

For temperatures between 0°C and 27°C:

10 TUPET = 0.53(— )a
H.

Where a is a dimensionless empirical factor, calculated as follows:

a = (6.75xlO -7)Hl - (7.71 x \0~5)H 2a + 0.01792//o + 0.49239

Row D: Monthly Duration of Sunlight (N)

The monthly duration of sunlight is based on the latitude of the site, values of which 

are given in Koemer and Daniel (1997). Nant-y-Gwyddon is at latitude 51.3°N, the 

closest provided data set is for 50°N and this data is used for the calculation.

Row E: Potential Evapotranspiration (PET)

The potential evapotranspiration is calculated as the product of the unadjusted daily 

potential evapotranspiration (UPET) and the monthly duration of sunlight.

PET = UPETxN
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Row F: Precipitation (P)

T h e m ea n  m o n th ly  precip ita tion  data is  added to  the tab le in  R o w  F. D ata  can  be  

so u rced  from  record s taken  o n  site  or from  the nearest ava ilab le  w eath er  station . S in ce  

annual ra in fa ll ca n  vary , care sh ou ld  b e taken  in  ch o o sin g  the data as to  ca lcu la te  the  

w o rst c a se  scen a r io  or a  ty p ica l year.

Mean Maximum Minimum
January 157.3 226.6 88.0
February 122.9 150.4 95.4
March 133.0 189.8 64.6
April 67.3 78.4 58.8
May 97.1 174.6 59.2
June 52.5 78.6 28.4
July 65.4 101.2 25.8
August 42.0 66.2 27.2
Septem ber 59.6 96.2 22.4
October 109.5 219.8 26.6
Novem ber 142.4 224.0 60.8
D ecem ber 144.9 192.2 97.6

Table B.2. Mean, maximum and minimum values for monthly rainfall values 
recorded on site at Nant-y-Gwyddon Landfill Site for the period 2003-2006.

250

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

■  Mean ■  Maximum □  Minimum

Figure B.3. Maximum monthly rainfall data for the period 2003-2006 recorded at 
Nant-y-Gwyddon.
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Row G: Runoff Coefficient (C)

The runoff coefficient is a dimensionless value, C, defined as the ratio of runoff to 

precipitation. The value of C is hard to determine and is highly site specific, 

dependant on soil characteristics and slope angles. Suggested values are provided by 

Fenn, et al., 1975 for particular soil types and are shown in Table B.3.

Soil type Slope Runoff Co-efficient
Sandy Soil Flat {<2%) 0.05-0 .10
Sandy Soil Average (2 -  7%) 0.10-0 .15
Sandy Soil Steep ( 7̂%) 0.15-0 .20
Clayey Soil Flat (<2%) 0.13-0.17
Clayey Soil Average (2 -  7%) 0.18-0.22
Clayey Soil Steep (£7%) 0.25 -  0.35

Table B.3 Suggested Runoff Coefficients from Fenn, et al., 1975

The site at Nant-y-Gwyddon is predominantly steep sided, except for the top plateau 

and the surface soil is a re-graded colliery spoil. Therefore the most appropriate value 

is a steep sided site (^7%) with sandy soil, giving a range of values for C between 

0.15 and 0.20. Values for a flat site with sandy soil produce a range of values between 

0.05 and 0.10.

Row H: Runoff (R)

Runoff is a function of mean monthly precipitation and the designated runoff 

coefficient for the site.

R = (P)(C)

Row I: infiltration (IN)

The amount of water entering the surface is defined as the infiltration and is equal to 

the precipitation minus the calculated runoff.

IN = P - R

Row J: Infiltration -  Potential Evapotranspiration (IN  -  PET)

The difference between infiltration and potential evapotranspiration is entered into the 

spreadsheet in Row J and represents the change in storage in the soil. A positive
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number indicates the potential accumulation of water in the soil and a negative value 

indicates a net loss from the soil.

Row K: Accumulated Water Loss (WL)

The accumulated water loss is the sum of all the negative values from the calculation 

in Row J since the start of the year.

Row L: Water Stored in Root Zone (WS)

The storage capacity in the root zone is dependant on the depth of root zone (Hroot) of 

the vegetation present on site and the volumetric water content (0), defined as the 

volume of water divided by the total volume of soil.

w s  =

Values for volumetric water content (0) at field capacity are given in Table B.4

Soil Type 0 at Field Capacity
Fine Sand 0.12

Sandy Loam 0.20
Silty Loam 0.30
Clay Loam 0.375

Clay 0.45
Table B.4 Suggested volumetric water contents of various soils. Koemer and 
Daniel, 1997

Vegetation at Nant-y-Gwyddon is relatively immature and the chosen mix of plants is 

relatively shallow rooted. It is assumed the general root zone depth is 150mm.

The soil used at Nant-y-Gwyddon is not a typical soil type; it is therefore assumed 

that 0.2 represents an average value for sandy soils. Subsequent sensitivity analyses 

should help to establish the need for tighter constraint of this value.

Row M: Change in Water Storage (CWS)

The change in water storage is the water storage for a specific month minus the water 

storage for the previous month and can be either positive or negative and reflects 

whether the root zone is loosing or gaining water.
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Row N: Actual Evapotranspiration (AET)

The actual evaporation depends on whether infiltration exceeds potential 

evapotranspiration.

AET = PET If {IN -  PET) > 0

AET = PET + [{IN -  PET) -  CWS] If {IN -  PET) < 0

If there is less infiltration than potential evapotranspiration then the soil root zone is 

loosing water through evapotranspiration.

Row O: Percolation (PERC)

Percolation is the amount of water draining from the root zone to the lower layers. 

When infiltration minus potential evapotranspiration is equal to or less than zero there 

is no percolation since evapotranspiration exceeds infiltration. When infiltration 

minus potential evapotranspiration is greater than zero then:

PERC = { I N-  PET) -  CWS 

The monthly values can be summed to calculate the total annual percolation.

Row P: Check of Calculations (CK)

A  check on the calculations is carried out to ensure there is a conservation of mass 

throughout the calculation process. Precipitation should be equal to the sum of all 

outputs from the system.

Row Q: Percolation Rate (FLUX)

The percolation rate gives the rate at which water is passing through the surface 

layers. The calculated percolation is divided by the number of seconds in the given 

month (t). Units are in m/s.

FLUX = {PER- ) / t  
1000

B.2.1 Sensitivity Analysis

Since a number of the parameters used in the calculation are not obtained directly 

from the site a series of sensitivity analyses have been carried out to assess the relative
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significance of these factors. The parameters considered are the runoff coefficient, 

root zone depth and water content of the soil at field capacity.

Runoff Coefficient

The default value for runoff coefficient was taken to be the value outlined in Koemer 

and Daniel, 1997 for a steep slope (^7%) with sandy soil strata. This is the closest 

match to the colliery spoil surface of Nant-y-Gwyddon. For the sensitivity analysis 

this value is varied from 0.05 to 0.3 at an interval of 0.05. The monthly percolation 

rates for each value are presented in Table B.5 and graphically in Figure B.4.

R unoff
Coeff.

Percolation (mm)
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

0.05 135.09 102.39 96.58 20.07 25.40 0.00 0.00 0.00 0.00 48.97 109.71 119.30
0.10 127.23 96 .25 89.93 16.70 20.55 0.00 0.00 0.00 0.00 41.76 102.59 112.05
0.15 119.36 90 .10 83.28 13.34 15.69 0.00 0.00 0.00 0.00 34.72 95.47 104.81
0.20 111.50 83 .96 76.63 9.97 10.84 0.00 0.00 0.00 0.00 27.83 88.35 97.56
0.25 103.63 77.81 69.98 6.61 5.98 0.00 0.00 0.00 0.00 21.08 81.23 90.32
0.30 95 .77 71 .67 63.33 3.24 1.13 0.00 0.00 0.00 0.00 14.45 74.11 83.07

Table B.5. Monthly percolation values for a variety of values of runoff coefficient.

160.0
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120.0
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20.0
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Mar Jun SepFeb Apr May Jul Aug Oct Nov DecJan

-* -0 .0 5  0.10 0.15 -x -0 .2 0  -* -0 .2 5  -*-0.301

Figure B.4. Monthly percolation values for a variety of values of runoff 
coefficient.
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The results indicate that a variation in runoff coefficient can impact on the level of 

percolation into the waste mass. It is therefore important to constrain this value as 

accurately as possible.

Depth o f Root Zone

The depth of the vegetation root zone was assumed to be in the region of 150mm. 

However, without accurate measurements it is necessary to carry out a sensitivity 

analysis. The results are presented in Table B.1 and Figure B.5.

Root
Depth
(mm)

Percolation (mm)

Jan Feb Mar Apr May Jun Jul Aucj Sep Oct Nov Dec
50 111.50 83.96 76.63 9.97 10.84 0.00 0.00 0.00 0.00 35.48 88.35 97.56

100 111.50 83.96 76.63 9.97 10.84 0.00 0.00 0.00 0.00 30.47 88.35 97.56
150 111.50 83.96 76.63 9.97 10.84 0.00 0.00 0.00 0.00 27.83 88.35 97.56
200 111.50 83.96 76.63 9.97 10.84 0.00 0.00 0.00 0.00 26.24 88.35 97.56

Table B.6. Monthly percolation values for a variety of values of root zone depth.

120.0

n

100.0  -

n

80.0 -
n

E  
E

1 60 

f
40.0

20.0

fi n

o.o 4 —  — — - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 1— n

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

'44»~100 -m - 15Q 200

Figure B.5. Monthly percolation values for a variety of values of root zone depth.

The value of root zone depth has negligible effect on the percolation rate produced by 

the water balance calculation.

Sarah R A Ling B-10



Appendix B Water Balance Calculations

Water Content at Field Capacity

The input values for the water content at field capacity were constrained between 0.12 

and 0.3 to correspond to values given in Koemer and Daniel (1997). The range of 

values includes those for fine sand, sandy loam and silty loam. The results are 

presented in Table B.7 and Figure B.6.

Water
Content

Percolation (mm)
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

0.1 111.5 83.96 76.63 9.972 10.838 0 0 0 0 32.53 88.346 97.56
0.12 111.5 83.96 76.63 9.972 10.838 0 0 0 0 31.21 88.346 97.56
0.2 111.5 83.96 76.63 9.972 10.838 0 0 0 0 27.83 88.346 97.56
0.3 111.5 83.96 76.63 9.972 10.838 0 0 0 0 25.66 88.346 97.56
Table B.7. Monthly percolation values for a variety of values of water content.
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Figure B.6. Monthly percolation values for a variety of values of water content.

Results are similar to those seen for the root zone depth and little impact is observed 

with the variation of values of water content at field capacity.

Summary

Of the three unconstrained variables only the runoff coefficient (C) appears to have a 

significant impact on the output in terms of percolation. It is therefore important to
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justify any values used. Since the value of C is reportedly hard to assess (Koemer and 

Daniel, 1997) the suggested values will be used. However, the waste mass at Nant-y- 

Gwyddon can be divided into two separate areas to reproduce conditions more 

accurately. Two sets of results are therefore needed to represent sloping areas and the 

plateau.
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Appendix C Waste Profile Cross Borehole ERT

APPENDIX C WASTE PROF

ELECTRICAL

C. 1 W a s t e  P r o f i l e s  b e t w e e n  Ga

Gas Well

Ground Surface

 1— i— i— i— i— i— i— i— i— i— i— i— i— i— |— i— i— i— i— |— i— i— i— i— i— i— i— i— i— |— i— i— i— i— |— i— i— i— i--------

0 5 10 15 20 25 30 35 40

Distance (m)

V. Low Low Intermediate High

0 .5  1 .4  4 .2  12.1 3 4 .9  1 0 0 .8  2 9 1 .3  8 4 1 .9

Scale of electrical resistivity in ohm.meter

Descriptive Annotations

©  Zones of very low resistivity indicate saturation by leachates 

©  Zones of low resistivity indicate wet ground conditions and dilute leachates 

©  Zones of low to intermediate resistivity indicate damp, unsaturated waste 

@  Zones of Intermediate to high resistivity suggest dry conditions

---------------------- Denotes inferred leachate table in waste-mass

I  Denotes leachate dip level in gas well

Figure C.1. ERT results between gas wells S and T recorded for September 2005 
(George, 2006).
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©  Z ones of very low resistivity indicate saturation by leachates 

©  Z on es of low resistivity indicate wet ground conditions and dilute leachates 

©  Z ones of low to interm ediate resistivity indicate dam p, unsaturated w aste 

@  Z ones of Interm ediate to high resistivity suggest dry conditions 

©  Z ones of high resistivity indicate the insulating effect of LDPE

-------------------  Post-capping topography

------------------- Approximate position of LDPE cap

I  D enotes leachate dip level in g as  well

Figure C.2. ERT results between gas wells S and T recorded for February 2006 
(George, 2006).
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©  Z ones of Interm ediate to high resistivity suggest dry conditions 

©  Z ones of high resistivity indicate the insulating effect of LDPE
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Figure C.3. ERT results between gas wells S and T recorded for August 2006 
(George, 2006).
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©  Z ones of low resistivity indicate wet ground conditions and dilute leachates 
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©  Z ones of Intermediate to high resistivity suggest dry conditions 

©  Z ones of high resistivity indicate the insulating effect of LDPE

Post-capping topography 
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I  D enotes leachate dip level in g as  well

Figure C.4. ERT results between gas wells S and T recorded for January 2007 
(George, 2007).
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------------------- D enotes inferred leachate table in w aste-m ass
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Figure C.5. ERT results between gas wells U and T recorded for September 2005 
(George, 2006).
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Figure C.6. ERT results between gas wells U and T recorded for February 2006 
(George, 2006).
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Figure C.7. ERT results between gas wells U and T recorded for August 2006 
(George, 2006).

Sarah R A Ling C-7



Appendix C Waste Profile Cross Borehole ERT

co
•4—»
CD
>0

LU

Distance (m)

V. Low Low Intermediate High

0.5
■ O
4.2

1CH E  
100.81.4 4.2 12.1 34.9 100.8 291.3

Scale of electrical resistivity in ohm.meter
841.9
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©  Z ones of very low resistivity indicate saturation by leachates 

(2)  Z ones of low resistivity indicate wet ground conditions and dilute leachates 
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©  Z ones of Intermediate to high resistivity suggest dry conditions 
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Figure C.8. ERT results between gas wells U and T recorded for January 2007 
(George, 2007).
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