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Summary

S u m m a r y

This project reports results of a hydro-geochemical study of leachate production at the 
Silent Valley landfill, Blaenau Gwent, South Wales, UK.

Silent Valley landfill site is an active unlined landfill in South Wales. It lies on 
interbedded sandstones and mudstones o f the Rhondda Beds, which are overlain by a 
mixture of boulder clay, head deposits and made ground. The annual rainfall recorded in 
the area is approximately 1250 mm.

Resistivity surveys were performed across part o f the site to help improve the 
understanding o f the internal structure o f the landfill. Instrumentation to measure leachate 
discharge, conductivity and meteorological inputs installed at the Silent Valley landfill site 
are described and relationships between the rainfall and discharge data are analysed. 
Regression analysis is used to model the discharge o f leachate from the measured 
meteorological data.

Water balance analysis has demonstrated that groundwater is entering the site. The 
leachate generated on site is collected by a series o f drains that feed into the Settlement 
Tank, which then discharges to foul sewer. The discharge through the Settlement Tank 
shows a rapid response to rainfall events with dilution effects indicated by conductivity 
readings and chemical analysis. The volume o f discharge from the Settlement Tank is 
shown to have a long-term upward trend.

A preliminary study was undertaken to investigate the use o f neural networks to model the 
discharge in the Settlement Tank. Feedforward backpropogation neural networks were 
constructed using the measured meteorological data to produce predictions o f daily 
discharge for the Settlement Tank.

Ion Chromatography analysis was performed on the leachate to complement the historical 
leachate analysis data. Element concentration was correlated with conductivity data and 
variations related to discharge measurements. Since monitoring began in 1993, many of 
the leachate constituents have shown an increase in concentration.
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Chapter 1 -  Introduction.

C h a p t e r  1

In t r o d u c t io n

Understanding the generation, character, long-term evolution and control o f leachate 

discharges from unlined landfills still provides an important scientific and engineering 

challenge, requiring integration of hydrogeological and geochemical modelling.

Rainfall causes infiltration of water into the landfilled waste and also the generation o f 

leachate. Prediction of the volume of leachate that can be generated from a landfill is 

generally based on water budget principals. This research will perform water budget 

analysis for Silent Valley landfill site and take it a step further to identify trends in the 

discharge in relation to meteorological variables in an attempt to produce a forecasting 

tool. Coupled to this hydrological study, variation in selected geochemical characteristics 

of the leachate produced by and discharged from the site are analysed in an attempt to 

improve the understanding of this complex hydro-geochemical system.
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1.1 A im s  & O b j e c t i v e s

The aims of this study are to examine the relationships between the meteorological data 

collected for the site and the discharge through the BSC Pipe and Settlement Tank and to 

investigate the geochemical evolution o f the leachate. Water balance analysis will be 

performed for the Silent Valley using rainfall. Effective Rainfall and discharge data for the 

site. The study aims to develop a hydro-geochemical model o f leachate system, to allow 

prediction of volumes and quality.

It is hoped that the research outcomes will provide a firm basis for the management of 

Silent Valley landfill site. It is also anticipated that research techniques employed at this 

case study site can be used at other landfill sites where similar or more extensive temporal 

monitoring data are available.

1.2 C o n t e x t  o f  R e s e a r c h

Silent Valley Landfill site (National Grid Reference SO 185 075) has been in operation as 

a landfill site since 1981. Before accepting municipal waste it received large quantities of 

waste from the iron and steel works at Ebbw Vale. The site is currently licensed to accept 

household waste.

Much of the area surrounding the site is a Local Nature Reserve, with part o f it designated 

as a Site of Special Scientific Interest (SSSI).

The site is located on the interbedded sandstones and mudstones o f the Rhondda Beds of 

the Lower Pennant Measures. The solid geology is overlain by a mixture o f boulder clay, 

head deposits and made ground.
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The site is unlined and works on a dilute and disperse principal (Section 2.1.2.1). The 

clay rich deposits covering the valley floor act a relatively impermeable layer. The 

thickness of the clay, where present, varies across the site from 0.2 m to in excess o f 

3.5 m. Over most of the site the clay is a silty clay with a measured permeability o f 

2.85 x  10’9 to 8.9 x  10'10 m/s. The head deposits on site have a measured permeability o f 

2.35 x 1 O'9 to 7.18 x 10’9 m/s (Golder Associates, 1993c). Both the materials met the 

National Rivers Authority (NRA) guideline o f <1 x 10'8 m/s for an acceptable lining 

material (Golder Associates, 1993b; Table 3.1).

The operational site can be divided into two areas. Phase I (20.1 ha) is active at present 

and Phase II (13.5 ha) is the proposed area for future development. Phase I is located to 

the south of the site. The southern face was filled, in an uncontrolled manner, during the 

early 1980s while Blaenau Gwent Borough Council ran the site. Phase IA is the present 

day active phase, which is working northward from this face. It is being run by Silent 

Valley Waste Services (SVWS) and is being infilled using the area method.

The leachate is collected through the drainage network at the base o f the landfill and flows 

into a sump. The leachate and contaminated water is then pumped into the Settlement 

Tank. Water is discharged from here to foul sewer.

1.3 T h e s is  O u t l in e

Following the introduction, Chapter 2 reviews landfill practice in the United Kingdom, the 

legal framework surrounding landfills, leachate and landfill gas, and the 

hydrology/hydrogeology of landfill sites.

Silent Valley landfill site is described in Chapter 3. Descriptions o f the site, the geology, 

hydrology, hydrogeology, site history and the present site operating conditions are given.

Emma C. Paris Cardiff University 3



Chapter 1 -  Introduction.

Chapter 4 reviews the site investigations and resistivity surveys that have been performed 

at Silent Valley landfill site to help improve the understanding o f the internal structure o f 

the landfill. The chapter concludes by using the information presented in Chapters 3 and 4 

to produce a Conceptual Site Model o f the landfill site.

The hydro-metrology of the site is examined in Chapter 5. The flow and meteorological 

instrumentation installed at the Silent Valley landfill site are described and relationships 

between the rainfall and flow data are analysed. Water balance analysis is performed 

across the site for catchment areas given in previous consultancy reports and the current 

catchment area within the drainage network surrounding the site. This is used to identify 

if groundwater is entering the site or if  leachate is entering the groundwater. Regression 

analysis is used to model the discharge o f leachate from the measured meteorological data.

Chapter 6 presents results o f an investigation o f leachate geochemistry. Historical 

leachate analysis results of the basal drainage pipe where it emerges from the base o f  the 

landfill are discussed over the period from 1993 to the present. Details o f the Ion 

Chromatography (IC) analysis performed on leachate exiting this pipe (LP1) and the 

Settlement Tank beyond, from which leachate is discharged to sewer, are given. These 

results are compared with the conductivity measurements from two installed sensors.

In Chapter 7 artificial neural networks are used to predict leachate discharges. Artificial 

neural networks have the advantage that they can be used where the form o f the 

relationship between the variables involved is unknown. Feedforward backpropogation 

neural networks were constructed for Silent V alley1 to produce a forecast o f daily 

discharge for the Settlement Tank.

In Chapter 8, results of monitoring, regression-based modelling and the application o f 

neural network analysis are discussed in the context of the landfill system, and an 

assessment is made of the significance and limitations o f the results described.

Chapter 9 presents the main conclusions and recommendations arising from the study.

1 Neural networks for Silent V alley landfill w ere built by  Stuart Paris using data supplied  by the author.

Emma C. Paris Cardiff University 4



Chapter 2 - Research Context.

C h a p t e r  2

R e s e a r c h  C o n t e x t

Since wastes have been produced the routes for its disposal have been landfilling, 

recycling and combustion. We produce around 400 million tonnes o f waste in England 

and Wales each year. Industry, commerce and households produce 106 million tonnes o f 

this waste. The remainder is made up o f construction and demolition wastes, agricultural 

wastes, mining wastes, sewage sludge and dredged spoils (DoE, 2000).

Landfills play an important role in the disposal o f waste. Most waste produced in England 

and Wales goes to landfill. Around 54% o f commercial and industrial waste, and 83% of 

municipal waste is managed in this way (DoE, 2000). The quality of landfill design, 

according to technical, social and economic development, has improved dramatically over 

the last few decades.

This chapter reviews current landfill practice in the United Kingdom, the legal framework 

surrounding landfills, leachate and landfill gas, and the hydrology/hydrogeology o f 

landfill sites.
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2.1 L a n d f il l s

In the past landfills were not engineered to the extent that they are today. An engineered 

landfill is a controlled method of waste disposal. The site o f the landfill must be 

geologically, hydrologically, and environmentally suitable.

The most important requirement of a landfill is that is does not pollute or degrade its 

environment. This is achieved by careful siting and by proper design/construction.

2.1.1 W h a t  is  a  L a n d f i l l ?

Article 2(g) of the Landfill Directive (99/31/EC) gives a definition o f a landfill as “a 

waste disposal site fo r  the deposit o f  the waste onto or into land (i.e. underground), 

including:

• internal waste disposal sites (i.e. landfill where a producer o f  waste is carrying out 

its own waste disposal at the place o f  production), and

• a permanent site (i.e. more than one year) which is used fo r  the temporary storage 

o f waste,

but excluding:

• facilities where waste is unloaded in order to permit its preparation fo r  further  

transport fo r  recovery, treatment or disposal elsewhere, and

• storage o f  waste prior to recovery or treatment fo r  a period less that three years as 

a general rule, or

• storage o f  waste prior to disposal fo r  a period less than one year ”.
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2.1.2 L a n d f i l l  T y p e s

The principles of landfill practice used have changed considerably since the 1970s. The 

various changes in design philosophy have developed in response to an increased 

understanding of landfill leachate, its behaviour and the risk to water.

2.1.2.1 “Dilute and D isperse” Sites

Sites constructed before the mid 1980s were commonly dilute and disperse sites, where 

there is little or no engineering o f the site boundary. The leachate and the landfill gas 

produced during the lifetime o f the landfill is released to the surrounding environment. 

The movement of leachate is allowed so that the leachate is diluted, reduced in toxicity 

and dispersed.

In 1980, the introduction o f the EC Groundwater Directive (80/68/EEC) (see Section 

2.2.1.4) caused a reassessment of the dilute and disperse principal.

Silent Valley landfill was designed on the dilute and disperse principal.

2.1.2.2 Engineered “C ontainm ent” Sites

Engineered containment sites developed extensively in the UK since the early 1980s. The 

majority of UK landfills are now designed as containment landfills. A liner material 

contains the leachate within the landfill site boundary. The degradation processes take 

place within the landfill mass until stabilisation is complete. The leachate and landfill gas 

are collected and treated.

Phase II of Silent Valley Landfill will be designed as a containment landfill.
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2.1.2.3 “Flushing B ioreactor” Site

The design and development of the flushing bioreactor landfill site in the UK is driven by 

the strategy o f sustainable waste management. The strategy requires that waste should be 

dealt with by the present generation and not be left for future generations to deal with. 

The aim is to maximise waste degradation by the recirculation o f water and/or leachate in 

order to stabilise waste degradation within one generation (i.e. 30 to 50 years). Although 

several sites within England and Wales operate leachate recirculation, no sites o f this type 

had been constructed by the end o f the 1990s (Environment Agency, 2001).

2.1.3 S ite  S e l e c t io n

Some of the factors that must be considered when siting a landfill include:

1. proximity to waste generators

-  transport costs

2. availability of transportation systems for moving waste to the site

-  transport costs

-  road network

3. available land area

-  site ownership

-  rights of way

-  proximity to property

-  void space available

4. site access

-  road networks

5. site conditions and topography

6. climatic conditions

-  rain

-  wind (on very windy days tipping may not be possible)

7. surface water hydrology
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-  potential for flooding

8. geology and hydrogeology

- geological structure (e.g. folds, faults, fractures)

-  history of mining activity

-  slope stability

-  minerals availability and suitability for use on site (e.g. daily cover)

-  movement and utilisation o f groundwater in the vicinity

9. proximity o f airports

-  bird strike

10. land use

- present and in the future

11. impacts on the local community

-  visual

-  noise

-  odour/air quality

-  traffic

12. ultimate use for completed landfill.

The research reported in this thesis relates to factors 6 to 8 for the Silent Valley landfill in 

the south Wales valleys. The significance o f climatic inputs and geological conditions in 

this unlined landfill are investigated in detail with particular reference to leachate 

management and control.

2.1.4 L a n d f il l  D e sig n  S t a g e s

Landfill design should follow a staged approach, which can be broadly divided into three 

key stages:

• Conceptual stage

The designer will be principally concerned with the feasibility and viability o f the site, 

which will result in a notional model for the development o f the site, giving
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approximate volumes, possible design features and proposals for afteruse and setting 

out the principal aspects for clarification or investigation o f subsequent stages.

• Main design stage

At this stage a detailed site investigation and assessment o f environmental issues 

should be carried out. This should lead to a design for the overall construction, 

operation and restoration of the site.

• Construction design stage

When the site progresses to construction, the main design should be developed into a 

fully documented construction design with sufficient detail, specification and contract 

documentation to permit construction. The construction design is likely to be carried 

out on a number of occasions during the site 's life and should be periodically reviewed 

(DoE, 1995).

Design objectives for a landfill must run consistently through the design, preparation, 

operation, restoration and aftercare stages. Key objectives for all sites include:

• Environmental protection

The requirements of environmental protection should be determined by risk 

assessment.

• Physical acceptability

The site must be acceptable in relation to its former use and in the context o f the 

surrounding land use.

• Longevity

• Appropriateness

The design must be appropriate to the location, waste type, receptors at risk, intended 

method of operation and proposed restoration and afteruse.

• Cost effectiveness
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2 .1 .5  L a n d f i l l  D e s ig n  C o m p o n e n t s

In modem landfill design, the landfill envelope is the most important consideration. It 

encapsulates the waste and isolates it from the surrounding environment. It should 

prevent escape of leachate, limit rainfall infiltration, and handle gas generation. The main 

components of the envelope are the liner system, leachate collection and removal system, 

gas collection and control system, and final cover system (Fig. 2.1).

Gas collection and control system

_ ^  ^  Topsoil

^  Protection layer 
7  ' ■ ^  Drainage layer 

Geomcmbranc 
^  Soil barrier

Gas vcnt/foundation layer

r. \ . '

To gas flare station 
or power plant

Solid waste

Leachate collection system

Primary geomembrane 

Primary soil barrier 

Leak detection system  
Secondary geomembrane

Secondary soil barrier

Figure 2.1 Schematic diagram of a municipal solid waste landfill containment system. 

From Qian et al (2002).
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2.1.5.1 Liner Systems

The liner system is placed on the bottom and up the sides o f the landfill. The selection of 

a liner system is determined on a site specific basis, with the initial selection process 

involving a risk assessment.

The protection of groundwater from unacceptable impact from landfill leachates is one of 

the principal objectives of modem landfills, and is increasingly satisfied by the provision 

of high specification low permeability liners which assist the management o f landfill 

leachate.

The performance objectives for a landfill liner system can be summarised as:

• to control seepage of leachate from the landfill into the environment such that it does 

not cause an unacceptable level o f contamination

• to assist in controlling the migration o f landfill gas such that it does not cause an 

increase in the concentration o f soil gases, over and above background levels, by the 

amounts defined in Waste Management Paper 27 (DoE, 1991)

• to retain consistent performance in its operating environment for the required design 

life and to be compatible with the expected leachate and gas composition and 

temperature

• to assist in the control of any groundwater ingress into the landfill which would cause 

an unmanageable increase in the volume o f leachate generated or unacceptable uplift 

pressures (DoE, 1995).

A liner system should not rely on the provision o f only one level of protection. In some 

circumstances the ground conditions under the site may provide some protection in terms 

of naturally low permeability, or attenuation/dilution of any seepage from the site. The 

level of protection required will be based on risk assessment.

Liner systems should, in addition to the property o f low permeability, be robust, durable, 

and resistant to chemical attack, puncture and rupture.
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A landfill liner system may comprise a combination o f barriers and fluid collection layers, 

plus mineral or synthetic components acting as separation or protection. Landfill liners 

are typically overlain by a leachate collection system (LCS) with appropriate 

separation/protection layer and where necessary can be underlain by a groundwater 

collection system (GCS), again with an appropriate separation/protection layer. The 

drainage layers use either granular materials with geotextiles, or geonets.

Appropriate liner protection must be provided. Mineral liners are susceptible to erosion, 

weathering, desiccation and penetration. Geomembranes are susceptible to puncture and 

stress. A variety of granular materials and geotextiles can be used.

2.7.5.7.7 Single Liner System

The single liner system has a single primary barrier. It is typically only used in low 

vulnerability situations. It is commonly made from clay, bentonite enhanced soil or 

hydraulic asphalt (commonly used in dam construction).

2.7.5.7.2 Composite Liner System

Composite liners generally comprise o f two or more barriers placed in contact with each 

other. It combines the advantages o f two different materials with different physical and 

hydraulic properties. The performance o f these barriers in combination is greater than the 

sum of the individual components.

Typically, a primary geomembrane (flexible membrane line -  FML) is placed above a 

secondary low permeability cohesive mineral barrier. The FML is placed in contact with 

the mineral liner to ensure that any flaws in the geomembrane will not lead to lateral 

migration along the interface between the two components.

Emma C. Paris Cardiff University 13



Chapter 2 - Research Context.

2,1,5.1.3 Double Liner System

The double liner system includes primary and secondary barriers with an intermediate 

high-permeability drainage layer to monitor and remove liquids or gasses from between 

the barriers. In its most basic form, where geomembranes are used for the barriers, the 

double liner system is generally inferior to the composite liner in terms o f performance 

and robustness.

2.1.5.1.4 Multiple Liner System

A multiple liner system represents a combination o f the above. An inter-barrier drainage 

layer allows the monitoring and removal o f any fluids that may seep from the landfill, as 

in the double liner system. A composite liner is used for the primary or secondary barriers 

or both. This system combines the containment ability and robustness of a composite liner 

with the monitoring and recoverability that a double liner system offers.

2.1.5.2 Liner M aterials

Clay (natural and reworked) or bentonite enhanced soils (BES) are commonly used in 

landfill engineering. Five major types o f geosynthetic products that are used in landfill 

engineering are (Qian et al, 2002):

• geomembranes

• geosynthetic clay liners

• geonets

• geotextiles

• geogrids
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2.1.5.2.1 Clay Liners

Where suitable low permeability clay materials are available, either on-site or locally, 

these generally provide the lowest cost lining material. A typical specification is that the 

material should be placed and compacted in layers to form a homogeneous layer with a 

total thickness no less than 1000 mm with a hydraulic conductivity no greater than 

1 x 10'9 m/s (Qian et al, 2002).

Where naturally occurring soils do not contain enough clay to achieve the desired 

permeability, bentonite can be added to improve their permeability. Bentonite enhanced 

soils (BES) work by the swelling o f the bentonite particles on hydration, which forces the 

hydrated bentonite around the soil particles to produce a synthetic clay. The maximum 

coefficient of permeability of BEH is frequently specified as 1 x 10'10 m/s (Qian et a l, 

2002).

2.1.5.2.2 Geomembranes

Geomembranes (also known as flexible membrane liner or FML) are relatively thin sheets 

of flexible thermoplastic or thermoset polymeric materials. They are manufactured and 

prefabricated at a factory and transported to site. They are placed directly on the subgrade 

or another geosynthetic material and seamed.

Geomembranes are made of one or more polymers along with a variety o f other 

ingredients such as carbon black, pigments, fillers, plasticizers, processing aids, 

crosslinking chemicals, antidegradants and biocides. The polymers used include a wide 

range of plastics and rubbers differing in properties such as chemical resistance and tensile 

strength. The polymeric materials may be categorised as follows:

• Semicrystalline thermosplastic

such as high density polyethylene (HDPE), linear low-density polyethylene (LLDPE), 

very low density polyethylene (VLDPE), and flexible polypropylene (fPP)

• Thermoplastics
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such as polyvinyl chloride (PVC)

• Thermoplastic elastomers

such as chlorosulfonated polyethylene (CSPE) (Qian et al, 2002).

The recommended minimum thickness for all geomembranes is 0.75 mm, with the 

exception of HDPE, which should be at least 1.5 mm to allow for extrusion seaming (Qian 

et al, 2002).

For an intact geomembrane the transfer o f moisture across the membrane occurs by 

diffusion and the rates are extremely low. Diffusion values related to permeability values 

range from 0.5 x 10'10 cm/s to 0.5 x 10‘13 cm/s (Qian et al, 2002). This is 103 to 106 times 

lower in permeability than required for a clay liner.

Both HDPE and LLDPE can be made with textured surfaces. They can be made on one or 

both sides of the geomembrane. The textured surface greatly improves slope stability by 

increasing interface friction between the geomembrane and soils, geotextiles and other 

geosynthetics. HDPE is the most widely used geomembrane in waste management. It is 

the most chemically resistant of all geomembranes, has a very low permeability, has 

excellent resistance to ultraviolet degradation and is available in many thicknesses and as 

smooth and textured styles. It can be used for landfill liners (primary and secondary), 

landfill caps, lagoon liners, wastewater treatment facilities etc.

2,1.5.23 Geosynthetic Clay Liners

Geosynthetic clay liners (GCL) are a combination o f bentonite with geotextiles. At 

present there are four types:

1. Geotextile-encased, adhesive-bonded GCL (Fig. 2.2a)

A non-reinforced GCL with two light woven or nonwoven geotextiles encapsulating a 

bentonite layer.

2. Geotextile-encased, stitch-bonded GCL (Fig. 2.2b)
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A layer of bentonite is encapsulated between two woven or nonwoven geotextiles that 

are stitched together with parallel rows o f stitches. The stitch-bonding o f the 

encapsulating geotextiles increases the internal strength.

3. Geotextile-encased, needle-punched GCL (Fig. 2.2c)

A layer of bentonite is encapsulated between two woven or nonwoven geotextiles that 

are needle-punched together. The internal matrix o f bentonite and needle-punched 

fibres provides high internal shear strength.

4. Geomembrane-supported, adhesive-bonded GCL (Fig. 2.2d)

This is a bentonite-geomembrane composite GCL. The geomembrane can be any type 

(usually HDPE or LLDPE), o f any thickness, and either rough or textured. It can be 

installed with the geomembrane side facing up or down.

Geosynthetic clay liners are manufactured in continuous sheets. They are installed by 

unrolling and overlapping the edges, which self-seal when the bentonite hydrates.
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Figure 2.2 Four types of geosynthetic clay liner. After Qian et al (2002).

2.1.5.2.4 Geo textile, Geo nets & Geogrids

Geotextiles consist of polymeric fibres made into woven or unwowen textile sheets. The 

primary functions of geotextiles are separation, reinforcement, filtration, and drainage.

Geonets are formed from polyethylene and are unitised sets of repeating parallel ribs 

positioned in layers such that liquid can be transmitted within their open spaces. Geonets 

are used almost exclusively for their drainage capability. They are always covered with a 

geomembrane or geotextile on their upper and lower surfaces because if they were in
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direct contact with the soil, soil particles would fill the apertures of the geonet rendering it 

useless.

Geogrids are net-shaped synthetic polymer-coated fibres that are used in reinforcement.

2.1.5.3 Leachate Collection and R em oval System

A leachate collection and removal system is used to collect the leachate produced in a 

landfill, to prevent the buildup o f leachate head on the liner, and to drain leachate to a 

wastewater treatment plant, sewer or leachate storage tank.

A typical leachate collection and removal system consists o f a leachate filter and drainage 

layer, a perforated collection pipe network, sumps, riser pipes or manholes, cleanout ports, 

pumps, and leachate storage tanks.

In order to avoid the build-up o f leachate at the bottom of the landfill, the base o f the 

landfill should be graded so that the leachate can flow under gravity to low points for 

collection.

2.1.5.4 Gas Collection and C ontrol System

The gas collection and control system is used to collect the landfill gas, which can either 

be used to produce energy or flared under controlled conditions. There are different 

systems that can be used to collect landfill gas:

• Passive gas collection system

• Active gas collection system

Passive gas collection systems allow gas to be released without the use of mechanical 

devices. Trenches and perforated pipes can be used to intercept the migration o f gas
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through the soil and vent it to the atmosphere. Passive gas collection systems are 

relatively inexpensive and require little maintenance. However, due to the shallow 

construction of these vents, the effectiveness o f the vent for collecting gas is limited.

Most active gas collection systems use negative pressure and apply a vacuum to pull gas 

out of the landfill via vertical extraction wells, horizontal extraction trenches, or venting 

layer beneath the cover barrier system. The gas collected must be treated before releasing 

to the atmosphere and this is commonly done through gas flaring or gas processing and 

energy recovery.

2.1.5.5 Final Cover System

The capping system is the final component in the construction o f the landform, comprising 

of engineering and restoration layers.

The objectives of the engineering cap are to:

• contain the wastes

• manage leachate production by controlling the ingress o f rain and surface water into 

the underlying waste

• prevent uncontrolled escape o f landfill gas or the entry o f air into the wastes

• provide protection for the emplaced wastes

• accommodate the environmental control measures (DoE, 1995).

The objective of the restoration layers is to enable the planned afteruse o f the site.

The usual components within a final cover system are the surface or erosion control layer, 

protection layer, drainage layer, hydraulic barrier layer, gas collection layer (as required) 

and foundation layer (Fig. 2.3).
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Figure 2.3 Typical layers o f  final cover systems for municipal solid waste (not to 

scale). After Qian et al (2002).

2. /.5.5.1 Surface Layer

Topsoil is commonly used for the surface layer. When vegetated it helps minimise 

erosion and promote transpiration o f water back to the atmosphere. Vegetation also 

creates a leaf cover above the soil to reduce rainfall impact and decrease wind velocity on 

the soil surface. The minimum thickness o f  soil used is 150 mm.

2.1.5.5.2 Protection Layer

The protection layer lies directly beneath the surface layer, and in some cases is combined 

with it into a single “cover soil”. Locally available soil is most commonly used. The 

protection layer serves one or more o f the following functions:

Emma C. Paris Cardiff University 21



Chapter 2 - Research Context.

• store water that has infiltrated into the cover until it is later removed by 

evapotranspiration

• physically separate the underlying drainage and barrier layer components and buried 

waste from burrowing animals and plant roots

• minimise the possibility o f human intrusion into the contaminated material

• protect underlying layers from excessive wetting/drying (which could cause cracking 

of fine-grained soils)

• protect underlying layers in the surface barrier from freezing (which could cause frost 

heave of underlying soils or cracking o f fine-grained soils) (Koemer & Daniel, 1997).

The required thickness o f the protection layer depends on what is to be protected and how

much protection is needed.

2.7.5.5.3 Drainage Layer

Water that penetrates through the cover soil may be removed from the cover system using 

a drainage layer. It serves three principal functions:

• reduces head of liquid on the underlying barrier layer, thereby minimising the amount 

of water percolation into underlying layers, waste, or contaminated soil

• drains water from the overlying soil, allowing it to absorb and retain additional water

• eliminates pore water pressures at the interface to the underlying barrier layer (Koemer 

& Daniel, 1997).

The materials used in a drainage layer are sand or gravel, or geosynthetic materials. If 

constructed using granular materials, the layer should have a minimum thickness of 

300 mm. Whether constructed out o f granular or geosynthetic materials, the hydraulic 

conductivity of the drainage material should be no less than 1 x 10’2 cm/sec (hydraulic 

transmissivity no less than 3 x 10'5 m2/sec) at time o f installation (Koemer & Daniel, 

1997).

The drainage layer should be designed, constructed, and operated to function without 

excessive clogging over the lifetime o f the facility.
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2. /. 5.5.¥ Hydraulic/Gas Barrier Layer

The barrier layer is generally viewed as the most critical component o f an engineered final 

cover system. It minimises percolation o f water through the cover system directly by 

blocking water and indirectly by promoting storage or drainage of water in the overlying 

layers, where water is eventually removed by runoff, evapotranspiration, or internal 

drainage. The barrier layer also prevents landfill gases from escaping into the atmosphere, 

forcing it to migrate beneath it and so the barrier layer must be used in conjunction with an 

effective landfill gas venting or collection system to control lateral gas migration.

Site-specific and waste-specific conditions dictate the type and configuration o f materials 

used as a barrier layer. The main materials used are:

• geomembranes (GMs)

• geosynthetic clay liners (GCLs)

• compacted clay liners (CCLs).

2.1.5.5.5 Gas Collection Layer

The gas collection layer may be constructed of sand, gravel, geonet, geotextile, 

geocomposite, or other gas-transmitting material. If natural soils are used, the layer 

should be a minimum of 300 mm thick. Gas is captured and flows into periodically- 

spaced collection pipes or vents. More details are given in section 2.1.5.4.

2.7.5.5.6 Foundation Layer

Depending on the type of waste being covered, the foundation layer can be the last lift o f 

daily soil cover, a temporary soil cover, or a previously placed soil cover which does not 

meet regulatory standards.
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2 .1 .6  L a n d f i l l  M o n i t o r i n g

Monitoring is a long-term commitment accompanying the development, operation and

post-closure management of a landfill. Reasons for monitoring a landfill are:

• to meet the requirements o f legislation

• to demonstrate that the landfill is performing as designed

• to provide reassurance that leachate controls are preventing pollution o f the 

environment (by reference to a pre-established baseline)

• to indicate where further investigation is required and, where risks are unacceptable, 

the need for measures to prevent, reduce or remove pollution by leachate

• to identify where a site no longer presents a significant risk o f pollution or harm to 

human health (to enable an application for surrender o f a landfill permit).

Guidance on monitoring can be found in:

• Waste Management Papers (WMP) published by the Department of the Environment

-  WMP 4 Licensing o f Waste Management Facilities, 1994

-  WMP 26A Landfill Completion, 1998

-  WMP 26B Landfill Design, Construction and Operational Practice (DoE, 1995)

-  WMP 26D Landfill Monitoring, 1996

-  WMP 27 Monitoring o f Landfill Gas (DoE, 1991)

• Environment Agency documents

-  Regulation 15 Guidance, 1999

-  National Sampling Procedures Manual, 1998

-  Guidance on Monitoring o f Landfill Leachate, Groundwater and Surface Water, 

2001 (EA, 2001)

• National and international standards

-  Standing Committee of Analysts, 1996

-  ISO 5667: Water Quality Sampling
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2.1.6.1 Leachate, G roundw ater and Surface W ater M onitoring

All water monitoring should be fit for the purpose o f detecting any significant leakage or 

overspill o f leachate. Effective water monitoring will provide early warning of water 

pollution and should allow corrective action to be taken in good time.

Monitoring of leachate, groundwater and surface water in undertaken to:

• define baseline water quality and physical conditions in surrounding groundwater and 

surface water

• allow assessment of compliance with site licence conditions

• provide confirmation that landfill engineering measures are controlling leachate as 

designed

• provide information about the processes occurring within the landfill site

• provide information on the state and rate of stabilisation o f the waste body for

comparison to the design lifetime of containment and monitoring systems

• provide an early warning o f any departure from design conditions

• provide an early warning o f breach of regulatory standards

• provide information to enable decisions on the management o f the site to be taken

• to provide information to support an application for the certificate o f completion

(Environment Agency, 2001).

Typically the leachate level in a landfill site is measured once a week. Chemical analysis 

of the leachate composition is typically done monthly. A typical suite o f determinands 

would include (North West Waste Disposal Officers, 1991):

pH • Conductivity

COD and or BOD/TOC • Ammonia

Chloride • Nitrate

Nitrite • Sulphate

Sulphide • Cadmium

Chromium • Copper

Lead • Nickel

Zinc
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The actual suite of determinands should be tailored to address the working controls and 

risks posed by the individual site. The leachate monitoring at Silent Valley will be 

discussed in Chapter 6.

2.1.6.2 Landfill Gas M onitoring

A monitoring programme's aim is to provide information to assess whether gas generation 

from wastes is likely to give rise to risk to public health or the environment, or a nuisance.

For sites without control measures, monitoring should be targeted at measuring for 

changes in gas evolution and migration patterns.

The frequency of monitoring required will be site specific, and will depend on:

• the age of the site

• the type and mix of waste

• the possible hazard or nuisance from gas escaping from the site

• the results of previous monitoring

• the control measures that have been or are to be installed

• the development surrounding the site

• the geology.

Site monitoring frequencies should be varied under certain conditions. They should be 

increased when:

• increases in gas quantity or changes in gas quality are found during routine off-site 

monitoring

• control systems are changed by landfill operations

• capping of part or all of the site takes place

• pumping of leachate ceases or starts or leachate levels rise within the wastes

• variations in weather occur when gas migration pathways can be changed significantly 

(eg when ground freezing is widespread)

• building development on or adjacent to the site takes place. Additional monitoring 

points may also be necessary if this occurs.
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Waste Management Paper No. 27 (DoE, 1991) recommends that monitoring should 

continue until:

• the maximum concentration o f flammable gas from biodegradation within the landfill 

remains less than 1% by volume (20/5 LEL) and the concentration of carbon dioxide 

from biodegradation within the landfill site remains less then 1.5% by volume 

measured in any monitoring point within the wastes over a 24 month period taken on 

at least four separate occasions, including two occasions when atmospheric pressure 

was falling and was below 1000 mb

• an examination of the waste using an appropriate statistical sampling method provides 

a 95% level of confidence that the biodegradable matter has been used up.

The monitoring strategy should be kept under regular review and subject to specialist 

appraisal. Waste Management Paper No. 27 (DoE, 1991) recommends that the interval o f 

such assessment should not exceed 12 months.
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2.2 R e v ie w  o f  L a n d f il l  R e g u l a t i o n

The UK's legislative regime concerning waste has evolved over many years. As a result, 

there are numerous Acts of Parliament that set out a regulatory system for waste 

management in the UK.

2.2.1 L e g a l  F r a m e w o r k

2.2.1.1 Control o f Pollution A ct 1974

The Control of Pollution Act 1974 (COPA 1974) covered waste on land (Part I), the 

pollution of water (Part II), noise (Part III), and pollution o f the atmosphere (Part IV).

Part I (waste on land) of the Act introduced a system of licensing under which a waste 

disposal licence was required from the waste disposal authority (WDA) for the deposit o f 

household, industrial or commercial waste, referred to generically as “controlled waste” .

2.2.1.2 Fram ework Directive on W aste

The Framework Directive on Waste 75/442 (later amended by Directive 91/156/EEC) 

established a general framework of controls for waste management. In accordance with 

the EC’s general policies, it aimed to encourage the recovery of waste and its management 

at the point of production. The Directive also requires Member States o f the EU to 

produce a National Waste Strategy setting out their policies on the disposal and recovery 

of waste.
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2.2.1.3 Dangerous Substances D irective (76/464/E E C )

The Directive covered discharges to inland surface waters, territorial waters, inland coastal 

waters and ground water.

The Directive was the response to the need for general and simultaneous action by the 

Member States to protect the aquatic environment o f the Community from pollution, 

particularly that caused by certain persistent, toxic and bioaccumulable substances. Two 

lists of substances, List I and List II, were established and listed in the Annex (see Section 

2.2.3.1).

2.2.1.4 G roundwater D irective (80/68/E E C )

In 1980 the protection of groundwater was taken out o f 76/464/EEC to be regulated under 

the separate Council Directive 80/68/EEC (Groundwater Directive) on the protection o f 

groundwater against pollution caused by certain dangerous substances.

Transposition of the EC Groundwater Directive (80/68/EEC) was completed by the 

Groundwater Regulations 1998 (SI 1998 No. 2746) in England, Wales and Scotland.

2.2.1.5 Town and Country P lanning A ct 1990

The Town and Country Planning Act 1990 requires that all development, operational or a 

material change of use, requires planning permission.
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2.2.1.6 Environm ental Protection A ct 1990

The Environmental Protection Act seeks "to re-enact the provisions o f  the Control o f  

Pollution Act 1974 relating to waste on land with modifications as respects the functions 

o f the regulatory and other authorities concerned in the collection and disposal o f  waste 

and to make further provision in relation to such waste

Part I of the Environmental Protection Act (EPA) 1990 deals with Integrated Pollution 

Control (IPC) and Local Air Pollution Control (LAPC).

Part II (waste on land) o f the Environmental Protection Act (EPA) 1990 deals with:

• duty of care

• waste management licences

• collection, disposal or treatment o f controlled waste

• Special waste and non-control led waste

• Publicity

• Supervision and enforcement

Virtually all of Part I o f COPA 1974 was repealed and replaced by Part II o f EAP 1990. 

The waste on land provisions o f Part II o f EPA were brought into force progressively 

between 1991 and 1994.

The powers for a waste disposal authority to undertake waste disposal through its own 

operational landfill and other sites were removed by section 32 of EPA 1990.

The main changes by EAP 1990 to COPA 1974 were:

• The separation of regulatory and operational functions o f the waste disposal 

authorities

• The extension of control to all types o f handling o f waste

• The imposition of a duty o f care on all persons who produce, handle or dispose o f 

waste

• Tighter control on transfer and surrender o f licences

• The imposition of fees for applications for, and the subsistence o f licences

• A requirement that a licence holder should be “fit and proper”.
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2.2.1.7 W ater Resources A ct 1991

Under the Water Resources Act 1991, the Environment Agency has the duty to monitor 

and protect controlled waters. Section 85 says that it is an offence to cause or knowingly 

permit pollution of controlled waters without appropriate authorisation. Section 88(1 )(c) 

provides a defence if the discharge is made as a result o f compliance with a waste 

management or disposal licence.

2.2.1.8 W aste M anagem ent L icensing R egulations 1994

The Waste Management Licensing Regulations 1994 (SI 1994 No. 1056) bring into force 

the waste management licensing system under Part II o f the Environmental Protection Act 

1990. It also implements the Framework Directive on Waste (91/156/EEC) by requiring 

that Waste Regulation Authorities take the Directive into account when drawing up their 

waste management plans.

2.2.1.9 Environm ent Act 1995

The Environment Act 1995 provides “fo r  the establishment o f  a body corporate to be 

known as the Environment Agency and a body corporate to be known as the Scottish 

Environment Protection Agency; to provide fo r  the transfer o f  functions, property, rights 

and liabilities to those bodies and fo r  the conferring o f  other functions on them

The main provisions of the Environment Act 1995 are as follows:

• The creation of Environment Agencies

• The new contaminated land regime

• Protection of the Aquatic Environment

• Air quality management

• Producer responsibility
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Part I of the Act sets up two new Environmental Agencies namely the Environment 

Agency (EA) (England and Wales), and the Scottish Environment Protection Agency 

(SEPA). The agencies encompass:

• The National Rivers Authority (England and Wales)

• The River Purification Authority (Scotland)

• The Waste Regulation Authorities

• Her Majesties Inspectorate o f Pollution

The new contaminated land regime (Section 57) amends Part II o f the Environmental 

Protection Act 1990 by introducing new provisions as regards contaminated land.

Section 93 of the Environment Act 1995 provides for the introduction of Regulation to 

impose obligations on the producers o f materials or products to recycle, recover or re-use 

those products or materials.

2.2.1.10 Special W aste R egulations 1996

The Special Waste Regulations 1996 (SI 1996 No. 9727) came into force on 1 September 

1996. The regulations were primarily introduced in order to transpose the Hazardous 

Waste Directive (91/689/EEC) into British law.

2.2.1.11 Landfill Tax R egulations 1996

The landfill tax became effective on 1 st October 1996 and is levied on waste deposited in 

landfills. The objectives of the tax are to encourage waste producers to minimise the 

volume of waste generated, reduce the amount deposited in landfills and to encourage 

recycling.

Emma C. Paris Cardiff University 32



Chapter 2 - Research Context.

Landfill operators are liable for the tax on all consignments o f wastes accepted for landfill 

disposal. All landfill operators will add the cost o f the tax on to any waste disposal 

charges to be paid by the customers or taxpayers.

Levies of £7 per tonne were introduced for active waste and £2 per tonne for inactive 

waste. The standard rate for active waste was raised to £10 per tonne from April 1999. In 

the March 1999 budget, the Chancellor announced that the standard rate would be subject 

to a landfill tax escalator o f £1 per tonne per year for at least five years, reaching £15 per 

tonne in 2004. In the 2003 Budget the Government announced that the rate would 

increase to £18 per tonne in 2005-06 and by at least £3 per tonne in the years thereafter on 

the way to a medium-to-long-term rate o f £35 per tonne. The lower rate, which applies to 

inactive waste disposed o f to landfill, remains at £2 per tonne.

The tax is collected by HM Customs & Excise on a quarterly basis, but one fifth of the tax 

value may be reclaimed and donated to Environmental Bodies for projects satisfying set 

objectives. The scheme is overseen by ENTRUST.

2.2.1.12 Integrated Pollution Prevention and Control

The Integrated Pollution Prevention and Control (IPPC) Directive is about minimising 

pollution from various point sources throughout the European Union. All installations 

covered by Annex I of the Directive are required to obtain an authorisation (permit) from 

the authorities in the EU countries. Unless they have a permit, they are not allowed to 

operate. The permits must be based on the concept o f Best Available Techniques (BAT), 

which is defined in Article 2 of the Directive.

The fifteen EU Member States had until the end o f October 1999 to adjust their national 

legislation in line with the Directive. As from October 1999 the Directive applies to all 

new installations, as well as existing installations that intend to carry out changes that may 

have significant negative effects on human beings or the environment. As mentioned
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above, the Directive does not immediately apply to other existing installations. These have 

been granted an additional 8 years o f grace.

The IPPC Directive is designed to prevent, reduce and eliminate pollution at source 

through the efficient use of natural resources. It is intended to help industrial operators 

move towards greater environmental sustainability.

2.2.1.13 Pollution Prevention and C ontrol (PPC)

The Pollution Prevention and Control Act 1999 and the subsequent Pollution Prevention 

Control (England and Wales) Regulations 2000 provide the replacement o f Part 1 o f the 

Environmental Protection Act 1990.

The Pollution Prevention and Control (PPC) Regulations 2000 are the UK enactment o f 

the European Commission Directive 96/61 o f Integrated Pollution Prevention and Control 

(IPPC), and the successor to the old Integrated Pollution Control (IPC) regulations.

2.2.1.14 Landfill Directive (99/31/EC )

The EC Landfill Directive (99/31/EC) was adopted in July 1999 and should have been 

implemented by 16 July 2001. The Directive aims “by way o f  stringent operational and  

technical requirements on the waste and landfills, to provide fo r  measures, procedures 

and guidance to prevent or reduce as fa r  as possible negative effects on the environment, 

.... as well as any resulting risk to human health, from  landfilling o f  waste, during the 

whole life-cycle o f  the landfill” (Article 1).

The Directive requires that all landfills are classed as one o f the following:

• landfill for hazardous waste
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'hazardous waste ’ means any waste which is covered by Article 1(4) o f  Council 

Directive 91/689/EEC (Article 2, paragraph (c)).

The list identifying hazardous wastes is called the Hazardous Waste List (HWL) 

and is subject to constant review. The latest HWL is dictated by European 

Directive 2000/532/EC.

• landfill for non-hazardous waste

‘non-hazardous waste means waste which is not covered by [Article 2] paragraph

(c) (Article 2, paragraph (d)).

• landfill for inert waste. (Article 4)

'inert waste ’ means waste that does not undergo any significant physical, chemical 

or biological transformations. Inert waste will not dissolve, burn or otherwise 

physically or chemically react, biodegrade or adversely affect other matter with 

which it comes into contact in a way likely to give rise to environmental pollution  

or harm to human health. The total leachability and pollutant content o f  the waste 

and the ecotoxicity o f  the leachate must be insignificant and, in particular, do not 

endanger the quality or any surface water and/ or groundwater. (Article 2, 

paragraph (e))

It also states that the following wastes will not be accepted in a landfill:

• liquid waste;

• waste which is explosive, corrosive, oxidising, highly flammable or flammable;

• hospital or other clinical waste or infectious waste

• whole tyres (from 2003) and shredded tyres (from 2006)

• any other type of waste which does not fulfil the acceptance criteria determined in 

accordance with Annex II (Article 5).

Article 5 states that Member States shall set up a national strategy for the implementation 

of the reduction of biodegradable waste going to landfill by means o f in particular, 

recycling, composting, biogas production or materials/energy recovery. The strategy must 

ensure that:

• by 2006 the amount of biodegradable municipal waste going to landfill must be 

reduced to 75% of the total amount (by weight) o f biodegradable waste produced 

in 1995;
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• by 2009 the amount of biodegradable municipal waste going to landfill must be 

reduced to 50% of the total amount (by weight) o f biodegradable waste produced 

in 1995;

• by 2016 the amount of biodegradable municipal waste going to landfill must be 

reduced to 35% of the total amount (by weight) o f biodegradable waste produced 

in 1995;

Member States that in 1995 put more than 80% of their collected municipal waste to 

landfill can postpone the attainment o f the above targets by a period not exceeding four 

years. Because the UK is so dependent on landfill, it has been allowed the extra four years 

to meet the targets, giving the UK targets to reduce the biodegradable municipal waste 

going to landfill to:

• 75% of biodegradable waste produced in 1995 by 2010;

• 50% of biodegradable waste produced in 1995 by 2013;

• 35% of biodegradable waste produced in 1995 by 2020.

Article 6 specifies that:

• only waste that has been treated to reduce the quantity o f the waste or the hazards 

to human health or the environment may be landfilled;

• only hazardous waste that fulfils the criteria set out in accordance with Annex II 

can be assigned to a hazardous landfill;

• landfill o f non-hazardous waste may be used for:

-  municipal waste;

-  non-hazardous waste in accordance with criteria set out in Annex II;

-  stable, non-reactive hazardous wastes (e.g. solidifies, vitrified) which fulfil 

criteria in Annex II.

• inert waste landfill sites shall be used only for inert waste.

The Directive also covers landfill permits, waste acceptance procedures, control and 

monitoring procedures in the operational phase, closure and after-care procedures, 

procedures for existing landfills and the functions and activities o f a Committee.

Annex I lays down general requirements for all classes o f landfills covering:
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• location;

• water control and leachate management;

• protection of soil and water;

• gas control;

• nuisances and hazards;

• stability;

• barriers.

Annex II covers waste acceptance criteria and procedures. It describes:

• general principals for acceptance o f  waste at various types of landfills;

• the general characterisation and testing o f waste procedures based on a three-level

hierarchy;

• guidelines for the acceptance o f waste at the three major classes of landfill;

• sampling o f waste.

Annex III outlines the control and monitoring procedures in operation and after-care 

phases. It details the:

• collection o f meteorological data;

• monitoring leachate, surface water and gas;

• protection of groundwater through sampling, monitoring and setting trigger levels;

• landfill body topography.

2.2.1.15 Landfill (England and W ales) R egulations 2002

The Landfill Directive (99/31 /EC) was adopted by the European Union in 1999 and was 

brought into force in the UK on 15 June 2002 as the Landfill (England and Wales) 

Regulations 2002.

Landfill sites “closed” before 16 July 2001 are not affected by the Landfill Regulations 

and can continue to be subject to their licence until the Environment Agency accepts its
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surrender under Part II o f the EPA 1990. Sites closed between 16 July 2001 and 16 July 

2002 will need to meet the Landfill Regulation requirements on closure.

All new landfill sites (permitted after 16 July 2001) must comply with the full 

requirements of the Landfill Directive.

Existing landfills (granted a permit before July 2001) that wished to continue operating 

after 16 July 2002 were required to submit a “Conditioning Plan” to the Environment 

Agency by 16 July 2002. This set out how the landfill intended to comply with the 

Regulations. The site would have decided whether it was going to operate as a hazardous, 

non-hazardous or inert site. Following submission, the plans were assessed and prioritised 

against a standard set of criteria by the Environment Agency’s Conditioning Plan 

Assessment Centre. Once the Environment Agency had assessed the plans it informed 

operators of the date (between 2003 and 2006) by which they need to apply for a PPC 

permit. These sites have a transitional period within which to comply with the 

requirements o f the Directive, with the precise timing depending upon the agreed 

conditioning plan. Full compliance with the regulations must be by 31 March 2007 

(Schedule 4).

2.2 .2  E n v i r o n m e n t  A g e n c y

The Environment Agency took over responsibility, in England and Wales, o f waste 

management administration from the waste regulation authorities in April 1996. The 

Scottish Environment Protection Agency (SEPA) took responsibility for Scotland. The 

Environment Agency has responsibility for the main regulatory functions in relation to 

waste management including the administration, supervision and enforcement o f licensed 

activities. It is also responsible for the system o f licensing waste carriers, special waste 

provisions, and the operation and enforcement o f the duty o f care.
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2 .2 .3  C o n s e n t e d  D i s c h a r g e s  f r o m  L a n d f i l l  S i t e s

The discharge to controlled waters o f potentially polluting waters from landfill operations 

should be controlled by the terms o f a discharge consent or other authorisation issued by 

the Environment Agency under the Water Resources Act 1991. All discharges are 

evaluated in relation to the quality o f the effluent and receiving water.

2.2.3.1 List I and II Substances

“List I” substances were selected mainly on the basis of their toxicity, persistence, and 

bioaccumulation, with the exception o f those which are biologically harmless or which are 

rapidly converted into substances which are biologically harmless.

“List II” substances have a deleterious effect on the aquatic environment, which can, 

however, be confined to a given area and which depend on the characteristics and location 

of the water into which they are discharged.

The Dangerous Substances Directive stated that pollution through the discharge o f the 

various dangerous substances within List I must be eliminated, and that it is necessary to 

reduce water pollution caused by the substances within List II. Any discharge o f these 

substances should be subject to prior authorisation which specifies emission standards.

Under the Groundwater Directive, implemented by Regulation 15, List I substances 

should not be discharged directly to the saturated zone, and the release o f List II 

substances should be controlled so that there is no pollution to groundwater. Similar 

controls on discharges to surface waters are provided for within the EC Dangerous 

Substances Directive for List I (“Black List”) and List II (“Grey List”) substances.
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2.2.3.2 D ischarge to Sew er

The discharge o f leachate to foul sewer requires authorisation by way o f a Trade Effluent 

Consent or Agreement. The appropriate water utility may grant these. Discharges o f 

specific “Red List” substances to sewer can not be authorised without prior approval of 

the Environment Agency. Most “Red List” substances are also List I substances.

Silent Valley landfill has a consent to discharge to foul sewer. The leachate is then treated 

by Welsh Water.

2 .2 .4  In t e r n a t i o n a l  C o n t e x t

In the United States, under the Resource Conservation and Recovery Act (RCRA), 

landfills that accept MSW are primarily regulated by state, tribal, and local governments. 

The Environmental Protection Agency (EPA), however, has established national standards 

that these landfills must meet in order to stay open. EPA regulates how hazardous wastes 

are managed and disposed under a program known as the Land Disposal Restrictions 

(LDR) program. The number of landfills in the United States is steadily decreasing with 

numbers falling from 8,000 in 1988 to 1,767 in 2002 (figures from EAP website 

http://www.epa.gov/epaoswer/non-hw/muncpl/facts.htm). The capacity, however, has 

remained relatively constant with new landfills much larger than those in the past.

In both the United States and European Union current legislation demands that landfill 

sites are engineered to minimise ingress or egress o f groundwater and leachate. The 

precise engineering strategy may vary, but increasingly landfill sites are isolated from the 

surrounding environment by artificial barriers, lining systems and caps. However, in 

many countries there remains a large number of residual unlined landfills with the 

potential to generate leachate for many decades to come. The case study presented in this 

dissertation provides a detailed analysis o f leachate generation in a still active unlined 

landfill and develops methodologies to model leachate quality and volume. It is hoped
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that methodologies and approaches developed here may be adopted elsewhere in order that 

the potential environmental effects o f unlined landfills (active and closed) may be better 

predicted and understood.
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2.3 L a n d f il l s  in  W a l e s

In 2000 the Environment Agency produced ten Strategic Waste Management Assessment 

(SWMA) reports, with nine covering the planning regions of England and a single report 

for Wales. The Strategic Waste Management Assessment reports provide local 

information about the amounts and types o f wastes produced and how that waste is 

managed. The following information in this section comes from this report.

The report divides Wales into seven sub-regions (Fig. 2.4) because some of the key 

datasets cannot be broken down to local authority level with sufficient confidence. 

Blaenau Gwent is in sub-region South Wales-East.

North West Wales 
Ynys Mon 
Gwynedd 
Conwy
North East Wales
Denbighshire
Flintshire
Wtexham
Mid Wales
Powys
Cerdlglan
South Wales-West
Swansea
Neath & Port Talbot 
South W ales-Central 
Bhdgend
\fale of Glamorgan 
Rhonda Cynon TalT 
Cardiff
South Wales-East 
Merthyr Tydfil 
Caerphilly 
Blaenau Gwent 
Torfaen
Monmouthshire
Newport
South West Wales
Pembrokeshire
Carmarthenshire

N orth  W est 
Wales

N orth  East 
Wales

M id-W ales

South W est Wales

South  W ales 
- W est

South 'W ales 
- E ast

S ou th  W ales 
- Central

Figure 2.4 Map showing how data from unitary authorities have been grouped together 

into seven sub-regions for Wales. From Environment Agency (2000).
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2.3.1 W a s t e  M a n a g e m e n t  F a c i l i t i e s

As of March 1999 there were 351 licensed waste management facilities operating in 

Wales (Table 2.1). Half of these are located in the three sub-regions in south Wales. 

Excluding the 63 civic amenity sites, the remaining facilities are divided almost equally 

between landfills, treatment plants and transfer stations. Three quarters o f the treatment 

facilities are metal recycling sites, the remainder are physical/chemical and biological 

treatment sites. More than half the open-gate landfill sites receive only inert and 

construction and demolition wastes and only nine are licensed for any special wastes other 

than asbestos.

Landfills Treatment Transfer
Stations

Civic
Amenity

Sites
TOTAL

North West Wales 15 3 9 12 39

North East Wales 11 15 27 14 67

Mid Wales 10 1 5 5 21

South West Wales 17 9 8 11 45

South Wales-West 12 10 14 13 49

South Wales-Central 14 9 17 19 59

South Wales-East 19 16 16 20 71

TOTAL 98 63 96 94 351

Table 2.1 Summary o f licensed waste management facilities operating in Wales in 

March 1999. After Environment Agency (2000).

Around 16% of the waste managed in Wales received treatment o f some sort. More than 

80% of this originated from commerce or industry. Some o f the waste which is being 

treated will be recovered for re-use or recycling but much of it goes on to final disposal at 

a landfill site after treatment. 1 million tonnes o f waste was handled by licensed waste 

transfer facilities. Around a quarter o f the municipal, industrial and commercial, and 

special wastes which were consigned to landfill was subject to transfer before disposal (on 

the assumption that imports/exports o f such waste to and from Wales are negligible).
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2.3 .2  W a s t e  D i s p o s a l

Some 7.0 million tonnes of waste were handled, treated or disposed o f at licensed waste 

management sites in Wales in 1998-99. The 1998-99 dataset is the most up-to-date 

complete information available at present. O f the 4.4 million tonnes that were landfilled 

approximately 25% (1 million tonnes) was classified as inert and construction/demolition 

waste, 35% (1.5 million tonnes) as industrial and commercial waste and 35% (1.5 million 

tonnes) as municipal waste. Special waste accounted for 5% (0.2 million tonnes) o f waste 

disposed to landfill in Wales.

The waste stream received at Silent Valley will be discussed in Section 3.6.4.1.

2.3.3 W a s t e  P r o d u c t i o n

2.3.3.1 M unicipal Solid W aste

Municipal waste typically accounts for 15% of the ‘controlled’ waste produced in an area. 

In Wales, around 955,700 tonnes (about two-thirds) o f the municipal waste produced is 

collected from households by the local authority refuse collection, and 230,200 tonnes 

(about 16%) is taken by the public to civic amenity sites (Table 2.2). Other household 

collections, such as bulky waste, green waste, or a separate collection o f recyclables 

amounts to 69,500 tonnes (around 5% o f total).

In Wales 95% of all municipal solid waste goes to landfill, with around 5% going for 

recycling. No municipal waste is moved to England for disposal.
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Sub-region

Collections

Refuse
Collection
Vehicles

Other
Household

Civic
Amenity

Non
Household TOTAL

North West Wales 108.6 15.8 11.2 13.0 148.6
North East Wales 110.8 6.7 50.7 17.7 185.9
Mid Wales 61.6 2.1 6.5 15.2 85.4

South West Wales 89.9 2.0 28.1 12.4 132.4
South Wales-West 112.6 5.5 34.1 47.5 199.7

South Wales-Central 270.6 20.1 50.3 36.1 377.1

South Wales-East 201.6 17.3 49.3 78.4 346.6

TOTAL 955.7 69.5 230.2 220.3 1475.7

Table 2.2 Amount (000s tonnes) and collection method of municipal solid waste 

produced in Wales. After Environment Agency (2000).

2.3.3.2 Industrial and C om m ercial W aste

Wales produced around 6 million tonnes o f industrial and commercial waste in 1998/99 

(Table 2.3). More than 80% came from industrial activities and less than 20% was 

produced by the commercial sector.

The proportion of waste produced by the industrial sector is higher than the national 

average because of the very large tonnage o f minerals waste and residues (2.6 million 

tonnes; 53% of all the waste produced by industry in Wales) produced in the iron and steel 

and electricity generating industries. Around 11.5% of the region’s industrial waste is 

classified as ‘general industrial’, and a further 7.5% is classed as ‘other general and 

biodegradable’. ‘Metals and scrap equipment’ and ‘chemical and other’ wastes together 

account for around 15%, while ‘paper and card’ accounts for 3%, and ‘food’ just over 2%. 

‘Inert’ and ‘construction and demolition’ each account for around 2.6%.
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The commercial sector produces less than 20% of the region’s waste and its waste is much 

less varied, more than 75% being reported as ‘general commercial’. Most of the 

remainder (around 9.5%) is ‘paper & card’ and ‘other general and biodegradable’ waste at 

7%.

Waste Type Industry Commerce TOTAL % England 
& Wales

Inert/C&D 129 9 138 5.8%

Paper & card 150 106 256 4.9%

Food 105 18 123 4.8%

General industrial & commercial 572 853 1,425 5.0%

Other general & biodegradable 370 80 450 5.1%

Metals & scrap equipment 393 22 415 8.7%

Contaminated general 198 33 231 5.8%

Mineral wastes & residues 2,654 1 2,655 20.7%

Chemical & other 418 19 437 7.4%

TOTAL 4,989 1,141 6,130 8.2%

Table 2.3 Amount (000s tonnes) and composition of industrial and commercial waste 

produced in Wales for 1998-99. After Environment Agency (2000).

The National Waste Production Survey indicated that 6% of industrial waste and 3% o f 

commercial waste produced in 1998-99 in Wales was ‘special’.

The waste management methods used for both industrial and commercial waste are 

predominantly land disposal (landfill) and recycling and re-use. The industrial sector also 

makes significant use of treatment in managing its wastes.

The form in which the waste is produced has a significant impact on the method o f 

recovery or disposal adopted. In Wales, nearly 5.5 million tonnes was solid, around 

215,000 tonnes was liquid, with only 175,000 tonnes sludge and 134,000 tonnes mixed 

(Fig. 2.5). Solid waste was predominantly disposed o f to landfill or recycled/re-used 

(showing again the influence of the ‘mineral wastes and residues’ waste stream) whereas 

liquid waste was much more likely to receive some form of treatment.
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Figure 2.5 Chart showing waste form and method o f disposal or recovery. From 

Environment Agency (2000).

2.3.3.3 Special Waste

Overall, Wales produced 8.5% o f the total special waste for England and Wales. 

Production of special waste in Wales was dominated by the three sub-regions in the south 

which between them produced three-quarters o f  the special waste.

The physical form of special waste is different from other wastes, where solids 

predominate. For special waste liquids form 50%, sludges a further 20%, with solids just 

one quarter o f the total (Fig. 2.6).
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Figure 2.6 Chart showing waste form and method o f management used for special 

waste. From Environment Agency (2000).

A substantial proportion (almost 100,000 tonnes o f liquids and more than 40,000 tonnes o f  

solids and sludges) o f special wastes were treated. Only a small proportion (12,000 

tonnes) o f liquid special wastes were landfilled and overall only one quarter o f all forms 

was disposed o f to landfill. Almost 20% o f  special waste was recycled and just less than 

10% was subject to thermal treatment (mostly liquids).

2.3 .4  R e m a in in g  L a n d f i l l  C a p a c i t y

Estimates of voidspace and the operational life for landfills licensed for household, 

industrial and commercial waste (including those that take special waste) for each sub- 

region of Wales are shown in table 2.4.
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Wales has around 34 million m3 o f disposal capacity for biodegradable waste with the 

largest remaining voidspace in South Wales-East, South Wales-Central and North West 

Wales.

Sub-region Voidspace 1/4/99 

(000s nr1)

Capacity 199 

cap/cover

8-99 (000s m3) 

waste

Inputs

all

000s tonnes) 

degradable

Life expectancy  

years

North West Wales 5,286 2.114 3,172 361 239 11

North East Wales 3.059 1,224 1,835 703 480 3.2

Mid Wales 350 140 210 91 57 3.1

South West Wales 3,480 1.392 2,088 252 184 9.5

South Wales-West 4,429 1,772 2,657 597 452 4.9

South Wales-Central 6 .500 2 .600 3,900 800 532 6.1

South Wales-East 10.690 4 ,276 6,414 881 699 7.6

TOTAL 33,794 13,518 20,276 3,685 2643 6.4

Table 2.4 Voidspace deposits and remaining capacity at landfill sites licensed for 

biodegradable waste. After Environment Agency (2000).

Emma C. Paris Cardiff University 49



Chapter 2 - Research Context.

2.4 R e v ie w  o f  N a t u r e  a n d  E v o l u t io n  o f  M ix e d  

W a s t e  L a n d f i l l s

2.4.1 W a s t e

Section 75(2) o f the Environmental Protection Act 1990 gives the definition o f “waste” to 

include:

“(a) any substance which constitutes a scrap material or an effluent or other 

unwanted surplus substance arising from  the application o f  any process; and

(b) any substance or article which requires to be disposed o f  as being broken, worn 

out, contaminated or otherwise spoiled; 

but does not include a substance which is an explosive within the meaning o f  the [1875 c. 

17.] Explosives Act 1875.”

It also states (section 75(3)) that “any thing which is discarded or otherwise dealt with as 

i f  it were waste shall be presumed to be waste unless the contrary is p roved”. Thus, 

material will still be classed as waste even where it has value to other persons, such as 

recyclers, as it is the original holder's intention to discard that is relevant.

A definition for "Controlled waste" is given (section 75(4)) as meaning “household, 

industrial and commercial waste or any such waste ” where,

• “ "household waste " means waste fro m :

(a) domestic property, that is to say, a building or self-contained part o f  a building 

which is used wholly fo r  the purposes o f  living accommodation;

(b) a caravan (as defined in section 29(1) o f  the [1960 c. 62.] Caravan Sites and  

Control o f  Development Act 1960) which usually and fo r  the time being is situated  

on a caravan site (within the meaning o f  that Act);

(c) a residential home;

(d) premises forming part o f  a university or school or other educational 

establishment;

(e) premises forming part o f  a hospital or nursing home. (Section 75(5))

• "industrial waste" means waste from  any o f  the follow ing prem ises:
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(a) any factory (within the meaning o f  the [1961 c. 34.] Factories Act 1961);

(b) any premises used fo r  the purposes o f  or in connection with, the provision to 

the public o f  transport services by land, water or air;

(c) any premises used fo r  the purposes of, or in connection with, the supply to the 

public o f  gas, water or electricity or the provision o f  sewerage services; or

(d) any premises used fo r  the purposes of, or in connection with, the provision to 

the public o f  postal or telecommunications services. (Section 75(6))

• "commercial waste" means waste from  premises used wholly or mainly fo r  the 

purposes o f  a trade or business or the purposes o f  sport, recreation or entertainment 

excluding:

(a) household waste;

(b) industrial waste;

(c) waste from  any mine or quarry and waste from  premises used fo r  agriculture 

within the meaning o f  the [1947 c. 48.] Agriculture Act 1947 or, in Scotland, the 

[1948 c. 45.] Agriculture (Scotland) Act 1948; and

(d) waste o f  any other description prescribed by regulations made by the Secretary 

o f State fo r  the purposes o f  this paragraph. ” (Section 75(7))

"Special waste” is controlled waste o f any kind that “ zj or may be so dangerous or difficult 

to treat, keep or dispose o f  that special provision is required fo r  dealing with i t ” (Section 

62(1)).

In 1994 the Department of the Environment (DoE) announced its intention to repeal the 

existing definition of “waste” and to replace it with the definition which appears in the 

Framework Directive (75/442/EEC as amended by 91/156/EEC), so that “waste shall 

mean any substance or object in the categories set out in Annex I which holder discards or 

intends is required to discard ”.

In the Waste Management Licensing Regulations 1994 (SI 1994 No. 1056) "waste" means 

“Directive waste” (reg 1(3)). Directive waste" means any substance or object in the 

categories set out in Part 11 o f  Schedule 4 which the producer or the person in possession 

of it discards or intends or is required to discard but with the exception o f  anything 

excluded from the scope o f  the Directive by Article 2 o f  the Directive.”
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“For the purposes o f  all the provisions o f  Part I  o f  the Act [EPA 1990], waste which is not 

Directive waste shall not be treated as household waste, industrial waste or commercial 

waste ” (reg 22(3)).

The Landfill (England and Wales) Regulations 2002 use “waste” to mean “controlled 

waste” as given in section 75(4) o f the Environmental Protection Act 1990. Other 

expressions used have the same meaning as in the Landfill Directive (99/31/EC).
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2.4 .2  L e a c h a t e

Landfill leachate is comprised o f the soluble components o f waste and the soluble 

intermediates and products of waste degradation which enter as it percolates through the 

waste body (Westlake, 1995).

Leachate may vary in colour from light brown to red (ochreous precipitates o f iron 

hydroxide) to black (sulphide precipitation). It commonly has a sweetish or sickly odour 

(due to organic esters) but this may be masked by the rotten egg smell if  sulphides are 

present. Some leachates exhibit an iridescent sheen on their surface (North West Disposal 

Officers, 1991).

2.4.2.1 Leachate G eneration

The amount of leachate generated is dependent upon a number o f factors which can be 

summarised as follows:

• Water availability

Factors affecting water availability include precipitation, surface run-off, 

groundwater intrusion, irrigation, liquid waste disposal and refuse decomposition.

• Landfill surface conditions

Surface conditions that may affect leachate generation include vegetation, cover 

material (density, permeability, moisture content etc.), surface topography and 

local meteorological conditions.

• Refuse state

The refuse state will affect the "field capacity" o f the waste. The field capacity is 

defined as the maximum moisture content which a soil or a solid material can 

retain in a gravitational field without producing continuous downward percolation. 

The water content of the waste will be affected by the water content at 

emplacement, infiltration during landfill development, the waste composition and 

waste density.

• Conditions of surrounding strata
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The condition of surrounding strata includes the ground characteristics and the 

level of the water table.

Measurements of each of the above can be used in the water balance equation (DoE, 1995) 

to assess likely leachate generation volumes.

Lo = [ER + LIW + IRA] -  [LTP + aW + DL] (1)

where: Lo = free leachate retained 

ER = effective rainfall 

LIW = liquid industrial waste 

IRA = infiltration through restored and capped area 

LTP = discharge o f leachate off-site 

a = unit absorptive capacity o f wastes 

W = weight of absorptive waste 

DL = designed seepage

Parameters listed above may be measured on site or values typical for the region and the 

waste stream may be derived from published literature.

2.4.2.2 Leachate Com position

The composition of leachate depends on the stage o f degradation and the type o f waste 

within the landfill (Fig. 2.7). Degradation of the organic fraction of waste materials within 

a landfill may be divided into a five stage process (Fig. 2.8). Each stage o f the process has 

an impact on the characteristics of the intermediate and final breakdown products and the 

quality and rate of leachate and landfill gas generation.

The first and fifth stage occur under aerobic conditions (in the presence of oxygen) whilst 

the remaining stages take place under predominantly anaerobic conditions (in the absence 

of oxygen). The following summary o f the stages is adapted from Waste Management 

Paper 26B (DoE, 1995).
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Figure 2.7 Major stages o f  w aste degradation. From W M P26B  (D oE , 1995).
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Stage I -  Hydrolysis/Aerobic Degradation

This first stage occurs both during and for a period after waste placement. A 

proportion o f the organic fraction of waste is metabolised by aerobic micro

organisms present in the waste. The micro-organisms convert readily degradable 

carbohydrates to simple sugars such as glucose, carbon dioxide and water. During 

this stage the exothermic reaction from the intense microbiological activity can 

cause the temperature of the waste mass to rise to 80-90°C.

The duration of this aerobic stage depends on the availability of oxygen, which is 

influenced by management practices on site. As oxygen becomes depleted the 

aerobic micro-organisms are superseded by groups of micro-organisms which can 

tolerate low levels of oxygen (facultative anaerobes) and then, as the anaerobic 

conditions develop, the anaerobic micro-organisms gradually become established.

Stage II -  Hydrolysis and Fermentation

In this stage the carbohydrates, lipids and proteins are hydrolysed to simple sugars 

and then fermented by bacteria to soluble intermediates (such as volatile acids), 

acetate, carbon dioxide, hydrogen and inorganic salts (such as sulphate and 

ammonium). During this stage, the nitrogen is displaced by carbon dioxide and 

hydrogen to form leachate with a high ammoniacal nitrogen content. The 

temperature within the landfill drops to 30-50°C.

Stage III -  Acetogenesis

During this stage bacteria convert the soluble acids formed by the activities o f the 

fermentative bacteria o f the previous stage to acetate, carbon dioxide and 

hydrogen. Other bacteria convert carbohydrates, hydrogen and carbon dioxide to 

acetic acid. In a balanced system the gases predominately generated are carbon 

dioxide, hydrogen and methane.

Stage IV -  Methanogenesis

In this stage the methane-generating bacteria (methanogens) metabolise acetate 

and formate produced during the other degradation stages to form methane and 

carbon dioxide. Some other methanogens may be able to generate methane by
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direct conversion of hydrogen and carbon dioxide. Methanogens are most active 

in the pH range of 6 .8-7.4.

A balanced relationship usually occurs between the hydrogen-producing 

fermentative bacteria o f the acetogenic stage and the hydrogen-utilising 

methanogens. If the activity is not balanced then the breakdown intermediates of 

the acetogenic stage accumulate in a process known as acid-souring.

Stage V- Oxidation

In this stage as the degradable components are exhausted, progressive re

establishment o f aerobic conditions can occur. As the prevailing conditions permit 

the landfill is recolonised by facultative aerobic and aerobic micro-organisms. 

This may release substances such as metals which were stable during preceding 

anaerobic conditions.

Within the whole landfill site, all the stages of degradation may be occurring at different 

rates at any one time. This is the result o f different times of waste emplacement, differing 

biodegradabilities and spatial variability in the physical and chemical environment o f the 

waste materials.

Stage I is usually short and no substantial leachate generation will take place. Leachates 

generated during stage II are characterised by high concentrations of volatile fatty acids, 

acidic pH, high BOD to COD ratio and high levels o f ammoniacal nitrogen and organic 

nitrogen. Andreottola and Cannas (1992) suggest that pH values typically lie in the range 

5-6, BOD5 values are commonly greater than 10,000 mg/1, and BOD to COD ratios are 

commonly greater than 0.7.

During Phase III, sulphate concentrations decrease. The conversion of fatty acids causes 

an increase in pH values and alkalinity with a consequent decrease in the solubility of 

calcium, iron, manganese and heavy metals (Andreottola & Cannas, 1992). A study o f the 

composition of 35 samples of acetogenic leachates (Table 2.5) was carried out by the 

Department of the Environment (1995).
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During Phase IV, the composition o f the leachate is characterised by almost neutral pH 

values, low concentrations of volatile acids and total dissolved solids, relatively low BOD 

values and low ratios o f BOD/COD. A study of the composition of 29 samples of 

methanogenic leachates (Table 2.6) was carried out by the Department o f the Environment 

(1995).

Comparing the leachate produced at Silent Valley with these leachate analysed by the 

Department o f the Environment, the Silent Valley leachate is a weak leachate. Silent 

Valley leachate geochemistry will be discussed in Chapter 6 .
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Determinant) Samples Minimum Maximum Median Mean SD

pH value 34 5.12 7.8 6.0 6.73 -

COD 35 2740 152000 23600 36817 32718
b o d 5 29 2000 68000 14600 18632 15643
Ammoniacal-N 34 194 3610 582 922 802
chloride 34 659 4670 1490 1805 910

BOD20 13 2000 125000 14900 25108 32870
TOC 24 1010 29000 7800 12217 10028
Fatty acids (as C) 26 963 22414 5144 8197 6786

Alkalinity (as CaCCE) 24 2720 15870 5155 7251 4390
Conductivity (pS/cm) 28 5800 52000 13195 16921 11602
Nitrate-N 30 <0.2 18.0 0.7 1.80 3.41
Nitrite-N 25 0.01 1.4 0.1 0.20 0.30
Sulphate (as SO4) 24 <5 1560 608 676 549
Phosphate (as P) 21 0.6 22.6 3.3 5.0 5.47

Sodium 26 474 2400 1270 1371 631
Magnesium 28 25 820 400 384 196
Potassium 28 350 3100 900 1143 760
Calcium 31 270 6240 1600 2241 1656

Chromium 26 0.03 0.3 0.12 0.13 0.08
Manganese 26 1.4 164.0 22.95 32.94 37.29
Iron 32 48.3 2300 475 653.8 566.2
Nickel 24 <0.03 1.87 0.23 0.42 0.48
Copper 24 0.020 1.100 0.075 0.130 0.216
Zinc 34 0.09 140.0 6.85 17.37 29.56
Cadmium 24 <0.01 0.10 0.01 0.02 0.03
Lead 24 <0.04 0.65 0.30 0.28 0.16
Arsenic 19 <0.001 0.148 0.010 0.024 0.039
Mercury 15 <0.0001 0.0015 0.0003 0.0004 0.0004

Heavy metals 24 0.34 2.57 0.95 1.03 0.56

Results in mg/1 except for pH value and conductivity
Heavy metals represents the sum of concentrations o f chromium, nickel, copper, 
cadmium, lead, arsenic and mercury.

Table 2.5 Summary o f composition o f acetogenic leachates sampled from large 

landfills with a high waste input rate, relatively dry (35 samples in all). 

From WMP26B (DoE, 1995).
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Determinand Samples Minimum Maximum Median Mean SD

pH value 29 6.8 8.2 7.35 7.52 -

COD 29 622 8000 1770 2307 1527
b o d 5 29 97 1770 253 374 378
Ammoniacal-N 29 283 2040 902 889 396
chloride 29 570 4710 1950 2074 9870

BOD20 24 110 1900 391 544 459
TOC 29 184 2270 555 733 470
Fatty acids (as C) 29 <5 146 5 18 29

Alkalinity (as CaC0 3 ) 29 3000 9130 5000 5376 1664

Conductivity (pS/cm) 25 5990 19300 10000 11502 3890
Nitrate-N 27 0.2 2.1 0.7 0.86 0.53
Nitrite-N 27 <0.01 1.3 0.09 0.17 0.26
Sulphate (as SO4) 16 <5 322 35 67 83
Phosphate (as P) 28 0.3 18.4 2.7 4.3 4.3

Sodium 29 474 3650 1400 1480 691
Magnesium 29 40 1580 166 250 308
Potassium 29 100 1580 791 854 387
Calcium 29 23 501 117 151 106

Chromium 28 <0.03 0.56 0.07 0.09 0.11
Manganese 29 0.04 3.59 0.30 0.46 0.66
Iron 29 1.6 160 15.3 27.4 32.8
Nickel 29 <0.03 0.60 0.14 0.17 0.13
Copper 27 <0.02 0.62 0.07 0.13 0.15
Zinc 29 0.03 6.7 0.78 1.14 1.30
Cadmium 27 <0.01 0.08 <0.01 0.015 0.02
Lead 27 <0.04 1.9 0.13 0.20 0.35
Arsenic 27 <0.001 0.485 0.009 0.034 0.093
Mercury 23 <0.0001 0.0008 <0.0001 0.0002 0.0002

Heavy metals 27 0.15 2.78 0.51 0.61 0.49

Results in mg/1 except for pH value and conductivity
Heavy metals represents the sum of concentrations o f chromium, nickel, copper, 
cadmium, lead, arsenic and mercury.

Table 2.6 Summary of composition o f methanogenic leachates sampled from large 

landfills with a high waste input rate, relatively dry (29 samples in all). 

From WMP26B (DoE, 1995).
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2.4.2.3 Environm ental Effects o f  L eachate

The main environmental aspects o f landfill leachate are the impacts on surface water 

quality and groundwater quality if leachate is discharging into them. North West Waste 

Disposal Officers (1991) state that the polluting potential o f leachate can be o f the order of 

10 to 100 times that o f crude sewage.

2.4.2.3.1 Surface Waters

The input of high strength organic leachate and inorganic solutions o f metals in a reduced 

state of oxidation into a watercourse will deplete the oxygen to the detriment o f local flora 

and fauna. The inorganic fraction o f the leachate may be toxic to life forms. Non- 

biodegradable organic compounds will persist for some time. When such compounds are 

assimilated into food chains they may adversely affect aquatic species (DoE, 1986).

Suspended matter and precipitation from leachate may inhibit photosynthesis. Settlement 

of the suspended matter may give rise to putrefraction and blanket the bed with solids 

reducing the abundance of flora and fauna. The visual quality o f the watercourse may be 

affected by the formation of unsightly gelatinous microbial growths and by staining o f the 

stream bed and plant life.

Concentrations of above a few mg/1 o f ammoniacal nitrogen can be directly toxic to fish 

(DoE, 1995).

2.4.23.2 Groundwater

The extent and chemical nature o f leachate pollution is complex and dependent on the 

nature and structure of the soils and rocks, their hydraulic characteristics and the position
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of the site with respect to abstractions or natural discharges. Once the groundwater has 

become polluted it may be unsuitable as a source o f water for many years.

The effects o f high strength organic leachate on groundwater will persist for a long time 

due to the limited amount o f dissolved oxygen available and the low rates o f dispersion 

(DoE, 1986). Some constituents in leachate will not attenuate by physical processes in the 

groundwater environment.

The leaking o f a strongly reduced leachate, high in organic matter, into a shallow, 

presumably aerobic aquifer creates a sequence o f redox zones downstream of the landfill. 

These redox zones will strongly influence the attenuation o f the pollutants in the plume.

2.4.2.4 Leachate M anagem ent

Leachate management is concerned with how to 'manage' the leachate that is produced. 

The leachate management system is there to be an effective leachate control. It is essential 

as wastes can produce highly toxic effluents during their decomposition.

A good leachate management system is the prime requirement for the accelerated 

stabilisation of a landfill site. Investigation and risk assessment are an important factor in 

the production o f an acceptable leachate management plan and will form an essential part 

of a licence application.

Important considerations which influence leachate management are:

• site lay-out

The shape of the site base and hence the drainage gradients will have a bearing on 

the leachate management.

• surface water control

Surface water management is required to ensure that rainwater run-off does not 

drain into the waste from surrounding areas and that contaminated surface water 

run-off from the operational area does not enter water courses.
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• leachate collection

A landfill will need an efficient leachate collection and removal system to enable 

leachate to be removed from the site for disposal.

• leachate monitoring

The composition and volume o f leachate generated will vary over time. Leachate 

treatment will be required to meet these long and short term variations.

• estimates o f leachate production

The volumes o f leachate generated will vary over time. Leachate treatment will 

have to cope with these changing quantities.

• daily cover

Daily cover is used primarily in preventing windblown litter and odours, 

deterrence to scavengers, birds and vermin and improving the site’s visual 

appearance. It is also advocated as a means of shedding surface water during the 

filling sequence, thereby assisting in leachate management (DoE, 1995).

• final capping o f site

A cap manages leachate production by controlling the ingress o f rain and surface 

water into the underlying waste.

• leachate removal and treatment

The leachate removal and treatment facilities should be adequate for the varying 

volumes and composition o f leachate generated through all stages o f landfill 

development and restoration.

The effectiveness o f the leachate management system can be monitored. Monitoring can 

be used to confirm that the landfill is behaving in the ways predicted when the site was 

first planned and licensed and to provide information needed for management decisions. 

The Environment Agency dictates the required level of monitoring for a site within the 

license agreement. The Environment Agency has the right to obtain access to the site and 

take its own samples.
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2.4 .3  L a n d f i l l  G a s

Landfill gas is a by-product of the digestion by micro-organisms of putrescible matter 

present in waste deposited in landfill sites. The gas is predominantly methane (64%) with 

carbon dioxide (34%) and trace concentrations o f a range o f other gases and vapours.

2.4.3.1 Landfill G as G eneration

The important factors controlling the rates and amounts o f gas likely to be generated are:

• physical dimension of the site;

anaerobic processes normally dominate in wastes at depths greater than 5 metres.

• waste type;

the composition o f waste affects the rate, quality o f gas generated per unit mass. 

Different organic materials in deposited wastes will produce slight differences in 

methane/carbon dioxide ratios. Mixed waste streams may also react within the site 

to produce other gases such as hydrogen sulphide.

• waste density;

the degree o f saturation of the waste and its density depends both on void space 

and the absorptive capacity o f the waste. The greater the waste density in a landfill 

the higher the theoretical yield of a landfill gas per unit volume of void space.

• waste input rates;

progressive restoration coupled with high input rates will encourage more rapid 

development of the anaerobic process.

• site operations;

reduction of the particle size of the waste, by pulverisation and compaction using 

thin layering techniques, will hasten the onset of anaerobic decomposition for the 

more readily degradable materials. Rapid infilling o f small areas o f a site will 

shorten the aerobic degradation phase and tend to keep waste temperatures down. 

Daily or intermediate cover and the use of low permeability materials in cell wall 

construction may encourage perched water tables to develop and have effects on 

moisture movement, transmission o f gases and buffering o f leachates.
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• moisture content;

a moist landfill environment is normally associated with high rates o f gas 

generation. Liquid movement within the waste tends to provide a more even waste 

moisture content. It also distributes nutrients and bacteria within the mass, which 

can further enhance rates o f waste degradation and gas evolution.

• pH within the landfill;

the optimal range for methanogenesis is between pH 6.5 to 8.5 and outside this 

range it is inhibited.

• temperature;

the optimum temperature range for maximising methane production is between 35 

and 45°C, which is common in deep landfill sites. A significant reduction in gas 

evolution occurs below 10 to 15°C.

• oxygen ingress.

the ingress o f oxygen into anaerobically decomposing wastes can occur by 

extensive pumping rates in landfill gas extraction schemes, or through trenches 

dug into mature wastes for site operations. Oxygen will inhibit the methane 

formation.

During the aerobic phase o f degradation, oxygen levels become depleted and carbon 

dioxide levels rise (Fig. 2.9). As the hydrolysis and fermentation stage o f degradation 

occurs, levels o f carbon dioxide and hydrogen increase and nitrogen levels fall. The 

concentration o f methane present in the gas gradually rises as the acetogenic and 

methanogenic stages develop. When steady-state methanogenic conditions occur, the 

resulting gas composition is about 64% methane and 34% carbon dioxide.

As the degradable organic fraction within the waste becomes exhausted, methane and 

carbon dioxide generation decline. Hydrogen sulphide can be generated by sulphate- 

reducing bacteria which act on sulphate within the waste.

El-Fadel et al (1996a; 1996b; 1997) have developed a numerical model for simulating the 

spatial and temporal distribution o f production and transport of landfill gas and heat. The 

model is based on microbiology, chemistry and physics.

Emma C. Paris Cardiff University 66



Figure 
2.9 

Graph 
show

ing 
changes 

in 
com

position 
of 

landfill 
gas. 

From 
W

M
P26B

 

(D
oE, 1995).

S t a g e

AerobicAerobic Anaerobic100

S ettlem en t

C02

60___

X) o 20-----a ^odJ  Pu

Time

Chapter 
2 

- 
R

esearch 
C

ontext.



Chapter 2 - Research Context.

El-Fadel et al (1997) found that when the acidogens grow at a fast rate, they produce 

acetic acid at a rate proportional to their growth. This in turn results in early stabilisation 

with higher methane generation peaks.

Acetic acid is the direct substrate to the methanogens, which in turn are the most essential 

variable for methane generation. Stabilisation will be enhanced by increasing the food 

source of methanogens. Conversely, a lack o f acetic acid will delay methanogen growth 

and methane generation. In the presence o f enough substrate, methanogens are the rate- 

limiting step for the final formation o f methane and carbon dioxide. A higher initial 

concentration of methanogens would result in faster stabilisation processes. However, 

although faster stabilisation is observed at higher methanogen initial concentrations, the 

maximum methane generation rate decreases because the substrate is not being generated 

fast enough to sustain a large microbial population.

2.4.3.2 Landfill Gas C om position

Table 2.7 gives typical landfill gas composition values. The values have been taken from 

Waste Management Paper No 27 (DoE, 1991).

The principal biodegradable constituents o f refuse are cellulose and hemicellulose (Table 

2.8), which account for 91% of the methane potential of refuse. The remainder o f the 

methane potential o f refuse consists o f protein (8.3%), and soluble sugars (0.5%). Lignin 

and the other major organic components o f refuse do not decompose to any significant 

extent under anaerobic conditions.

Once anaerobic conditions predominate, substantial amounts of methane can be expected 

to be evolved within 3 to 12 months o f waste deposition (DoE, 1991).
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Component Typical Value 
(% Volume)

Observed Maximum 
(% Volume)

Methane 63.8 88.0

Carbon Dioxide 33.6 89.3
Oxygen 0.16 20.9

Nitrogen 2.4 87.0
Hydrogen 0.05 21.1

Carbon Monoxide 0.001 0.09

Ethane 0.005 0.0139

Ethene 0.018 -

Acetaldehyde 0.005 -

Propane 0.002 0.0171

Butanes 0.003 0.023

Helium 0.00005 -

Higher Alkanes <0.05 0.07

Unsaturated Hydrocarbons 0.009 0.048

Halogenated Compounds 0.00002 0.032

Hydrogen Sulphide 0.00002 35.0

Organosulphur Compounds 0.00001 0.028

Alcohols 0.00001 0.127

Other 0.00005 0.023

Table 2.7 Typical landfill gas composition values. From WMP 27 (DoE, 1994)

Chemical Constituent % dry weight Methane Potential

Cellulose 51.2 73.4

Hemicellulose 11.9 17.1

Protein 4.2 8.3

Lignin 15.2 0

Starch 0.5 0.7

Pectin <3.0 -

Soluble Sugars 0.35 0.5

Table 2.8 Composition and methane potential o f municipal refuse by chemical 

constituent. From Barlaz & Ham (1993).
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2.4.3.3 Landfill G as Production

2.4.3.3.1 Quantity

Often the total amount of gas production is calculated from measured or estimated refuse 

analysis. Using the carbon content o f refuse, the total gas production rate is calculated 

using the following equation:

Ge = 1.868 C (2)

where Ge is the total gas production (m3 (STP)/t MSW), C is the carbon content (kg/t), 

1.868 is a conversion factor from solid carbon to gaseous carbon, and STP is standard 

temperature pressure. For this equation, the assumption is that the carbon is totally 

biologically converted into biogas (CH4 and CO2) (Ehrig, 1996).

2.4.3.3.2 Production Rate

The gas production rate can be estimated using the following equation (Ehrig, 1996):

where Gt is the gas production rate at time t (m3 (STP)/t MSW x year), A is the maximum 

gas production rate, and ki and k2 are coefficients.

2.4.3.3.3 Landfill Gas Yields

The maximum theoretical landfill gas yield can be calculated using the equation (Cossu et 

al., 1996):

Gt = A (1 -  e (3)

a b e d
4 a - b - 2 c  + 3d 

4

4 a - b  + 2c + 3d 
8

CO, + dN K

(4)
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where CaHbOcNd is the empirical chemical formulation for biodegradable organics in solid 

waste. The equation allows the estimation o f the maximum theoretical yield of landfill 

gas, starting from the general formula characterising solid wastes (CaHbOcNd). The 

estimation can also be carried out directly according either to the specific formula o f 

organic compound to be decomposed or to the empirical formulae introduced to represent 

biodegradable fractions of MSW. Once the elementary composition of the waste is 

known, this equation permits evaluation of both the quantity and quality o f the gas 

generation. The proportion o f methane being generated in the gas can be calculated.

The equation above states that 1 mol o f organic carbon is bioconverted to 1 mol o f landfill 

gas. Therefore, given that 1 mol of gas at 0°C and 1 atm occupies 22.4 litres:

1 mol C in organic matter = 22.4 litres gas (CH4 + CO2)

On a weight basis:

1 g C in organic matter = 1.867 litres gas (CH4 + CO2)

Table 2.9 summarises some typical data on the elementary composition o f the 

biodegradable fraction o f MSW, expressed as percentage o f dry weight.

Component Wet weight 
(%)

Dry weight 
(%)

Elementary composition (%)

C H O N s Ash

Food wastes 11.4 4.6 4.7 4.7 4.4 13.0 10.0 4.0

Paper 42.8 55.0 50.8 53.0 61.3 18.5 60.0 55.2

Cardboard 7.5 9.8 9.2 9.4 11.1 3.7 10.0 8.0

Plastics 8.8 11.9 15.1 13.8 6.8 - - 19.8

Textiles 2.5 3.1 3.6 3.3 2.4 14.8 - 1.4

Rubber 0.6 0.9 1.4 1.4 - 1.9 - 1.4

Leather 0.6 0.7 0.9 0.8 0.2 7.4 - 1.1

Yard wastes 23.3 11.2 11.4 10.8 10.8 40.7 20.0 8.3

Wood 2.5 2.8 2.9 2.8 3.0 - - 0.6

Total 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0

Table 2.9 Typical data on the elementary composition o f the biodegradable fraction

of MSW, expressed as percentage o f dry weight. From Cossu et al. (1996).
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Table 2.10 shows values o f landfill gas yields and generation rates that have been reported 

in the literature.

Source LFG yields 
(m3/ton o f MSW)

LFG production rates 
(m3/ton year)

Rhyne (1974) 437

EMCON (1976) 1.22 (methane)

Tabasaran (1976) 60-180

Rasch (1976) 300-500

Augenstein et al. (1976) 128

Bowermann et al. (1977) 40-50

Rovers et al. (1977) 12-22

DeWalle& Chian (1978) 5.4 1/kg TS 0.181 1/kg TS d'1

Rettenberger (1978) 200

Stegmann (1978) 250

Ham (1978) 440 16

120-310

Pacey (1981) 55-225

EMCON (1981) 9.6

Beker (1981) 250

Hoeks & Oosthoek (1981) 200 10 m3/yr m3

Bogardus (1983) 2-8

Hoeks(1983) 20

Stegmann (1983) 120-150

Campbell (1985) 100-400

Stegmann (1986) 186-235 (USA) 12.8 (Palos Verdes)

120-150 (Germany) 18.6 (Fresh Kills)

Wise et al. (1987) 100-400 3.9-130

AFRC (1988) 400

Rae (1988) 400

Willumsen (1988) 2-5

Richards (1989) 135-400

Table 2.10 Landfill gas yields and generation rates that have been reported in the 

literature. From Cossu et al. (1996)
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2.4,3.3.4 Landfill Gas Generation Time

Information concerning the generation time is provided by the half time (ti/2), the time 

over which the gas generation equals half the estimated yield. By definition the \\n  is such 

that the area under the production curve is the same on both sides. In the literature (Cossu 

et al., 1996) ti/2 values range from 2-5 years for wet to 10-25 years for dry climates in the 

USA.

The half time can be calculated in first-order kinetic models by:

(5)k ,

where k, is the decay rate constant o f the /th component of organic waste.

Laboratory-scale experiment results have been transferred to full-scale landfills to give 

half-lives o f biological degradation o f 4-7.5 years (Ehrig, 1996).

2.4.3.3.S Estimating Landfill Gas Quantity

The US Environmental Protection Agency present three methods to estimate gas flow 

from a landfill site (EPA, 1996). Landfill characteristics, and therefore gas generation, 

can vary substantially among landfills so the following methods o f gas generation should 

be used as rough estimates only. The EPA recommend that it should be assumed that the 

actual gas flows may be 50% higher or lower.

2.4.3.3.5.1 Simple Approximation

A rough approximation of landfill gas production can be estimated using the amount of 

waste in place as the only variable. Industry experts have developed a rule o f thumb, 

based on their experience. They found that landfill gas generation rates range from 0.05 to 

over 0.20 cubic feet (cf) o f gas per pound (lb) o f refuse per year [0.00064 to
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0.00257 m3/kg], with the average landfill generating 0.10 c f of landfill gas per lb 

[0.00128 m3/kg] per year (EPA, 1996). This rule o f thumb results in the following 

equation:

Annual Landfill
Gas Generation (cf) =0.10 cf/lb x 2000 lb/ton x Waste in place (tons) (6)

A figure o f 0.1 ft3 CLLAvet lb-yr is often used to estimate the methane production rate 

from a landfill. Assuming refuse buried at 20% moisture, this converts to 7.8 litres 

CH^dry kg-yr (Barlaz & Ham, 1993).

2.4.3.3.5.2 First Order Decay Model

A First Order Decay Model can be used to account for the changing gas generation rates 

over the life of the landfill. The model requires that the following variables are known or 

can be estimated:

• the average annual waste acceptance rate;

• the number of years the landfill has been open;

• the number o f years the landfill has been closed, if applicable;

• the potential of the waste to generate methane;

• the rate of methane generation from the waste.

The basic first order decay model is:

LFG = 2 L0 R (e ' kc -  e ' kl) (7)

Where:

LFG = Total amount of landfill gas generated in current year (cf)

L0 = Total methane generation potential of the waste (cf/lb)

R = Average annual waste acceptance rate during active life (lb)

k = Rate o f methane generation (1/year)

t = Time since landfill opened (years)

c = Time since landfill closure (years)
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Values for Lo and k are thought to vary widely. They are dependent in part on local 

climatic conditions and waste composition. Ranges for Lo and k have been developed by 

an industry expert and are presented in table 2 .11.

Variable Range Suggested Values

Wet Climate Medium Moisture Climate Dry Climate

Lo (cf/lb) 0-5 2.25-2.88 2.25-2.88 2.25-2.88

k (l/y r) 0.003-0.4 0.1-0.35 0.05-0.15 0 .02-0.10

Table 2.11 Suggested values for first order decay model variables. From EPA (1996).

Due to the uncertainty in estimating Lo and k, gas flow estimates derived from the first 

order decay model should be given as a range o f plus or minus 50%.

2.4.3.3.S.3 Pump Test

The most accurate method for estimating gas quantity is to conduct a pump test. A pump 

test involves sinking test wells and installing pressure monitoring probes, then measuring 

the gas collected from the wells under a variety o f controlled extraction rates. A benefit o f 

this method is that the collected gas can be tested for quality as well as quantity.

2.4.3.3.6 Landfill Gas Properties

2.4.3.3.6.1 Major Constituents

Methane is both colourless and odourless, but is flammable between about 5 and 15% by 

volume in air at normal atmospheric pressures. This range reduces with increasing carbon 

dioxide and reducing oxygen content. A methane:air mixture is potentially most explosive 

when there is just enough oxygen to completely combust the gas (about 9.5% methane in
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air). The minimum concentration o f oxygen required for flame propagation in a 

methane:air mixture at STP is 12% by volume.

Carbon dioxide is also colourless and odourless, is non-flammable but stimulates the 

respiratory and central nervous systems at high concentrations.

2.4.3.3.6.2 Minor Constituents

Landfill gas contains many minor constituents at low concentrations. There are 

considerable variations in the concentration and presence of trace compounds, which are 

related to waste constituents, age and extent o f waste degradation.

Over 100 trace compounds in landfill gas have been recognised and some groups o f 

compounds may be related to known phases o f decomposition. Many compounds present 

in trace amounts may be flammable, toxic or carcinogenic, or have an obnoxious odour. 

Such compounds include hydrogen, hydrogen sulphide, and organic compounds including 

volatile and halogenated varieties.

Organosulphur compounds and esters are found in gases derived from recently deposited 

wastes, from which odours are more obvious.

Hydrogen sulphide can be evolved in quantity from the co-deposit o f sulphate containing 

materials, such as wastes containing gypsum from plasterboard or some colliery spoils, 

with biodegradable wastes.

2.4.3.3.6.3 Density

The density of landfill gas depends on the proportion of compounds present. The different 

gases have different densities; hydrogen (0.08 kg/m ), carbon dioxide (1.98 kg/m ) and 

methane (0.72 kg/m3). Thus a mixture o f 10% hydrogen and 90% carbon dioxide, which 

is typically evolved in the early stage o f anaerobic degradation, will be denser than air. A
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mixture of 60% methane and 40% carbon dioxide will be slightly lighter than air. The 

evolution o f warm landfill gas gives it buoyancy in colder air. As a result o f different 

densities and buoyancies, landfill gas may collect in the bottoms of trenches or 

excavations, or may rise up and accumulate beneath structures and foundations.

2.4.3.4 Environm ental Effects o f  Landfill Gas

Emissions of landfill gas lead to pollution o f the environment, and have the potential to 

produce malodours, cause damage to vegetation, destruction o f property or harm to human 

health. Landfill gas emissions lead to reduced air quality.

2.4.3.4.1 Atmospheric Pollution

The dominant landfill gases, methane and carbon dioxide, are the two main greenhouse 

gases produced as a result o f human activity. Methane is thought to be 20-30 times more 

effective than carbon dioxide in blocking the long wave energy radiated from the Earth's 

surface. Using 1990 estimates, landfill accounts for over 39% of all UK methane 

emissions, with an estimated total o f over one million tonne escaping from landfill sites 

each year (Warwickshire Environmental Protection Council, 1995).

2.4.3.4.2 Soil Pollution

Stressed vegetation is commonly associated with the presence of landfill gas within soils, 

but the extent will be dependent on a species' tolerance of methane and carbon dioxide, 

and oxygen depletion. These conditions may arise from the displacement o f air by a high 

flux of landfill gas through the soil. Where emissions are lower methane-oxidising 

bacteria within the soil can oxidise residual methane to carbon dioxide and where recharge
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with air is slow, i.e. in cohesive soils, oxygen depletion can result in stressed vegetation. 

The level of oxidation will be dependent on soil types and thickness, moisture content, 

temperature and retention time of the methane within the soil.

2.4.3.4.3 Damage to Health

Carbon dioxide stimulates the respiratory and central nervous systems at high 

concentrations. It is a highly soluble gas and this leads to a rapid appearance o f 

physiological effects when exposed to high concentrations. Carbon dioxide is naturally 

present in air at about 0.03%. At 0.5% in air, breathing becomes slightly deeper and at a 

level of 3% in air the breathing rate is doubled. There is a steady increase in breathing 

rate between 3 and 10% in air, leading to headaches and exhaustion. Complete recovery 

will usually occur on removal from the oppressive environment. Above 10% in air 

breathing becomes very distressful and severe headaches are experienced with convulsions 

due to acute depression of the brain stem. An individual may collapse if subjected to 

concentrations above 10% in air and death usually results above 25% (Warwickshire 

Environmental Protection Council, 1995).

Oxygen depletion usually accompanies elevated levels of landfill gas, due either to 

dilution or oxidation of methane to carbon dioxide. Exposure to an oxygen deficient 

atmosphere may result in asphyxiation. A normally healthy person will first experience 

symptoms of anoxia at about 16% oxygen, with serious distress and fatigue resulting when 

the oxygen level drops to about 14%  by volume. Unconsciousness may result in oxygen 

concentrations below 10% and death at less than 6% (Warwickshire Environmental 

Protection Council, 1995). The HSE Guidance Note EH40 suggests that no one should 

enter or remain in an unventilated area where oxygen has fallen below 18%.
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2.43,4,4 Flammability

When methane or hydrogen is mixed with air, within certain concentration limits known 

as the flammable or explosive range, the resultant mixtures may ignite to produce fires and 

explosions. The concentration limits are commonly known as the "Lower Explosive 

Limit" (LEL) and the "Upper Explosive Limit" (UEL). The LEL is reached when there is 

sufficient flammable gas in air to sustain combustion. With an increasing concentration of 

flammable gas the amount of available oxygen will reduce to a point at which combustion 

cannot be sustained, the Upper Explosive Limit.

The flammable ranges o f methane and hydrogen are 5-15% and 4-74% by volume 

respectively (DoE, 1991). The presence o f carbon dioxide affects these ranges, but there 

is little change at the lower limit. When oxygen concentration falls to below 13% by 

volume, under normal conditions methane cannot ignite.

There is generally little risk o f an explosion from landfill gas venting to atmosphere, 

though there may be a possibility o f a flash fire if accumulation occurs in poorly ventilated 

areas.

2.43.4.5 Toxicity

Some of the minor constituents o f landfill gas have toxic effects if present in high enough 

concentrations. Trace gases do not usually represent a health hazard following normal 

atmospheric dilution. At present there is little information available regarding the 

accumulation effect o f low concentrations o f potentially harmful gases.
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2.4.3.4.6 Corrosive Properties

Some of the components of landfill gas, or the derivatives thereof, have a corrosive 

potential.

Carbon dioxide is soluble in water and will give rise to an ionised solution of carbonic 

acid in aqueous condensates associated with the gas. Such condensates can corrode a 

range of metals (DoE, 1991).

The combustion of landfill gas will give rise to a high temperature environment in which 

some trace components, such as halogenated or sulphuretted compounds, may give rise to 

highly acidic and aggressive derivatives. At such elevated temperatures, carbon dioxide, 

hydrogen, hydrocarbons and water vapour can be involved in decarbonisation (removal o f 

carbon) or carburization (coking) reactions with alloys strengthened by the addition o f 

interstitial carbon (DoE, 1991).

Emma C. Paris Cardiff University 80



Chapter 2 - Research Context.

2.5 H y d r o l o g y  /  H y d r o g e o l o g y  o f  L a n d f il l s

2.5.1 W a t e r  B a l a n c e

A water balance or water budget analysis can be used to estimate the potential leachate 

production. Knowledge of the possible range of leachate production is important for 

sizing the leachate collection system and in making decisions about how to manage 

treatment of the leachate.

Water balance analysis accounts for the effects of many hydrologic processes on water 

movement at a site. Potential pathways o f water movement are shown in figure 2.10.

Rainfall/Snow

Interception ^Transpiration

Snow evaporation Interception evaporation

Runoff Snow m<
Soil Evaporation

|  PercolationInfiltration

Figure 2.10 Potential pathways o f water movement on a landfill site.

The leachate potential of landfilled municipal solid waste is commonly evaluated by water 

balance methods. Water balance calculations handle volume inputs, outputs and 

absorptive capacity by empirically derived bulk coefficients. A standard water balance 

equation may be written as (McDougall et al , 1996):

P = R - S R - E -  AM  (8)
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where:

P = percolation 

R = rainfall 

SR = surface runoff 

E = evapotranspiration

AM = change in moisture retained within the waste fill.

2.5.1.1 Precipitation

Precipitation represents the largest single contribution to the production o f leachate. Once 

precipitation strikes a site, it may:

• be intercepted by vegetation and subsequently be evaporated

• be stored temporarily on the surface in the form of snow or ice

• run off the surface

• infiltrate into the cover

2.5.1.2 Infiltration

Water that is not intercepted or does not run-off may infiltrate into the soil. Water 

infiltrating the soil may:

• be transpired to the atmosphere via plants

• evaporate from the surface soil into the atmosphere

• be stored in the soil

• percolate downward through the soil and past the evaporative zone.

As with all cases of infiltration, the most critical situation occurs during periods o f light 

rainfall over long a long elapse o f time. Short bursts of heavy rainfall during a storm 

result in a quick saturation o f the cover material with the remainder being shed as run-off 

(Canziani & Cossu, 1989).
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2.5.1.3 R un-O ff

The most important factors that influence the run-off o f rainwater are:

• topography;

• morphology of the soil;

• type o f soil cover;

• vegetation;

• permeability o f the soil;

• drainage system installed.

It is possible to make estimates o f run-off. Two methods commonly used are the rational 

method and the infiltration curve method. The Infiltration Curve method is recommended 

for calculating daily fluctuations in run-off whereas the rational method is more use for 

calculations o f run-off over longer periods o f time.

2.5.1.3.1 Rational Method

The rational method is based on the general formula:

R = c x P  (9)

where:

R = run-off 

P = rainfall

c = an empirical coefficient which varies in function with the nature of soil, the slope of 

the site, the presence and type o f vegetation.

Values of c adopted for the evaluation o f the hydrological balance around a landfill site 

have been proposed (Table 2.12) by Salvato et al. 1971 (in Canzizni & Cossu, 1989).
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Soil Cover

Soil Texture

Slope
(%)

Sandy
loam

Loamy
clay

Clay

Grassed soil 0-5 0.10 0.30 0.40

5-10 0.16 0.36 0.55
10-30 0.22 0.42 0.60

Bare soil 0-5 0.30 0.50 0.60

5-10 0.40 0.60 0.70

10-30 0.52 0.72 0.82

Table 2.12 Values of c for the evaluation o f the hydrological balance around a landfill 

site. From Canzizni & Cossu (1989).

2.5.1.3.2 Infiltration Curve Method

The United States Department o f Agriculture and Soil Conservation Service (USDA-SCS) 

formulated the infiltration curve method in 1947. It calculates the run-off taking into 

account various factors such as the permeability of the topsoil, type of vegetation growing, 

the slope of the site and the moisture content o f the soil at the moment for which the 

estimation is to be made.

2.5.1.4 Evaporation

If the number of water molecules passing to the vapour state exceeds the number o f 

molecules joining the liquid, the result is evaporation. Evaporation will continue until the 

air becomes saturated with moisture.

The absolute humidity o f a given air mass is the number of grams o f water per cubic meter 

of air. At any given temperature, air can hold a maximum amount of moisture, called the
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saturation humidity, which is directly proportional to the temperature of the air (Table 

2.13). The relative humidity of an air mass is the percent ratio o f the absolute humidity to 

the saturation humidity for the temperature o f the air mass. As the relative humidity 

approaches 100%, evaporation ceases.

T em perature  (°C) Saturation  Hum idity (g/m3)

-25 0.705

-20 1.074

-15 1.605

-10 2.358

-5 3.407

0 4.874

5 6.797

10 9.399

15 12.83

20 17.30

25 23.05

30 30.38

Table 2.13 Saturation humidity o f air (g/m3). From Fetter (2001).

When an air mass is cooled and the saturation humidity value drops, condensation occurs 

as the air mass can no longer hold all o f its humidity. If the absolute humidity remains 

constant, the relative humidity will rise. When it reaches 100%, any further cooling will 

result in condensation. The dew point for an air mass is the temperature at which 

condensation will begin.

There are two characteristics o f an uncovered landfill that affect the evaporation in 

opposite directions: the high infiltration capacity and the heat production in the top layer 

(Bendz & Bengtsson, 1996). The high infiltration capacity diminishes the evaporation 

because of rapid transportation o f precipitation into the landfill. Campbell (1983) 

estimates that the evaporation from an operational landfill surface in the UK could 

annually be as low as 40% of the precipitation due to the high infiltration capacity. The
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heat production in the top layer contributes to the energy available for evaporation. For 

most active landfills the high infiltration seems to be the dominant process of the two.

Evaporation from a landfill with a soil cover that is not thin and has well-established 

vegetation is comparable to the regional evaporation.

Bendz and Bengtsson (1996) conducted experiments in an active landfill site in Sweden. 

They investigated the contribution o f the heat of biodegradation by measuring the 

temperature gradient in the top layer o f the landfill. The evaporation was calculated by 

combining the energy budget with an expression for sensible heat flux, and taking the 

atmospheric stability into account by introducing the similarity theory of Monin and 

Obukhov. It was found that the biological heat enhanced the net energy flux and the 

actual evaporation by 20% and 10%, respectively.

2.5.1.5 Evapotranspiration

Evapotranspiration refers to the transfer o f water from the soil directly to the atmosphere 

(evaporation), and to the removal o f water by plants and transfer of that water to the 

atmosphere by those same plants (transpiration).

The growth of vegetation causes water loss to the atmosphere by evapotranspiration, 

which is greater than that which could be lost by evaporation from the soil alone without 

any vegetation.

For European climates the formula developed by Thomtwaite, corrected by coefficients to 

take into account latitude, seems closest to reality (Canziani & Cossu, 1989).

P E =  16
lor v

7< ,
C, (10)

where:

PEj  = potential evapotranspiration in the z-th month (mm/month) 

Ti = monthly average temperature (°C)
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= 6.75 x  (10‘7 x  i,3) + 7.71 x  (lO '5 x  i,2) + 1.79 x (10'2 x /,) + 0.49239 

= annual thermal indice

12 ^ V 5'4
A = I '

v ' , y

(11)

( 12)

C, = correction coefficient relative to the month which takes account of the variation in 

length o f day at various latitudes

2.5.2 W a t e r  B a l a n c e  A n a l y s i s  o n  a  L a n d f i l l  C a p

2.5.2.1 C om puter Analysis

The computer programme HELP (Hydraulic Evaluation of Landfill Performance) employs 

the same principals as the method o f the hand analysis described in Section 2.5.2.2. The 

programme uses daily (rather than monthly) time step and employs more sophisticated 

algorithms for many of the computations. The model accepts weather, soil, and design 

data, and uses solution techniques that account for the effects of surface storage, 

snowmelt, runoff, infiltration, evapotranspiration, vegetative growth, storage o f soil 

moisture, lateral drainage of water in drainage layers, leachate recirculation, vertical 

percolation of soil water, and leakage through hydraulic barriers (Koemer & Daniel, 

1997).

2.5.2.2 Hand Analysis

One of the first decisions that must be made when carrying out water balance analysis is 

what time-scale to use -  hourly, daily or monthly. When performing the analysis by hand 

over long periods o f time it is more convinient to look at monthly averages.
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Koemer & Daniel (1997) and the US Environmental Protection Agency (2003) give 

details o f a spreadsheet (Table 2.14) that can be set up for analysing the annual water 

balance on a landfill cap using monthly averages.

This method is used in Chapter 5 using data for Silent Valley to work out the water 

balance on the capped Southern Slope.

Row Parameter
Month Total

J F M A M J J A S 0 N D

A A v. M onthly Tem p (°C )

B M onthly Heat Index ( H m)

C Unadjusted D aily  Potential 
Evapotranspiration (U PET ) 
(m m )

D Possible M onthly Duration o f  
Sunlight ( N )

E Potential Evapotranspiration 
(PE T) (m m )

F Precipitation (P ) (m m )

G R un off C oeffic ien t (C)

H R un off (R ) (m )

I Infiltration (IN ) (m m )

J IN -  PET (m m )

K A ccum ulated Water Loss 
(W L) (m m )

L Water Stored (W S ) (m m )

M Change in W ater Storage 
(C W S) (m m )

N Actual Evapotranspiration  
(A ET) (in)

0 Percolation (PERC ) (m m )

P Check (C K ) (m m )

Q Percolation Rate (F L U X ) 
(m /s)

Table 2.14 Spreadsheet used for water balance analysis. From Koemer & Daniel 

(1997).
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2.5.2.2.1 Row A: Average Monthly Temperature

The average monthly temperature (°C) is recorded in Row A (Table 2.14).

2.5.2.2.2 Row B: Monthly Heat Index (H ^

The monthly heat index (Hm) is a dimensionless, empirical parameter used to estimate 

evapotranspiration. The monthly heat index is calculated as follows:

/ /m = (0.2 7 ) '5,4 (for T > 0°C) (13)

Hm = 0 (fo r7’£ 0 °C ) (14)

where T is the average monthly temperature from row A.

The monthly values can be summed to determine the annual heat index (Ha), which is 

entered into the ‘total’ column.

2.5.2.23 Row C: Unadjusted Daily Potential Evapotranspiration (UPET)

The unadjusted daily potential evapotranspiration (UPET) refers to the maximum amount 

of evapotranspiration that would occur if  the soil were saturated with water. The amount 

of actual evapotranspiration will depend on the water content o f the soil and will usually 

be less than the unadjusted daily potential evapotranspiration. Unadjusted daily potential 

evapotranspiration can be calculated as follows:

UPET = 0 ( f o r r < 0 ° C )  (15)

UPET = 0.53(1 OTIHaf (for 0°C < T < 2 T C )  (16)

UPET = -0.01512 + 1.093 T -  14.208 (for T > 27°C) (17)

where T is the temperature in °C, Ha is the annual heat flux, and a is a dimensionless 

empirical factor that is computed as follows:

a  = (6.75 x 10'7)//a3 -  (7.71 x \0 's)Ha2 + 0.01792//„ + 0.49239 (18)
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2,5.2.2.4 Row D: Monthly Duration o f  Sunlight (N)

The mean possible monthly duration o f sunlight (N) is corrected for possible amount of 

sunlight and expressed in units o f 12 hour periods. The value o f N  depends on the latitude 

and month of the year. It can be determined by looking at tables (Appendix A) developed 

for the northern and southern hemispheres by Thomthwaite and Mather (Koemer & 

Daniel, 1997).

2.5.2.2.5 Row E: Potential Evapotranspiration (PET)

The potential evapotranspiration is calculated by multiplying the values for the unadjusted 

daily potential evapotranspiration (Row C) and the monthly duration of sunlight (Row D).

2.5,2,2.6 Row F: Precipitation (P)

The mean monthly precipitation (P ) for the site is entered in Row F. Precipitation varies 

from year to year, so it is important to consider the purpose of the water balance analysis 

(e.g. Maximum expected percolation through cap, long-term average) when deciding on 

monthly values.

2.5.2.2.7 Row G: Runoff Coefficient (C)

The runoff coefficient (C) is dimensionless and is defined as the ratio of runoff to 

precipitation. It can vary widely and is difficult to predict accurately. If no site-specific 

information is available, then it is recommended to use guidance developed by Fenn et al, 

which is summarised in table 2.15 (Koemer & Daniel, 1997).
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Description of Soil Slope R unoff coefficient
Sandy Soil Flat (<2%) 0.05-0.10
Sandy Soil Average (2-7%) 0.10-0.15
Sandy Soil Steep (>7%) 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 2.15 Suggested runoff coefficients. From Koemer & Daniel (1997).

2.5.2.2.8 Row H: Runoff (R)

Runoff (R) is calculated from precipitation (Row F) and the runoff coefficient (C) (Row 

G):

R = PC  (19)

2.5.2.2.9 Row I: Infiltration (IN)

The monthly infiltration (IN) is defined as the amount of water entering the surface o f the 

cover and is assumed to equal precipitation (Row F) minus runoff (Row H):

IN = P - R  (20)

2,5.2.2.10 Row J: Infiltration minus Potential Evapotranspiration (IN

PET)

The difference between infiltration (Row I) and potential evapotranspiration (Row E) (IN 

-  PET) is entered into Row J. A positive value indicates potential accumulation (storage) 

of water in the cover soil and a negative value indicates that the soil is drying.
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2.5.2.2.11 Row K: Accumulated Water Loss (WL)

The accumulated water loss {WL) is the sum of the negative monthly values of IN-PET 

(Row J) since the beginning of the year.

2.5.2.2.12 Row L: Water Stored in Root Zone (WS)

The water stored in the root zone (WS) is defined as the amount of water stored in the 

portion of the soil cover that can be tapped by plant roots for evapotranspiration. The 

amount of water stored in the root zone is calculated from the volumetric water content (Q) 

of the soil and the depth of the root zone (Hroot) as follows:

WS = 0Hroot (21)

The volumetric water content (6) is defined as the volume of water (Fw.) divided by the 

total volume o f the soil (V).

2.5.2.2.13 Row M: Change in Water Storage (CWS)

The change in water storage (CWS)  in a month is the water stored (WS) (Row L) in that 

month minus the watered stored in the previous month. If CWS is negative then the soil in 

the root zone is losing water and if it is positive it is gaining water.

2.5.2.2.14 Row N: Actual Evapotranspiration (AET)

The actual evapotranspiration (AET) depends on whether infiltration exceeds potential 

evapotranspiration. If there is less infiltration than potential evapotranspiration, the soil in 

the root zone is losing water through evapotranspiration.
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AET  = PET  (if (IN -  PET) > 0) (22)

AET  = PET + [(IN -  PET) -  CWS] (if (IN - P E T )  < 0) (23)

2.5.2.2,15 Row O: Percolation (PERC)

Percolation (PERC) is the amount o f water draining from the root zone and is calculated 

as follows:

PERC = 0 (if (IN -  PET) < 0) (24)

PERC = (IN -  PET) - C W S  (if (IN -  PET) > 0) (25)

The monthly percolation should be summed to obtain the annual amount of percolation.

2.5.2.2.16 Row P: Check fo r  Calculations (CK)

The idea of water balance calculations is to account for all of the precipitation that falls on 

the cover. For each month it is possible to check the previous calculations as follows:

CK = PERC + AET  + CWS + R (26)

Each monthly value and the yearly total should equal precipitation P, i.e. Row P should 

equal Row F for each column.

2.5.2.2.17 Row Q: Percolation Rate (FLUX)

The rate of percolation (FLUX) is the flux o f water passing through the cover soil. It 

should be calculated for months where PERC  > 0 as follows:

FLUX = (PERC-0.00\)/t (27)

where t is the number o f seconds in the month.
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2.6 R e s e a r c h  b y  t h e  W a s t e  M a n a g e m e n t  

I n f o r m a t io n  B u r e a u  (W M IB )

With funding from the Department o f the Environment, the Waste Management 

Information Bureau (WMIB, 1995) produced a report for them reviewing the composition 

of leachates from domestic wastes in landfill sites.

2.6.1 V a l l e y  L a n d f i l l s  w i t h  G r o u n d w a t e r  I n g r e s s

Natural valleys were often identified as suitable areas for the deposition of household and 

other wastes. The most common problem encountered at such sites relates to the 

uncontrolled entry o f groundwater into wastes from either springs along the valley walls 

or from streams in the base of the valley.

Streams were often culverted beneath the site. Culverts must be watertight, designed to 

accommodate the anticipated external loadings, and constructed with concrete suitably 

corrosion-resistant to the aggressive conditions present in the base of landfills. The 

granular materials used around the culvert could provide a pathway for leachate to travel 

along the side o f the culvert, either to enter it at a point of weakness, or discharge with it at 

its outlet.

Waste Management Paper 26 (DoE, 1986) warns about the risks of valley landfills, 

recommending detailed investigation o f site hydrology to identify all springs, streams and 

watercourses. It did not regard landfilling over culverts as good practice, unless a well 

designed and properly engineered culvert can be provided.

The Waste Management Information Bureau examined detailed leachate monitoring 

records from eight landfill sites. They found a consistency in leachate composition from 

the sites examined (Table 2.16).
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Landfill Site
Operational Present Leachate C om position

Opened C losed PH C O D B O D 5 N H 4-N c r N a Fe

Dean H ouse Farm 1980 1984 7.3 84 4.5 64 1280 658 3.4

Conygar C oppice 1966 1978 6.7 94 - 1.0 43 345 225 38.8

Sherboume 1976 -1 9 9 4 7.1 174 - 1 4 97 360 210 35.4

Farthinghoe 1972 1983 7.0 133 <0.5 54 200 171 13.5

Cannon Bridge 1968 1993 7.0 195 71 77 161 88 22.8

Fay gate 1969 1993 7.5 257 14.7 166 403 262 21.8

Stangford 1982 1990 6.8 330 - 5 0 161 311 351 27 .0

Fowlchurch -1 9 6 5 1994 7.1 373 25 328 824 631 11.2

Results in mg/1, except for pH value.

Table 2.16 Summary of leachate quality in 1995 at valley landfills with groundwater 

ingress. From Waste Management Information Bureau (1995).

Leachate quality at each site is characterised by neutral pH, very low BOD5 values (often 

less than 10 mg/1), but relatively high and persistent residual concentrations of 

ammoniacal-N and chloride. While these very low levels of biodegradable organic 

compounds indicate that methanogenic conditions have become established, as supported 

by generally low sulphide concentrations, the relatively high rates o f water ingress appear 

to have prevented pH values of 8 or above from being established, as might otherwise be 

the case. A consequence o f continuing pH values close to 7.0 is that relatively high 

residual concentrations o f soluble iron (typically 20 to 40 mg/1) remain in the leachate.

Results for leachate at Silent Valley show similar results to those in table 2.16. Leachate 

geochemistry for Silent Valley will be discussed in detail in Chapter 6.

  _______
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C h a p t e r  3

D e s k  S t u d y

Silent Valley landfill site (SO 185 075) has been in operation as a landfill site since 1981. 

Before accepting municipal waste it received large quantities of waste from the iron and 

steel works at Ebbw Vale. The site is licensed to accept household waste.

This chapter gives a description o f the site, the geology, hydrology, hydrogeology, site 

history and the present site operating conditions.
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3 .1  S i t e  D e s c r i p t i o n

3 .1 .1  S it e  L o c a t io n

Silent Valley Landfill Site is located in the Cwm Merddog, an eastern tributary valley that 

joins the Ebbw Fawr at the village o f  Cwm (Fig. 3.1). The site is 1.2 km east o f the 

village o f Waunlwyd and lies to the southeast o f Ebbw Vale. It is located at National Grid 

Reference SO 185 075.
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Figure 3.1 Map showing the location o f Silent Valley landfill site. From OS 

Landranger Series 161.
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3 .1 .2  S it e  A c c e s s

The site is reached via an access road, between Cwm and Waunlwyd, off the A4046. The 

turnoff is signed. The access road also leads to Cwm Cemetery. The A4046 joins the 

A467 and links Ebbw Vale with Newport.
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3 .1 .3  S it e  o f  S p e c i a l  S c i e n t i f i c  I n t e r e s t  (S S S I )

A leaflet about Cwm Merddog is available from the Gwent Wildlife Trust. Many o f the 

details given below are taken from the leaflet.

The site has been declared by the Blaenau Gwent County Borough Council as a Local 

Nature Reserve. Much of the site was notified in 1984 as a Site of Special Scientific 

Interest. It was purchased by the Gwent Wildlife Trust with financial help from Blaenau 

Gwent Borough Council, WWF and the Nature Conservancy Council.

Silent Valley Local Nature Reserve covers approximately 50 hectares. It is made up o f a 

number of plant communities including grassland, wetlands, heaths and woodlands. 

Species such as narrow buckler fern, greater tussock sedge and heath spotted orchid can be 

found. The Reserve attracts a lot o f birds, including finches, Bramblings, Green 

Woodpecker, Pied Flycatcher, Redstart and buzzard.

The two main blocks o f beech woodland are found at Cwm Merddog, which straddles the 

Nant Merddog stream, and Coed Tyn y Gelli, which is the highest known site o f beech in 

the UK. There, at an altitude of up to 1500 feet (460 m) the trees are stunted and gnarled 

and many grow little taller than 2 m.

Gwent Wildlife Trust in partnership with the Countryside Council for Wales, Blaenau 

Gwent County Borough Council, Silent Valley Waste Services Ltd is developing an 

education and community resource. The project is funded through the Silent Valley 

Environmental Trust (landfill tax) and the European Regional Development Fund. It aims 

to enhance the Silent Valley Local Nature Reserve as an important wildlife site to be 

enjoyed by the local community and as an educational resource for schools.
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3.2 G e o l o g y

The site is located within the Carboniferous Upper Coal Measures, Westphalian C and D 

series (Golder Associates, 1993a; 1993b). The Hughes Beds form the top of the sequence 

and belong to the Upper Pennant Measures. Below the Hughes Beds are the Brithdir and 

Rhondda Beds of the Lower Pennant Measures. The solid geology is overlain by a 

mixture o f boulder clay, head deposits and made ground. Figure 3.2 shows the regional 

geology o f Silent Valley and the surrounding area.

The landfill site lies at elevations below the outcrop of the Brithdir Seam and 

consequently rests on the Rhondda Beds (Fig. 3.3).

3.2.1 S o l i d  G e o l o g y

3.2.1.1 Llynfi Beds

The Llynfi Beds consist o f mudstones and sandstones occurring in approximately equal 

proportions. The sandstones are typically quartzitic sandstones, commonly pebbly and 

conglomeratic. Red beds appear towards the top of the formation in the Ebbw Fach 

Valley (Barclay, 1989).

The No. 3 Rhondda, locally called Old M an’s Coal, is the most persistent coal in the 

Llynfi Beds.

3.2.1.2 Rhondda Beds

The Rhondda Beds in the area are about 100m thick with the No. 2 Rhondda coal defining 

the base of the formation. The lower part of the formation comprises mainly pebbly 

coarse-grained orthoquartzitic sandstones and polymitic conglomerates. In the upper part
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Figure 3.2 Geological map of area surrounding Silent Valley landfill site. From British Geological Survey. Solid and Drift Geology. England and Wales Sheet 232, Abergavenny.

Silent ValU 
landfill sit

Emma C. Paris Cardiff University 101

3089



Chapter 3 -  Desk Study.

Figure 3.3 Geological map of area surrounding Silent Valley landfill site. From NERC Geological Survey of Great Britain (England and Wales), Sheet SO 10 NE.

EmmaC. Paris Cardiff University 102



Chapter 3 -  Desk Study.

of the succession the quartzite strata are interbedded with mudstones, coal and associated 

seatearths. The mudstones are predominantly red and know as Deri Beds (Golder 

Associates, 1993a; 1993b).

3.2.1.3 Brithdir Beds

The boundary between the Rhondda and the overlying Brithdir Beds is formed by the 

Brithdir coal seam. In the past, two mines worked this seam to the north o f the site and 

two mines to the east (Golder Associates, 1993a; 1993b).

Pennant sandstones, about 16m thick overlie the Brithdir on the west side of the Ebbw 

Fawr Valley and on the east side o f the valley near Cwm, but mudstones overlie the coal 

in the Cwm Merddog (Barclay, 1989).

The Brithdir Rider, a thin inferior coal seam overlies the mudstones and is itself overlain 

by about 25 m of strong massive conglomeritic to fine grained orthoquartzitic sandstones.

The base of the Cefn Glas coal seam, known locally as the Tillery Rider, defines the top of 

the Brithdir Beds (Barclay, 1989).

3.2.1.4 H ughes Beds

The Hughes Beds extend from the base o f the Cefn Glas coal seam to the base o f the 

Mynyddislwyn seam. Pennant sandstones dominate the formation, with only thin and 

impersistent mudstones. On the west side o f the Ebbw Fawr Valley the Cefn Glas is 

0.12 m thick in a disused quarry at Victoria [1694 0630]. On the east side of the Ebbw 

Fawr Valley the coal is thick enough to have been worked from crop levels in Cwm 

Merddog (Barclay, 1989).
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Head Deposits 
Range

Silty CLAY 
Range

Guidelines
NRA

Natural Moisture Content % 15-17(3) 13-26(15) -

Liquid Limit % 23-47 (4) 30-57 (15) <90

Plastic Limit % 8-26 (4) 11-34(15) <65

Clay Content % 5-12(6) 18-47 (4) >10

Specific Gravity Mg/m3 2.65-2.68 (2) 2.71-2.80 (6) -

Optimum Moisture Content % 8.5-10(2) 9-18(6) -

Maximum Dry Density Mg/m 2.00-2.11 (2) 1.76-2.06 (6) -

Permeability m/s 2.35-7.18xl0'9 (3) 2.85x1 O'9 -  
8 .9x l0 '10 (10)

<1x10‘8

Undrained Shear Strength kN/m2 - 75-10(4) -

Figures in brackets represent number o f samples tested.

Table 3.1 Summary of laboratory results (BGBC and Golder Associates) and NRA 

guidelines for landfill lining material. From Golder Associates (1993c).
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3.3 H y d r o l o g y

3 .3 .1  S u r f a c e  W a t e r

3.3.1.1 Surface W ater C atchm ent

Golder Associates and Ove Amp & Partners have made calculations o f the landfill site 

catchment area. Golder Associates (1993 b) calculated a surface water catchment area o f 

106 hectares.

Ove Amp & Partners (1995) calculated that at the downhill toe of the landfill, the 

theoretical catchment of the Nant Merddog is about 110 hectares, o f which the landfill site 

occupies 20 hectares. The effective catchment of the Nant Merddog upstream of inlet A 

(Fig. 3.32) is about 30 hectares. The remaining 60 hectares of catchment is from the

interfluve ridges to the east and west o f the site where little mn-off occurs.

In another report Ove Amp & Partners (1997) give the surface water catchment area

(upper part o f Cwm Merddog) as an area o f approximately 120 ha.

The main surface water running through the site is the Nant Merddog stream. It is a 

subsidiary o f the Ebbw Fawr River, which it joins to the south of the site near Cwm. The 

Nant Merddog is culverted to the east o f the site.

3.3.1.2 General Quality A ssessm ent o f the Ebbw Fawr

The General Quality Assessment scheme (GQA) is the Environment Agency’s method for 

classifying water quality in rivers and canals. The scheme provides a way of comparing 

quality from one river to another and for looking at changes through time. Water quality 

is assessed for:

• Chemistry
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• Biology

• Nutrients

• Aesthetics.

The following information comes from the Environment Agency website (accessed in 

February 2004, http://www.environment-

agency.gov.uk/yourenv/eff/water/213902/river_qual/gqa2000/?version= 1 &lang=_e).

3.3.1.2.1 Chemistry

The grade (Table 3.2) is defined by standards for biochemical oxygen demand (BOD), 

ammonia and dissolved oxygen. These determinands are indicators of pollution that apply 

to all rivers, first because of the widespread risk of pollution from sewage or farms, and 

second because of the toxicity o f ammonia and the requirement for dissolved oxygen for 

aquatic life.

In 2002 the Ebbw Fawr had a river classification for chemistry as fairly good and good 

upstream of the landfill site and good downstream (Fig. 3.4).
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C h em ica l G rad e D isso lved
oxygen

(%
saturation)

10-percentile

B io ch em ica l
O xygen
D em an d
(mg/1)

90-percentile

A m m on ia
(mg/1)

90-percentile

L ikely  uses and characteristics*

A V ery G ood 80 2.5 0.25 A ll abstractions 

Very good salm onid fisheries 

Cyprinid fisheries 

Natural ecosystem s

B G ood 70 4 0.6 A ll abstractions 

Salm onid fisheries 

Cyprinid fisheries 

E cosystem s at or c lo se  to natural

C Fairly G ood 60 6 1.3 Potable supply after advanced
treatment

Other abstractions

G ood cyprinid fisheries

Natural ecosystem s, or those
corresponding to good  cyprinid

fisheries

D Fair 50 8 2.5 Potable supply after advanced
treatment

Other abstractions

Fair cyprinid fisheries

Impacted ecosystem s

E Poor 20 15 9.0 Low  grade abstraction for industry 

Fish absent or sporadically present, 
vulnerable to pollution**  

Im poverished ecosystem s**

F Bad <20 Very polluted rivers w hich may 
cause nuisance

Severely restricted ecosystem s
* Provided other standards are met
** Where the grade is caused by discharges o f  organic pollution

Table 3.2 Table showing the General Quality Assessment scheme grades for 

chemistry.

3.3.1.2.2 Biology

The biological scheme (Table 3.3) is based on the macro-invertebrate communities of 

rivers and canals. The variety o f macro-invertebrates differs from site to site and from 

river to river even when there is no pollution or physical disturbance. This is because they
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are affected by the size, slope, altitude and geographical location of the watercourse, the 

nature of the stream bed, the river flow and the geology of the catchment. Because of 

these natural differences, it is best to describe biological quality as the difference between 

the macro-invertebrate community actually found in the river and that which would be 

expected under natural conditions.

Grade Quality

A Very G ood The b io logy  is sim ilar to (or better than) that expected  for an average, 
unpolluted river o f  this size , type and location. There is a high diversity o f  
fam ilies, usually w ith several species in each. It is rare to find a dom inance o f  
any one fam ily.

B G ood The b io logy  sh ow s m inor differences from Grade 'a' and falls a little short o f  
that expected for an unpolluted river o f  this size, type and location. There may  
be a sm all reduction in the number o f  fam ilies that are sensitive to pollution, and 
a moderate increase in the number o f  individuals in the fam ilies that tolerate 
pollution (like w orm s and m idges). This may indicate the first signs o f  organic 
pollution.

C Fairly Good The b io logy  is w orse than that expected for an unpolluted river o f  this size , type 
and location. M any o f  the sensitive fam ilies are absent or the number o f  
individuals is reduced, and in many cases there is a marked rise in the numbers 
o f  individuals in the fam ilies that tolerate pollution.

D Fair The b io logy  sh ow s considerable differences from that expected  for an 
unpolluted river o f  this size , type and location. Sensitive fam ilies are scarce and 
contain on ly  sm all num bers o f  individuals. There may be a range o f  those 
fam ilies that tolerate pollution  and som e o f  these may have high numbers o f  
individuals.

E Poor The b io logy  is restricted to anim als that tolerate pollution with som e fam ilies  
dominant in term s o f  the num bers o f  individuals. Sensitive fam ilies w ill be rare 
or absent.

F Bad The b io logy  is lim ited to a sm all number o f  very tolerant fam ilies, often on ly  
w orm s, m idge larvae, leeches and the water hog-louse. These may be present in 
very high num bers but even  these may be m issing i f  the pollution is toxic. In the 
very worst case there may be no life present in the river.

Table 3.3 Table showing the General Quality Assessment scheme grades for biology.

The Environment Agency use a computer-based system to predict the macro-invertebrates 

that would be found if the river was unpolluted and undamaged. The system is called 

RIVPACS (River Invertebrate Prediction and Classification System). The classification of 

waters is not precise and there is an average risk of 22% that rivers may be classed 

wrongly. It is unusual, however, for this error to extend beyond the neighbouring grade.
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In 2002 the Ebbw Fawr had a river classification for biology as fairly good and fair 

upstream of the landfill site and good and fairly good downstream (Fig. 3.5).

3.3.1.2.3 Nutrients

Samples are analysed for their concentrations o f two nutrients: nitrate and phosphate. The 

data are collected over three years to determine average nutrient concentrations. So the 

classification for the year 2002 includes the results for 2000 and 2001. Data from three 

years (36 samples per site) is used to reduce any variation due to unusual weather 

conditions.

A grade from 1 to 6 is allocated for both phosphate (Table 3.4) and nitrate (Table 3.5). 

These are not combined into a single nutrients grade. There are no set ‘good’ or ‘bad’ 

concentrations for nutrients in rivers in the way that we describe chemical and biological 

quality. Rivers in different parts o f the country have naturally different concentrations of 

nutrients. ‘Very low’ nutrient concentrations, for example, are not necessarily good or 

bad; the classifications merely states that concentrations in this river are very low relative 

to other rivers.

Classification for 
Phosphate

G rade lim it (mgP/1) 
Average

Description

1 <0.02 Very low

2 >0.02 to 0.06 Low

3 >0.06 to 0.1 Moderate

4 >0.1 to 0.2 High

5 >0.2 to 1.0 Very high

6 >1.0 Excessively high

Table 3.4 Table showing the General Quality Assessment scheme grades for 

phosphate.
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Classification for 
Nitrate

Grade limit (mg NO3/I) 
Average

Description

1 <5 Very low
2 >5 to 10 Low
3 >10 to 20 Moderately low
4 >20 to30 Moderate
5 >30 to 40 High
6 >40 Very high

Table 3.5 Table showing the General Quality Assessment scheme grades for nitrate.

In 2002 the Ebbw Fawr had a river classification for phosphate as low upstream of the 

landfill site and very low downstream (Fig. 3.6). Nitrate was classed as very low 

upstream of the landfill site and very low downstream (Fig. 3.7).

3.3.1.2.4 Aesthetics

The aesthetic quality of rivers and canals is based on:

• litter (gross litter, general litter, sewage litter and dog faeces)

• oil, surface scum, foam, sewage fungus, ochre

• colour and odour.

The standard sampling unit consists o f an area extending 50 m along the riverbank and up

to 5 m from the water’s edge plus the river and its bed. Each parameter is assigned a class

in the following way:

• Litter is classified on the total number o f items counted for each parameter.

• Oil, scum, foam, sewage fungus and ochre are classified on the percentage cover of the 

water.

• Colour is classified according to its hue and intensity.

• Odour is classified according to the type o f odour and its intensity.

The overall grade for a site is derived from the ‘score’ allocated to each parameter.
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The classification of a site for aesthetic quality is one of four grades:

• Grade 1 - good

• Grade 2 - fair

• Grade 3 - poor

• Grade 4 - bad

In 2000 the aesthetic quality of some rivers and canals was assessed. The Ebbw Fawr was 

not assessed (Fig. 3.8). At a couple o f locations north of the Ebbw Fawr, the assessment 

had been good. A location in Newport had been assessed as poor.
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/ \ y  A - very good 
/ \ /  B - good
/ v  c • fa'r,y 9°od

D - fair 
v  E - p o o r  

A /  F - bad 
No data

Source: Environment Agency

Figure 3.4 Classification under the General Quality Assessment scheme (GQA) for 

river chemistry in 2002.
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/ S /  a -v e ry  good 
/ V  b- Qood 
/ \ /  c - fairly good 

d - fair 
/S /  e -  poor 
A /  f -  bad 

No data

Source: Environment Agency

Figure 3.5 Classification under the General Quality Assessment scheme (GQA) for 

river biology in 2002.

Emma C. Paris Cardiff University 114



Chapter 3 -  Desk Study.

A /  1 - very low
A /  2 - ,ow
A /  3 - moderate 
/ V  4 -  high

5 - very high 
A /  6 - excessively high 

No data

Source: Environment Agency

Figure 3.6 Classification under the General Quality Assessment scheme (GQA) for 

river phosphate in 2002.
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A /  1 - very low 
A /  2- low 
/ V  3 * iroderately low
/ v  4 '  m oderateA / 5 -  high 
/ V  6 -  very high 

No data

Source: Environment Agency

Figure 3.7 Classification under the General Quality Assessment scheme (GQA) for 

river nitrate in 2002.
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•  Fair
•  Poor
•  Bad

Urban areas
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h e f f i e l d
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B i r m i n g h a m

Southampton

Source: Environment Agency

Figure 3.8 Classification under the General Quality Assessment scheme (GQA) for 

river aesthetics in 2000.
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3 .3 .2  R a i n f a l l

On site there is a weather station that measures the TH index, outside temperature, wind 

chill, high temperature, low temperature, outside humidity, dew point, wind speed, peak 

wind speed, wind direction, rainfall, atmospheric pressure and indoor temperature and 

humidity. The measurements are recorded every 30 minutes.

The monthly rainfall for Silent Valley is shown in figure 3.9. There are gaps in the data 

where measurements have not been recorded due to equipment or download failure.
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■  Incomplete data
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Figure 3.9 Monthly rainfall data for Silent Valley landfill site.

Golder Associates (1993b) obtained the long term annual rainfall from the Meteorological 

Office for MORECS square 146 as 1257.8 mm.
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Effective rainfall for the Silent Valley area is estimated to be of the order of 60% of 

rainfall (Ove Arup & Partners, 1999).

The rainfall at the site will be dealt with in more detail in Section 5.2.
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3.4 H y d r o g e o l o g y

3 .4 .1  R e g i o n a l  H y d r o g e o l o g y

Studies carried out on the sediments underlying the site show that the arenaceous deposits 

and mudstones of the Rhondda Beds are characterised by an intergranular permeability 

several orders o f magnitude greater than that o f the less permeable mudstones. The 

folding, faulting and fracturing of the sequence subsequent to deposition has lead to a 

secondary permeability within the sandstones which is likely to increase the transmissivity 

of these horizons.

The sandstone beds predominantly control the movement of groundwater in the Upper 

Coal Measures and that movement is more likely to occur horizontally along bedding 

planes than vertically across sandstone/mudstone interfaces. This sequence of high and 

low permeability layers forms a multi-layer aquifer system with individual water pressures 

in each sandstone aquifer horizon.

Springs commonly emerge along the boundaries of the high permeable sandstones with 

low permeable mudstones or coal/seatearths. Water is also issuing from disused mine 

adits. The adit at the north-western end o f the site has an engineered drainage system. 

From the two mines on the eastern valley side water is issuing from their entrances and 

free draining downslope.

No site specific data are available from published material regarding the hydraulic 

properties of the aquifer horizons. However, transmissivity values o f the coal measure 

sandstone horizons are reported to range between 0.1-20 m2/d with porosity values of 

around 0.02 expected (Barclay, 1989).
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3 .4 .2  S i t e  H y d r o g e o l o g y

According to the NRA Document on Policy and Practice for the Protection of Ground 

Water, Silent Valley landfill is lying in a catchment source protection zone (Golder 

Associates, 1993b).

The hydrogeological map (Fig. 3.10) produced by the British Geological Survey has the 

landfill site marked. The map shows sites o f overflowing mine drainage (>0.5Mm3/a) to 

the south of the site and a licensed abstraction point (>0.05Mm3/a) to the northwest.

The groundwater vulnerability map (Fig. 3.11) produced by the Environment Agency 

identifies the vulnerability o f groundwater to contamination. An assessment o f the 

physical and chemical properties o f the soil is overlain onto geological information to 

produce 7 groundwater vulnerability classes. Silent Valley Landfill site is treated as a 

Minor Aquifer (variably permeable) with soils of high leaching potential (H).

The minor aquifer is classified as seldom producing large quantities of water for 

abstraction but they are important both for local supplies and in supplying base flow to 

rivers.

Soils of high leaching potential (H) are soils with little ability to attenuate diffuse source 

pollutants and in which non-adsorbed diffuse source pollutants and liquid discharges have 

the potential to move rapidly to underlying strata or to shallow groundwater. The soils at 

Silent Valley have been classified in the sub-class H3; coarse textured or moderately 

shallow soils which readily transmit non-adsorbed pollutants and liquid discharges but 

which have some ability to attenuate adsorbed pollutants because of their clay or organic 

matter contents.
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Figure 3 .10 Hydrogeological map of Silent Valley and surrounding area. From BGS 1:125,000 Hydrogeological Map of South Wales.
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Scale: 1:100 000 or 0-633 inches to 1 mile 

Metres 1000 0 1 2 3 4 5 6 7 8 9 10 KilometresUlllll
1 i i 1 r---------------- 1------------------ *-----------------t -----------------1------ i----------------- )

M'1* 1 0 1 2 3 4 5 6 Miles

VULNERABILITY CLASSES

Geological Classes

Ma|or Aquitei 
(Highly Permeable)

[

Minor Aquifer 
(Variably Permeable)

Non-Aquifer 
(Negligibly Permeable)

Soil Classes 
High (H) 1.2. 3. U*

Intermediate (1) 1, 2

Low

High (H) 1,2.3, U* 

Intermediate (I) 1,2 

Low

Low permeability drift deposits occurring at the surface and overlying Major and 
. |  . Minor Aquifers are peat, marine and estuanne alluvium, first terrace of warn or higher

estuannc alluvium, tidal flat deposits, glaciolacustnne deposits, morainic drift and till.

11 -  Soil information for restored mineral workings and urban areas is based on fewer observations than elsewhere. A 
wuiti case vulnerability classification (H) is therefore assumed for these areas and for current mineral workings. All are 
given a designation HU until proved otherwise.

Figure 3.11 Groundwater vulnerability map o f area surrounding Silent Valley landfill 

site. Adapted from Environment Agency map, sheet 36.
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There is likely to be a contrast in conductivity between the landfill and underlying boulder 

clay. Combined with the steep valley topography and the presence of underdrains and 

pipelines the effect would be the rapid drainage o f leachate, with little opportunity for the 

build-up of leachate heads. Infiltration and percolation of groundwater through the 

landfill is therefore characterised by short transit times and peaky flows.

To the north-east and north-west of the landfill site there is little run-off. These areas are 

underlain by massive sandstones which in places contain fissures and open joints which 

are largely the result of previous mining. Rainwater through these sandstones would enter 

extensive workings in the Brithdir Seam. In the Tarren y Trwyn ridge to the north-west of 

the landfill, pipe-rubble drains were installed to drain these levels and discharge away 

from the landfill (Ove Arup & Partners, 1995).

Below the Brithdir Seam, the strata contain frequent bands of mudstone, which act as 

aquicludes inhibiting the downward percolation of groundwater. Consequently, downhill 

of the Brithdir Seam, groundwater flow will be largely restricted to the near surface strata 

and will flow downhill along the rockhead topography and along the dip of the beds.

Flows emerging from pipelines at the toe of the landfill reflect two components of 

groundwater flow:

• seasonally changing baseflows due to groundwater flowing through the natural strata 

before entering the landfill;

• short duration, peaky flows due to rainfall on the landfill rapidly percolating to the 

downhill toe (Ove Arup & Partners, 1996b).
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3 .4 .3  A n a l y s i s  o f  G r o u n d w a t e r  F l o w s

In 1993 Golder Associates (1993b) carried out a site investigation to assess the feasibility 

of a proposed extension of the site. As part of the investigation 4 groundwater monitoring 

boreholes were drilled to assess the hydrological regime beneath the site (Fig. 3.12).

The drilling showed that there is a sequence o f mudstones and sandstones o f various 

thicknesses underlying the site. Correlation between the boreholes was not possible due to 

differences in their elevation and the wide spacing between them. The boreholes therefore 

measured water pressures in different horizons and so the data could not be used to 

construct contour maps showing groundwater flow across the site.

A numerical model o f the site could not be produced due to the layering o f the coal 

measure strata and the scarcity of data available. The standard Modflow package is not 

suitable. There are other packages for modelling that are commercially available. It was 

therefore decided to estimate the occurring groundwater flow underneath the site for a 

single 50 m thick layer with a hydraulic conductivity representing the mudstone/sandstone 

sequence encountered in the boreholes. A single idealised equivalent layer is created.

The thickness of the mudstones and sandstones in each well are taken from the borehole 

logs and the hydraulic conductivities were assumed to be 10’5 m/s for a sandstone and 

1 O'7 m/s for a mudstone (no measurements of hydraulic conductivity for the horizons were 

available). For each well the hydraulic conductivity o f the equivalent layer to the depth of 

that well is calculated according to the formula:

where K j  = individual hydraulic conductivity [m/s] 

dj = thickness of individual layer [m] 

d = total thickness of n layer [m]

The hydraulic conductivity of the equivalent layer for the boreholes was as follows:

(28)

GA/5

GA/6

Kx = 3.9 x 10‘6 m/s 

Kx = 4.4 x 10'6 m/s
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GA/7 Kx = 6.3 x 10'6 m/s

GA/8 Kx = 1.8 x 10‘6 m/s

Giving an average for the equivalent layer of: 

Kx (av.) = 3.7 x 1 O'6 m/s

Assuming a repetitive sequence o f the coal measure strata, the calculated average value 

can be used to determine the flow through the top 50 m below the site. This provides a 

simple model that assumes that the flow is parallel to the strata.

The hydraulic gradient (/) o f the site can be calculated between GA/4 and GA/8.

Ah
i = —  (29)

A /

where Ah = difference in head = 100 m

Al = distance between GA/4 and GA/8 = 800 m

0.125
800

Assuming that the flow occurs across the width of the valley of 500 m, the flow can be 

calculated using Darcy’s Equation,

Q = Aki (30)

where A = cross-sectional area o f flow [m ]

K = hydraulic conductivity [m/s] 

i = hydraulic gradient [-]

= 50 m x 500 m x 3.7 x 10’6m/s x 0.125 

= 1.2 x 10’2 m3/s 

« 1.0 x 1 O’2 m3/s

This value must balance with the recharge to the aquifer which can be estimated. Golder 

Associated took the likely area contributing to the recharge of the sequence as 705000 m 

(Fig. 3.12).
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Figure 3.12 Estimated recharge area for calculation of flow through the equivalent 

layer. From Golder Associates (1993b).
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Golder Associates obtained the long term annual rainfall from the Meteorological Office 

for MORECS square 146 as 1257.8 mm. Using the potential evaporation, the long term 

average effective rainfall is calculated as 734.3 mm. It was assumed that 30% of the 

effective rainfall can infiltrate through the coal measure strata, giving an estimate for the 

potential annual recharge as 220 mm/yr. Over the total area this gives a volume of:

705000 m2 x 0.22 m/y = 155100 m3/y

-  0.5 x 10'2 m3/s

Golder Associates compared the volume of groundwater flow with the annual flow 

estimates of 527000 m /y through the lagoon. Adding the groundwater flow to the flow 

through the lagoon gave a total water throughput of:

527000 m3/y (Lagoon)

+ 315000 m3/y (Groundwater Flow)

(Golder Associates used 1.0 x 10'2 m3/s rather than 1.2 x 10'2 m3/s)

= 842000 m3/y (Total flow through site)

9 9 9 ^If 1.2 x 10' m /s is used rather than 1.0 x 10" m /s for the groundwater flow, the extra 

0.2 x 10‘2 m3/s or 63072 m3/y increases the total flow through the site to 905000 m3/y.

The total flow through the site should balance with the available water for infiltration and 

surface run-off, i.e. the effective rainfall over the whole of the surface water catchment 

area (Fig. 3.13) of 1060000 m , giving a volume of:

1060000 m2 x 0.734 m/y = 780000 m3/y 

It is considered that this value is in reasonable agreement with the total flow through the 

site given the uncertainty of the data used.

Under the existing operating conditions, the likely quantities through the lagoon can be 

calculated. As before it is still assumed that 70% of the effective rainfall falling on the 

coal measure strata becomes run-off and that all the effective rainfall falling onto Phases I 

and II will infiltrate to become leachate.

Phase I: 201775 m2 x 0.734 m/y = 148103 m3/y

Phase II: 135440 m2 x 0.734 m/y = 99413 m3/y

Rest of surface water catchment area: 722785 m2 x 0.514 m/y = 371511 m3/y
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Total volume to flow through lagoon: 619027 m3/y w 620000 m3/y

A calculated flow of 620000 m3/y is in reasonable agreement with the 527000 m3/y that 

had been given to Golder Associates as a measured value.

The velocity of groundwater flow can be estimated given the porosity value of 0.02 

reported in the literature for coal measure sandstones (Barclay, 1989).

v = -  (31)
n

where v = average groundwater flow velocity [m/s] 

i = hydraulic gradient [-]

K = hydraulic conductivity [m/s] 

n = porosity [-]

3 .7x 10'6m /sx  0.125 . .  in _5 .
v = ----------------------------- = 2.3x10 m / s

0.02

= 2.0 m/day

This calculation uses the hydraulic conductivity of the equivalent layer described before, 

which comprises o f mudstone and sandstone horizons, whereas the porosity value refers to 

sandstones only. If the earlier estimate o f hydraulic conductivity of sandstones of 10'5 m/s 

is used then the velocity of groundwater flow is as follows:

10_5w /5 x 0.125 in_5 ,
v = ---------------------- = 6.25x10 5m / s

0.02

= 5.4 m/day

This value of 5.4 m/day probably represents an upper limit of flow velocity with the 

velocities in the mudstone horizons being less. These calculations do not take into 

account the influences of fractures, which would affect flowpath and flow velocity.
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Figure 3.13 Estimated surface water catchment area. From Golder Associates (1993b).
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3 .5  S it e  H is t o r y

Golder Associates and Ove Arup & Partners have undertaken extensive research to 

establish the development of Silent Valley. They used Ordnance Survey maps and 

Country Series maps in addition to information from local people. The information below 

is a combination of their research and mine.

1880 Cwm Merddog was under agricultural use (Fig. 3.14). Trees and

hedges occurred along many field boundaries with occasional 

coppices on the valley sides. Woodland extended along the Nant 

Merddog stream in the bottom of the valley and to the east o f 

Ty'n-t-gelli. Within the site three tributary streams flowed into the 

Nant Merddog, the southern most originating from a spring on the 

east side o f the valley.

There were two farms within the site boundary -  Ty'n-y-gelli on the 

eastern valley side and Pen-y-crug in the west.

A small quarry exists above the woodland to the east of Blaen-y-cwm 

and a coal level near the stream exists to the north-northeast of 

Blaen-y-cwm (just off the north of the map).

1886 This map shows nothing different from the previous edition.

1901 The field boundaries, homesteads and old coal level and quarry to the

north remain the same (Fig. 3.15).

A tramway has been constructed along the side of the valley to the 

trees about 100 m south-southeast of Ty'n-y-gelli. At this location the 

'North Level' has been opened up.

The small quarry above the woodland to the east o f Blaen-y-cwm is 

described as Old Quarry. Along the tramway three Old Coal Levels
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1904 & 1908

1920

1933 - 1934

1948

1951

1956

are noted (only one visible in figure). To the south of the Old Coal 

Level it appears that there is some rubble. To the south of the landfill 

boundary one coal level is related to a small spoil tip.

Old photographs show a spoil tip encrouching across Nant Merddog 

from the west.

The North Level is now described as disused (Fig. 3.16). Many of 

the hedges and trees along field boundaries are no longer present.

The old quarry to the east of Blaen-y-cwm is located but not 

mentioned. The old coal level to the north remains the same.

Old photographs indicate that the spoil tips in the western area were a 

distinct conical shape (Maclane cones) with a similar height to 

Tarren-y-Twyn headland.

This map indicates the Old Coal levels along the eastern valley side, 

the Old Tramway, the spoil tip to the east appears slightly larger than 

the 1901 edition. Ty'n-y-gelli is no longer present.

A spoil tip to the north o f Pen-y-crug has appeared on the western 

valley side and south of Tarren-y-Trwyn.

The aerial photo (Fig. 3.17) shows the Maclane cones produced from 

the iron and steel works.

The aerial photo (Fig. 3.18) shows the Maclane cones produced from 

the iron and steel works.

The Agricultural land Classification of England and Wales confirms 

that Silent Valley was generally used for land primarily in non- 

agricultural use.
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1969

1960s

1970s

1979

1981

1983

1986-

The spoil tip on the western area has developed to cover an area 

approximately 146,000 m2 (14.6 ha) (Fig. 3.19). An additional 

feature to the north of the spoil tip, suggests another tip or that a 

landslide deposit may be present immediately to the southeast of 

Tarren y Trwyn.

On the eastern side of the valley there is a tip that was visible as some 

rubble on the 1901 map to the south of the Old Coal Level.

- early 1980 Llanwem Slag Ltd was involved in the removal of blast furnace slag 

to use as aggregate. Heckett Ltd recovered the metals from the slag 

and sold them back to British Steel.

British Steel Corporation culverted the Nant Merddog beneath part of 

the steelworks waste tips in a 750 mm internal diameter concrete 

pipeline, the BSC pipeline.

Geological Map (Fig. 3.3) showing adits and shafts that are in use and 

have been abandoned. A thick slag heap is shown across the site.

In 1981 the site was sold by British Steel to Blaenau Gwent Borough 

Council and was licensed to accept domestic refuse. It was run as 

Silent Valley Landfill by Blaenau Gwent Borough Council. At this 

time major civil engineering works were carried out to culvert the 

Nant Merddog along with additional drainage along the eastern slopes 

in order to control the surface water run off.

A new pipeline was constructed to convey the Nant Merddog to the 

east of the original stream course.

1988 Cam Tillery workings in the Brithdir Seam upper leaf were carried

out beneath the hillside scarp to the north of the site.
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1990

1992

1993

1994

2000

2001

The spoil tip on the western flanks is now described as disused with a 

dismantled tramway leading up to it from the main valley of Ebbw 

Vale. A Nature Reserve exists to the south on the eastern valley 

slopes.

An adit to the north of the existing landfill site was closed.

Blaenau Gwent Borough Council installed a plastic drain along the 

valley between the slag on the western side of the valley and the 

landfill on the east to collect drainage from the upper parts of the 

valley and divert it beneath the proposed landfill.

Silent Valley Waste Services Limited, a LAWDC undertook the 

responsibility of waste disposal in the valley in August 1994.

Aerial photograph (Fig. 3.20) showing the landfill site.

The Southern Flank was capped, with 850 mm of overburden and 

then hydroseeded, to reduce infiltration into the landfill. Drainage 

ditches around the site were lined with concrete to reduce their 

erosion.
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Figure 3.14 Map taken from the 1880 1:2500 Monmouthshire map. Reproduced to scale.

Emma C. Paris Cardiff University 135



Chapter 3 -  Desk Study.

.̂ wyrtVjftrwd ^

arry <

S ' <

Old .U r\ V
/  KA-*4 \

NorthXIjevelM*> ; !PA:V«4

'p o ed  y G a i
Site'.‘Boimdary 
(ag.gftgwn in figures T.TS&3.26)

Id Coal ljerel

t
N

Figure 3.15 Map taken from the 1901 1:10,560 Monmouthshire map. Reproduced to scale.
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Figure 3.16 Map taken from the 1920 1:2500 Monmouthshire map. Reproduced to scale.
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Ebbw Vale Iron and 
Steel works.

Twin Maclane cones produced 
from t he iron and steel works 
waste products.

200m

Figure 3.18 Aerial photograph showing the twin Maclane cones at Cwm Merddog taken 

on 12th May 1951 (supplied courtesy of the Welsh Office, 2002).
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Figure 3.19 1969 map of area around Silent Valley landfill site. Sheet SO 10 NE.
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I____ I
100m

Figure 3.20 Georeferenced photograph o f Silent Valley taken in 2000. From Getmapping.com
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3 .6  P r e s e n t  S it e  C o n d it io n s

3 .6 .1  S i t e  L a y o u t

The operational site can be divided into two areas. Phase I (20.1 ha) is active at present 

and Phase II (13.5 ha) is the proposed area for future development (Fig. 3.21). Phase I is 

located to the south o f the site. The southern face was filled, in an uncontrolled manner, 

during the early 1980s while Blaenau Gwent Borough Council ran the site. Phase IA is 

the present day active phase, which is working northward from this face.

The site has offices located to the south o f  the site where all visitors must report. A road 

leads from the site offices around the western periphery o f the site. There is a 

weighbridge along this road that monitors all fill entering the site. At the top o f  this road, 

where vehicles exit the active area o f the site, there is a wheel wash. To the north o f  the 

site there is a waste paper containment cell.

Next to the site offices there is a civil amenity site open to the public. There are large 

skips and some facilities for recycling.

At the south end o f the site there is the settlement tank that receives the collected leachate 

and contaminated water. From here the wastewater goes to the foul sewer.

The site is surrounded by 2 main blocks o f  semi-natural beech woodland; found at Cwm 

Merddog (south) and Coed Tyn y Gelli (east). The area has been declared as a Local 

Nature Reserve with much o f it designated as a SSSI.
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Figure 3.21 Photograph (taken 2000) showing the layout o f  Silent Valley landfill site.
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3 .6 .2  G r o u n d  C o n d i t i o n s  

3.6.2.1 Superficial Deposits

3.6.2.1.1 Made Ground

Broadly speaking, the eastern part o f the site is occupied by landfill and the western part 

by the pre-existing slag bank.

3.6.2.1.1.1 Landfdl

The landfill consists o f layers o f industrial, commercial and domestic refuse. In 1994 the 

household waste comprised about 33% o f the total and about 26% of the total in 1995 

(Ove Arup & Partners, 1996b).

The landfill is constructed by heavily compacting the waste in normally 2 m thick layers 

and covering it with a normally 0.15 m thick cover layer, generally o f slag material. Slag 

fill is also used in the construction o f cells and haul roads.

Waste Management Paper 26B (DoE, 1995) suggests that landfill density in the range 0.65 

to 0.85 tonnes/m3 should be used for planning purposes. Using weighings o f incoming 

material and site surveys, the average unit weight o f the as placed materials in 1989 was 

1.15 tonnes/m3. A field measurement in 1992, on six month old waste, gave a unit weight 

of 1.37 tonnes/m3. A survey in 1995 found that the incoming waste occupied space at a 

rate o f 1.1 tonnes/m3. The proportion o f cover layer and contaminant bund was assessed 

to be in the range o f 20% to 30% by volume. Using an average density o f 1.5 tonnes/m 

for the slag construction material, the overall average density o f the as placed material 

would be in the range 1.2 to 1.4 tonnes/m (Ove Arup & Partners, 1996b). Subsequent 

increases in moisture content, depth o f burial, degradation and settlement would all 

increase density after placement.
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3.6.2.1.1.2 Steelworks Waste

Slag fill occupies a large part o f  the western part o f  the site and is up to 21 m thick in 

borehole GA/93/6B (Golder Associates, 1993d). The slag is thickest to the southern end 

o f  the site, thinning to the north. Golder Associates (1993d) suggest that the slag between 

GA/93/1D and GA/93/11 and between GA/93/1D and GA/93/6B may be up to 36 m thick 

(Fig. 3.24; Fig. 4.1).

The slag is variable ranging from fine ash like material to cobble and boulder sized 

fragments. The slag appears to be layered, as observed in the faces o f  the slag tip where it 

has been excavated for use as daily cover (Fig. 3.22). Within the slag, layers o f  soft clay 

and also large timbers and metal fragments can be found. Damp layers associated with the 

soft clays suggest that they are generating local perched water tables.

Figure 3.22 Photograph showing layering within the slag deposits taken June 2001.

Golder Associates (1993d) collected 4 samples o f  slag for laboratory testing. Two o f  the 

samples were predominately medium to course gravel while the other two were fine- 

medium gravel with a significant proportion o f  coarse sand sized material. Compaction

*
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test results gave maximum dry density o f 1.76 -  2.32 Mg/m3 [1.76 -  2.32 tonnes/m3]. The 

maximum dry density are likely to be influenced by the particle density o f the material 

which may vary considerably depending on the proportion o f metals within the slag.

Waste palm oil from the British Steel Corporation tinplate works was disposed o f in 

trenches dug into the slag banks across the northwest plateau. The British Steel plant used 

a lubrication during cold rolling processes, which was primarily beef tallow fat, containing 

small amounts o f pressure additives and preservatives, which during the rolling process 

become adulterated with mineral oils and iron. The final waste oil was disposed as an 

aqueous emulsion containing approximately 70% water. It was estimated that 8000 tonnes 

of this effluent was disposed at Silent Valley annually (Celtic Technologies, 1995).

Celtic Technologies (1995) analysed the slag at Silent Valley. It was found that clean slag 

on site consists o f approximately 18% iron. Samples from other areas o f the site ranged 

between 0.79% and 33.3% with 89% o f all samples below the level for clean slag, 

indicating the leaching o f iron as iron oxide from the fill. In many areas there was 

evidence o f this seen by a distinct red iron oxide staining on the surface.

3.6.2A .2 Landslip Deposits

Landslip deposits were encountered in several boreholes that were sunk by Exploration 

Associates Ltd and supervised and logged by Ove Arup & Partners to the north o f the site 

in Phase 2. The deposit was characterised by a yellow plastic clay flush return during 

open-hole drilling. Rotary coring was carried out to determine the nature o f  the deposits 

and to identify the base o f  the landslip deposits.

The landslip deposits were generally heterogeneous, consisting mainly o f gravelly clay 

with frequent boulders and cobbles. Changes in bedding angle revealed where boreholes 

had penetrated boulder deposits and blocks o f displaced strata.
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In boreholes EA3A and EA4 (Fig. 3.24; Fig. 4.1), slickensided slip surfaces within thin 

layers o f soft, grey very plastic clay were recovered from the base o f the landslip deposits. 

Direct shear testing o f  the slip surface found in BFI3A, gave a residual effective shear 

strength o f cr’=0, o f =16°. Ring shear testing performed on 2 disturbed samples from BH4 

gave a residual strength o f cr’=0, o f =17.5° for both samples (Ove Arup & Partners, 

1996a).

3.6.2.2 G eological Structure

The dip o f the strata at the site is approximately 4 degrees towards the south-west, 

although there is some local variation.

There are a number o f faults on the plateau to the east o f the site (Fig. 3.3), which trend 

northwest-southeast and are often expressed at the surface as deep fissures. It is possible 

that some o f  these faults are derived from collapse subsequent to coal extraction, rather 

than geological processes.

Discontinuities are well developed in the Brithdir and Hughes sandstones and to a lesser 

degree in the argillaceous beds o f the Rhondda and Brithdir beds. They tend to be 

subvertical and parallel to the major fault structures, with a secondary set at right angles. 

Within the arenaceous beds the discontinuities are extremely persistent and are generally 

open, thus having a significant effect on permeability and rock slope stability (Golder 

Associates, 1993a; 1993b).

The landslip survey o f the South Wales Coalfield (Institute o f Geological Science, 1980) 

indicates that the slip on the west side o f  Cwm Merddog below Tarren y Trwyn (SO 185 

075) is a shallow translational slip in the Rhondda shale and superficial materials with a 

slope angle o f 16.7°. At present it is dormant and has an area o f 2 hectares and extends on 

the valley side between 390 and 420 m AOD.
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The other landslide affecting the Silent Valley site is that on the Eastern bank o f Cwm 

Merddog (SO 189 066) opposite the spoil tip. It is described as a translational debris flow 

in superficial material and occurs within the Rhondda and Brithdir shales with a slope 

angle o f 15.7°. The lower part o f the slip is covered by spoil. At present it is dormant, has 

an area o f 2 hectares and is at a height between 405 and 360 m (Golder Assossiates, 

1993a; 1993b).

The Darren Ddu landslip was caused by the reactivation o f fault planes and the formation 

of subsidence fissures by undermining (Barclay, 1989).

There is a significant arcuate tension crack at the edge o f  the hillside to the north o f the 

site following mining o f the Brithdir Seam upper leaf at Cam Tillery workings (Fig 3.23). 

Ove Amp & Partners (1996a) determined that the tension crack appeared between 1985 

and 1991 by looking at aerial photographs. The position o f the tension crack corresponds 

with a typical angle o f draw o f 70° from the edge o f the mine workings (Ove Amp & 

Partners, 1996a).

3.6.2.3 Stability

3.6.2.3.1 Phase 1A

Golder Associates (1994) performed a probabilistic risk assessment to assess the 

consequences o f collapse o f the plastic pipe on stability. The plastic pipe was installed in 

1993 to collect all rainfall runoff from the area to the north-west o f the landfill. The 

assessment examined the effect o f an increase in the leachate level due to the pipe 

breaking or inefficient drainage.

Their input parameters included waste parameters, clay parameters, site geometry, BSC 

and Armco pipe performance and initial leachate head in the landfill. Many o f the figures 

used by Golder Associates were based on empirical data. Their results indicated the 

probability o f instability as follows:
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• Both plastic pipe and stream diversion working and draining their respective 

catchment areas

16% (1 in 6.3 chance) in 50 years or 21% (1 in 4.7 chance) in 1000 years

• Plastic pipe damaged and all o f its catchment water running into the landfill 

16% (1 in 6.3 chance) in 50 years or 21% (1 in 4.7 chance) in 1000 years

• Plastic pipe damaged and stream diversion blocked, i.e. the whole catchment area 

water running into the landfill

18% (1 in 5.7 chance) in 50 years or 24% (1 in 4.2 chance) in 1000 years 

Their analysis indicated that the material parameters o f  the clay have a significant effect 

on the stability.

Ove Arup & Partners (1995) consider that the stability analysis conducted by Golder 

Associates is based on unreasonable assumptions and that their results are not considered 

to be meaningful. Additional stability analysis, performed by Ove Arup & Partners, in 

terms o f effective stress show that the landform rising to 414 mAOD has comfortably 

adequate factors o f safety under the most severe foreseeable conditions.

Ove Arup & Partners (1996b) reviewed the stability o f Phase 1A o f the landfill site. Their 

stability analyses confirmed that the proposed mound to 414 mAOD will be adequately 

stable under the existing hydrogeological regime.

The risk o f instability lies with a build up o f water table levels considerably higher than 

have been found to date. As parts o f the site are completed and capped and the surface 

drainage improved, the amount o f water entering the landfill will be significantly reduced. 

Deterioration o f the pipelines beneath the landfill could reduce the outflow capacity and 

cause an increase in the height o f  the water table. Ove Arup & Partners determined that 

this is likely to be a gradual process that could be monitored for.
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3.6.2.3.2 Phase 2

Analysis o f the existing profile o f Phase 2 (Fig. 3.23) indicates that the presence of the 

steelworks waste tip increases the stability o f  the landslip by about 100%, compared with 

the pre-tipping profile (Ove Arup & Partners, 1996a). The increase in stability is because 

the tip increases the toe weight, increases the normal stresses acting on the basal slip 

surface and reduces the average pore pressure ratio. Ove Arup & Partners (1996a) 

computed minimum factors o f safety in excess o f  2.2, even when using the ‘worst’ 

piezometric conditions.

Reprofiling o f the steelworks waste tip would remove toe weight and reduce the normal 

stresses acting on the basal slip surface. Under the proposed reprofiling, the computed 

minimum factor o f safety for overall stability is 1.41 using the ‘worst’ piezometric 

conditions, which is considered as adequate for an extreme event. The factor o f safety 

increases to 1.71 with the maximum recorded piezometric surface (Ove Arup & Partners, 

1996a).
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3.6.2.4 Economic Geology

3,6.2.4.1 Coal

In the main Ebbw Valley deep mining o f the Middle and Lower Coal Measures have been 

carried out from Waunlywd Colliery (1876 to 1963) and the Marine Colliery at Cwm 

(1889). The Ebbw Vale Steel, Iron and Coal Company sank the Marine Colliery. Beneath 

Silent Valley the Old Coal was worked between 1983 to 1986.

A series of levels and trails have been driven into the eastern flanks o f the main Ebbw 

Valley and into the Nant Merddog Valley. These were driven into the Rhondda, Rider, 

Brithdir Coal seams and Cefn Glas coal seam. In 1992 two adits to the north o f the 

existing waste disposal site were closed (Golder Assossiates, 1993a; 1993b).

Silent Valley Licenced Opencast Mine operated to the north-east of the site in 1994/95 

(Ove Arup & Partners, 1995).

3.6.2.4.2 Iron Ore

Ironstones occur as thin tabular beds or nodular concretions in the Lower and Middle Coal 

Measures. In the main Ebbw Valley the operation of Ironworks commenced in 1790. 

This eventually developed into steel works under the British Steel Corporation in 1949. 

The steel works is responsible for the spoil tip on the western flanks of the Nant Merddog 

valley, which was transported via a tramway on the valley side.

3.6.2.4.3 Mineral Extraction

During the 1960's blast furnace slag was viewed as a resource and several companies were 

involved in the excavation o f the spoil tip, and subsequent processing and utilisation of the

Emma C. Paris Cardiff University 152



Chapter 3 -  Desk Study.

materials. Heckett Ltd recovered the metals from the slag and sold them back to British 

Steel.

Llanwem Slag Ltd was involved for 15 to 20 years in the removal of blast furnace slag 

from Silent Valley. They are reputed to have removed millions of tonnes of material. The 

material was screened depending on use and demand and was typically used for road 

building, foundation works, filter beds on sewage farms and drainage medium. Llanwern 

Slag went into liquidation in 1987 (Golder Assossiates, 1993a; 1993b).
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3 .6 .3  T o p o g r a p h y  &  M o r p h o l o g y

The morphology of Cwm Merddog is o f glacial origin. Cwm Merddog once housed a 

small tributary glacier (Barclay, 1989).

Silent Valley Landfill is situated at a level between 310 and 440 m AOD. The north-south 

trending Merddog Valley consists of a cliffed headwall o f Cefn-y-Areal with gentle slopes 

to the south, with an approximate 1:8 gradient. The Cwm Merddog joins the Ebbw Fawr 

Valley to the south.

The Nant Merddog stream originally flowed down the valley, however this has been 

diverted to flow along the eastern boundary of the landfill site.

Ove Arup & Partners (1995; 1996b) produced cross-sections (Fig. 3.24) to illustrate the 

ground conditions at the site. Original ground levels were estimated using aerial photos 

from 1955. The sections also show the surface as it was in 1994 and the proposed profile 

upon completion.

The National Remote Sensing Centre (NRSC) undertook photogrammetric work to 

produce ground contours for the site based on 1955 aerial photographs (Fig. 3.25). The 

NRSC stated an accuracy of ± 1.5 m for the contours (Ove Arup & Partners, 1995; 

1996b). The contours clearly show the Maclane cones (Fig. 3.17; Fig. 3.18) of the spoil 

from the iron and steel works at Ebbw Vale.

Ordnance Survey undertook photogrammetric work to produce approximate ‘base o f 

refuse’ contours using aerial photographs from 1983 (Fig. 3.26). The Ordnance Survey 

stated an accuracy of ± 0.6 m for the contours. The spoil of the Maclane cones have been 

reprofiled. Much of the material used for daily cover and to construct the cells was 

quarried locally from the banks o f steelworks wastes, so the 1983 ‘base of refuse’ contours 

will have been modified where these excavations took place (Ove Arup & Partners, 1995; 

1996b).
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A georeferenced image is a digital image, such as an air photograph, where each pixel has 

a known geographical reference. This allows the image to be placed correctly on top of a 

map or a 3D landscape surface. Figure 3.27a and 3.27b shows Silent Valley landfill site 

and the surrounding area as a 3D surface1. The image used is an air photograph taken in 

2000 and obtained from Getmapping.com.

1 Images produced by Dr Peter Brabham, School o f  Earth, Ocean & Planetary Sciences, C ardiff University. 
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Figure 3.24 Map showing the location o f the following cross-sections. Adapted from 

Ove Arup & Partners (1995; 1996b).
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Figure 3.26 Contours o f the site based on photogrammetric work o f 1983 aerial 

photographs. From Ove Arup & Partners (1995; 1996b).
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3 .6 .4  S it e  O p e r a t io n

Silent Valley landfill site is operated by Silent Valley Waste Services (SVWS). The 

operational site can be divided into two areas. Phase I (20.1 ha) is active at present and 

Phase II (13.5 ha) is the proposed area for future development.

Phase I is located to the south of the site. The southern face was filled, in an uncontrolled 

manner, during the early 1980s while Blaenau Gwent Borough Council ran the site. Phase 

IA is the present day active phase, which is working northward from this face. It is being 

infilled using the area method (Fig. 3.28).

The site is unlined and works on a dilute and attenuate principal. The clay rich deposits 

covering the valley floor act as a relatively impermeable layer. The thickness o f the clay 

varies across the site from 0.2 m to in excess of 3.5 m (Golder Associates, 1993c). The 

clay permeability met the NRA guideline of <1 x 10'8 m/s for an acceptable lining 

material (Golder Associates, 1993b), although natural variability has not been 

investigated.

The leachate is collected through the drainage network at the base of the landfill and flows 

into a sump. The leachate and contaminated water is then pumped into the lagoon. Water 

is discharged from the lagoon to foul sewer.

Phase II of the landfill site will be developed as a containment site with a leachate 

collection system. The area will receive the same volume and waste type that is entering 

the site at present. Infilling of waste will be on a cellular basis. It is proposed to develop 

Phase 2 of the landfill site by reprofiling the spoil heap of steelworks waste in the north

west part of the site. Assuming that the faces of the steelworks waste could be reprofiled 

to 1 on 3, the potential capacity o f Phase 2 is about 3 million m3 (Ove Arup, 1996a).
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3 .6 .4 .1  W a ste

There is a civil amenity site available at Silent Valley that is available free o f charge to the 

local community.

Under the terms of the licence agreement, the permitted wastes that Silent Valley can 

receive in a year are outlined in table 3.6.

W aste Type Licence M axima (tonnes)
Household 120,000
Industrial/commercial 156,000
Screenings ex sewage works 1000
Road sweepings 1000
Colostomy bags 200
Animal carcasses 300
Contaminated tallow ex BSC 10,000
Asbestos 2500
Filtercake sludge 9000

Total household + Industrial 250,000

Table 3.6 The annual permitted wastes that Silent Valley landfill site can receive.

In 1999 the Environment Agency issued a list o f waste categories with the aim of 

grouping together wastes of similar properties. The guidelines are not to be used as legal 

guidance on waste definitions. Silent Valley Landfill sends quarterly reports to the 

Environment Agency, which also include the district of origin o f the waste. The state of 

the waste, either solid, liquid or sludge, is also recorded.

Figure 3.29 shows the proportions o f different waste categories coming into Silent Valley 

landfill between July 1999 and June 2000 (collected by SVWS). At this time the waste 

that entering the site was 2% liquid (29A Organic Chemical Wastes - Special Waste), 3% 

sludge (22E Sewage & 29A Organic Chemical Wastes - Special Waste) and the remaining 

95% was solid.
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Figure 3.29 The proportions o f different waste categories that entered Silent Valley 

landfill site between July 1999 and June 2000. The values indicate the 

waste volume to the nearest tonne. Data collected by SVWS.

Four years later the waste stream had altered (Fig. 3.30) due to the Landfill Directive and 

the waste was now all solid with no special waste.

Waste (23B Metals and Discarded (Scrap) Composite Equipment - Other Waste) is now 

taken off site for recycling. Between January and March 2004 4.9 tonnes were taken off 

site for recycling.
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Figure 3.30 The proportions o f different waste categories that entered Silent Valley 

landfill site between April 2003 and March 2004. The values indicate the 

waste volume to the nearest tonne. Data collected by SVWS.

3.6.4.2 Leachate M a n a g em en t

At present there are a number o f monitoring and sampling points situated on and off the 

landfill site (Fig. 3.31). At the north o f the site there are twelve groundwater piezometers. 

Seven groundwater wells and a groundwater stream sampling point are situated around the 

perimeter o f the site. Five o f the six surface water sampling points are located outside the 

inner site fence with the sixth on site. Four leachate wells are located across the southern 

face.

Leachate is currently disposed o f to a 150 mm diameter sewer from the lagoon at the toe 

of the landfill. This sewer connects into the Welsh Water foul sewer system in Cwm. The
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hydraulic capacity of the 150 mm sewer is about 20 1/s (1,700 m3/day). However, flows in 

excess of 10 1/s are discharged directly to the Nant Merddog stream, the discharge into the 

sewer being limited to 10 1/s to avoid risk of overloading. There have been complaints 

that during periods of heavy rainfall the 150 mm sewer is unable to cope with the flow o f 

leachate entering it, resulting in surcharge of some downstream manholes and pollution o f 

private land.

During very heavy rainfall, when the inflow to the lagoon exceeds the outflow to the 

sewer, the retention tank fills and then overflows via a 450 mm diameter overflow pipe 

directly into the Nant Merddog. These discharges of untreated leachate are significant 

during the winter.
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3.6.4.2.1 Drainage

Ove Arup & Partners (1995, 1996b) have detailed the drainage installations at the site and 

a summary of this is given below. Figure 3.32 has been adapted from a map produced by 

Ove Arup & Partners (1995, 1996b) and shows the drainage installations on site.

In the 1970s, under the ownership of the British Steel Corporation, the Nant Merddog was 

culverted beneath part of the steelworks waste tips in a 750 mm internal diameter 

(900 mm external diameter) concrete pipeline, the BSC pipeline. The pipeline was laid 

alongside the stream course, following G-H (Fig. 3.32).

In 1983 a new pipeline was constructed to convey the Nant Merddog to follow route 

D-E-F-H (Fig. 3.32) along the Armco pipeline to the east of the original stream course.

The Nant Merddog was diverted again in the early 1990s and now enters a 500 mm 

diameter concrete pipeline A-B-C (Fig. 3.32) which skirts around the eastern side of the 

landfill site. From the outfall at point C the stream flows in a concrete lined open channel 

and cascade to join the original stream course downstream of the toe o f the landfill. 

Tributary streams and French drains on the eastern valley side enter this pipeline via a 

number of manholes.

At E (Fig. 3.32), the Armco pipeline collects surface flows in the valley floor downstream 

of A and groundwater flows via French drains. At B the Armco pipeline is connected to 

the Nant Merddog diversion pipeline enabling clean flows in section D-E-B to be 

discharged at C and then enter the Nant Merddog downstream of the landfill. The section 

B-F-FI of the Armco pipeline collects groundwater and possibly leachate.

To the north of the landfill, groundwater issues from the toe of the slag bank in the Phase 

2A area and is conveyed away in a 400 mm diameter polypropylene twin walled pipeline 

N-H (Fig. 3.32). The pipeline was installed towards the end of 1993.

Two other pipelines J-K and L-M (Fig. 3.32) convey water from two areas where strong 

issues emerge from the base o f the slag bank in the Phase 2A area. These issues occur
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close to where springs are shown on Old Ordnance Survey Plans. The pipelines convey 

the water to open channels leading away from the landfill site.

The BSC pipeline at present collects contaminated water flowing through the landfill site 

and discharges it into the leachate lagoon.

A CCTV survey was carried out in May 1996 on the downstream end of the BSC and 

sections of the Armco pipeline. It showed that the BSC pipeline is in reasonably sound 

condition. Some circumferential cracks are present that probably developed as a result o f 

ground loading. There was no evidence from the survey of any chemically induced 

deterioration.

The sections of the Armco pipeline surveyed by CCTV appeared to be in good condition 

with no evidence of distortion. A dye tracer test from the land drain entry showed that the 

flow to the outlet took in excess of 45 minutes for a distance o f about 500 m (less than

0.2 m/s) suggesting that partial obstructions may exist within the section of the pipeline 

that was not CCTV surveyed (Ove Arup & Partners, 1995; 1996b).

To the north of the current tipping area, SVWS have carried out works in an attempt to 

reduce the volume o f clean water entering the tip. Ditches have been cut along the 

approximate boundary between the slag and underlying clay to intercept the issues from 

the base o f the slag tip (Figure 3.33). Intercepted flows have been directed to a pump- 

house, where the water is pumped through a rising main to the diverted Nant Merddog. 

The pumping system is self-actuating thus minimising the infiltration from this source. 

Along part of the ditch, little or no flow is being intercepted from the slag tip but water is 

issuing at a lower level. This flow then disappears and it is assumed that it is entering the 

tip (Gwent Consultancy, 2000).

The Southern Flank was capped during 2001 to reduce infiltration into the landfill. It was 

covered with 850 mm of overburden and then hydroseeded (Fig. 3.33).

Drainage ditches around the site have been lined with concrete to reduce their erosion.

Emma C. Paris Cardiff University 175



Chapter 3 -  Desk Study.

French
Drains

5000
Nant M erddog
Diversion
Pipeline

issues PHASE 1A 
SITE BOUNDARY

French
Drams

• uV'Y; vfcH
>S Plans)

Open Ditch 
and CascadeD iv e rs io n

Armco Concrete 
Pipeline

Pipe RubPie 
Drain

Vv'V-'

“  ^ 9COO 
(S )C  BSC Pipeline

\'uV^vV

VwAwSVv

VW'V':
IS Plans) 37 5 0

P lastic  P ipeline

* 3750  
P lastic  P ipeline

Several 
P ipe-R ubble 
Drains from 
Carn Tillery 
Adits

y : $  Lagoon ,.■ ]  
S  * y  (to Sewer) .'4

A b andoned  
2000 ^  

. C o n c re te  Pipeline  ,1 ;—? T—r-~7m V ■
7 5 0 0
C o n cre te
P ipeline

To Old 
R eservoir

O pen
C hannels

Figure 3.32 Drainage map of Silent Valley. After Ove Arup & Partners (1995, 1996b).

PHASE 2 
AREA

Emma C. Paris Cardiff University



Emma 
C. Paris 

Cardiff U
niversity

1207200

Figure 3.33 2004 drainage map of Silent Valley. Adapted from Silent Valley Waste Services drawing number ESID6-1.



Chapter 3 -  Desk Study.

3.6.4.3 Gas M anagem ent

There are eighteen gas monitoring wells situated across the site and the surrounding area 

(Fig. 3.31). Twenty four gas extraction vents are located in the central part of the site.

Gas monitoring is carried out at gas monitoring wells GMW2, GMW3, GMW4, GMW5, 

GMW6B, GMW7, GMW8, GMW9 and GMW10. The wells are all monitored at 4 m and 

14 m and at 25.5 m in all except GMW7 and GMW8. They are monitored for methane 

(%), carbon dioxide (%), oxygen (%), hydrogen sulphide (ppm), and hydrogen cyanide 

(ppm) and gas temperature (°C). The atmospheric pressure (mb) and differential pressure 

(mb) are also recorded. In 2003, the wells were monitored 18 times but twice water was 

sucked up, so no readings were taken.

Gas chromatography analysis is carried out annually. The gas composition percentages 

for oxygen, nitrogen, hydrogen, carbon dioxide, carbon monoxide, methane, ethane, 

propane, butane and water vapour are calculated. In 2003, the samples were taken on 10th 

September. All the wells except one showed the major constituent as nitrogen (59-90%), 

with varying amounts of oxygen (0.2-21%) and carbon dioxide (0-10%). In GMW10 at 

19.50 m the gas composition was 62.3% methane, 30.3% carbon dioxide, 6.5% nitrogen 

and 0.3% oxygen.

Gas extraction will take place from the gas extraction vents located in the central part of the 

site. The gas extracted will be used to generate electricity.

3.6.4.4 M onitoring

Flow measurements are recorded for the Settlement Tank and the BSC Pipe. Flow 

monitoring is discussed in more detail in Section 5.1.1. Conductivity readings are also 

recorded for the Settlement Tank and the BSC Pipe (discussed in Section 6.3). Surface 

water, groundwater, leachate and gas samples are collected from monitoring points around 

the site and analysed. All the data are recorded. Leachate sampling will be discussed in 

Chapter 6.
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C h a p t e r  4

In t e r n a l  S t r u c t u r e

This chapter gives details of site investigations that have been performed across Silent 

Valley landfill. The results of the investigations have been summarised in tables. 

Resistivity surveys have been performed at Silent Valley landfill site to help improve the 

understanding of the internal structure of the landfill. The chapter concludes by using the 

information presented in Chapters 3 and 4 to produce a Conceptual Site Model of the 

landfill site.
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4.1 B o r e h o l e  a n d  T r ia l  P it  D a t a

A series of site investigations have been carried out across Silent Valley (BGBC, Golder 

Associates (1993a; 1993d), Sir Alexander Gibb & Partners, Exploration Associates 

(1996)). Figure 4.1 shows the borehole and trial pit locations.

Many of the boreholes drilled had installations installed so that they could be used as 

monitoring wells for leachate, groundwater or gas.

4.1.1 B l a e n a u  G w e n t  B o r o u g h  C o u n c i l

In 1992 Blaenau Gwent Borough Council drilled six 150 mm boreholes (BGBC1 to BGBC6) 

by shell and auger to depths between 5.8 and 7.7 m below ground level on the eastern flank 

of the valley, to the north-east of the landfill. A summary of the borehole logs is given in 

table 4.1.

Surface
elevation
(m A O D )

Subsoil F ill C lay Rockhead

from -  to 
(m)

from -  to 
(m)

T ype o f  
fill

from -  to 
(m )

D epth to 
(m )

T ype

BGBC1 409 .067 0 .0 0 - 0 .1 5 0 .1 5 - 1 .3 0 slag 1 .3 0 - 5 .0 0 5 .00 m udstone

BGBC2 392 .150 0 .00  -  0 .40 - - 0 .4 0 - 5 .7 0 5 .70 m udstone

BGBC3 399.205 0 .0 0 - 0 .1 5 - - 0 .15  -> 7 .0 0 > 7 .00 -
BGBC4 386.658 - - - 0 .0 0 - 7 .4 0 7 .40 m udstone

BGBC5 381.627 - 0 .0 0 - 1.20 slag 1 .2 0 - 4 .1 0 4 .10 m udstone

BGBC6 408 .869 - - - 0 .0 0 - > 6 .8 0 > 6 .80 -

Table 4.1 Summary o f borehole logs data for Blaenau Gwent Borough Council site 

investigation.

The logs indicate a variable thickness of clay (2.9 m to 7.4 m, or >6.8 m where rockhead not 

encountered) overlying mudstone. BGBC1 and BGBC5 encountered about 1.2 m of made 

ground at the surface consisting o f blast furnace slag.
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Figure 4.1 Map showing the location o f the boreholes and trial pits.
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Water levels for four boreholes were recorded three times during early June 1992. BGBC4 

and BGBC5 were dry, BGBC3 had water levels around 398.45 m (0.75 mbgl) and BGBC6 

had water levels around 406.02 m (2.85 mbgl).

4 .1 .2  G o l d e r  A s s o c i a t e s

Golder Associates (1993a; 1993d) carried out site investigations from November 1992 to 

January 1993 and in September and October 1993.

4.1.2.1 1992 Site Investigation

The 1992 site investigation was carried out from 23 November 1992 to 8 January 1993. 

The site investigation aimed to establish the type o f superficial deposits, the level o f  rock 

head, groundwater levels, measure in situ hydraulic properties and obtain groundwater and 

blast furnace slag samples for analysis.

The site investigation consisted o f eighteen trial pits (GA/TP1 to GA/TP18), two shell and 

auger boreholes (GA/7 and GA/8) and six rotary openhole boreholes (GA/3 to GA/8).

4.1.2.1.1 Trial Pits

A summary o f the trial pit logs is given in table 4.2. In the trial pits, four units were 

identified:

1. A top layer o f fill material is often encountered consisting o f blast furnace slag, bricks, 

clinker and, in the area o f  Phase I, domestic waste. The fill is absent in the north 

eastern area o f Phase II.

2. The fill is typically underlain by Head Deposits ranging in thickness between 1.4m 

and 5.5m, consisting predominantly o f brown to grey sandy silty clays with sub-
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Fill Head D eposits Silty Clay Rockhead

from — to 
(m)

thickness
(m)

from -  to 
(m)

thickness
(m)

from -  to 
(m)

thickness
(m)

depth
to

type

TP1 0 - 5 . 1 5.1 5.1 -

T P 2 0 - 0 . 6 0 . 6 0 . 6 - 3 . 3 2 . 7 3 . 3  -  4 . 1 0 . 8

T P 3 0 - 0 . 7 0 . 7 0 . 7 - 2 . 5 1.8 2 . 5 - 3 . 4 0 . 9 3 . 4 weathered mudstone sandstone

T P 4 / 4 a 0 - 3 . 2 3 . 2 3 . 2 - 4 . 5 1.3 4 . 5 weathered mudstone

T P 5 0 . 2 - 4 . 1 3 . 9

T P 6 0 . 2 - 1 . 8 1.6 1.8 sandstone

T P 7 0 - 5 . 0 5 5 . 0 - > 5 . 3 5 > 0 . 3 5 > 5 . 3 5

T P 8 0 . 2 - 4 . 4 4 . 2 4 . 4 - 4 . 6 0 . 2 4 . 6 weathered mudstone

T P 9 0 - 3 . 5 3. 5

T P 1 0 0 - 1 . 7 1.7

p"Tlp<N 1 . 4 1 . 7 - 2 . 6 0 . 9

T P 1 1 0 - 1 . 8 1.8 1.8 -  3 . 4 1.6 3 . 4 - 4 . 5 1.1 4 . 5 weathered mudstone

T P 1 2 0 - 5 . 5 5 . 5 5 . 5 weathered siltstone

T P 1 3 0 - 1 . 4 1.4 1.4 weathered silt-/sandstone

T P M 0 - 2 . 7 2 . 7 2 . 7 - 3 . 0 0 . 3

T P 1 5 0 - 0 . 8 0 . 8 0 . 8 - 4 . 0 3 . 2 4 sandstone

T P 1 6 0 - 0 . 6 0 . 6 0 . 6 -  1.6 1 1.6 weathered sandstone

T P 1 7 0 - 1 . 8 1.8 1.8 -  4 . 7 2 . 9 4 . 7 weathered mudstone

T P 1 8 0 - 1 . 1 1.1 1.1 - 4 . 8 3 . 7 4 . 8 weathered mudstone

Table 4.2 A summary of the trial pit logs from the 1992 Golder Associates site investigation. From Golder Associates (1993a).
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angular to angular fine to course mudstone and sandstone gravel. The thickest layer o f  

Head Deposits occurs in the north eastern part o f Phase II.

3. The Head Deposits are generally underlain by a sequence o f firm to stiff, reddish 

orange mottled brown silty clays. The silty clay material comprises glacial boulder 

clay and in situ completely weathered mudstone. The thickness o f  this layer ranges 

between 0.2 m and 3.7 m, with the thickest layer found along the southern end o f  

Phase II.

4. The rockhead underlying the silty clay consisted mainly o f  variably weathered 

mudstone, siltstone or occasionally sandstone. The depth to the rockhead is variable 

across the site, ranging from 1.4 m near the valley bottom to greater than 5.35 m on 

the eastern side slope (Golder Associates, 1993a).

4.1.2.1.2 Boreholes

A shell and auger rig was used to sample the superficial deposits (GA/7 and GA/8) and a 

rotary percussive drilling rig was used to investigate the solid geology and groundwater 

regime (GA/3 to GA/8). The boreholes were 150 mm in diameter and to depths between

2.0 and 51.6 m below ground level. A summary o f the borehole logs is given in table 4.3.

BH
depth

(m )

Surface
elevation
(m A O D )

Fill Clay Rockhead

from -  to 
(m )

T ype o f  
fill

from -  to 
(m )

Depth 
to (m )

T ype

GA/3 A 4.50 385 est 0 .0 0 - 4 .5 0 w aste - - -

GA/3B 19.00 385 est 0 . 0 0 -  19.00 w aste - - -

GA/3C 24.00 385 est 0 .0 0 - 22.20 w aste 2 2 .2 0  - > 24 .00 - -

GAM 17.90 312.7 - - 0 .0 0 -

GA/5C 32.00 356 .9 0 .0 0 - 0 .6 0 rubble 0 .6 0 - 2 .5 0 2.50 sandstone

GA/6 51.60 373 .0 0 .0 0 -  1.10 slag 1 .5 0 - 5 .1 0 5.10 sandstone

GAMA 2.40 385 est 0 .0 0 - 2.00 slag - - -

GA/7B 2.00 385 est - - 0.00 - > 2.00 - -

GA/7R 14.70 385 est 0 .0 0 -  1.20 slag 1 .2 0 - 2 .8 0 2.80 sandstone

GA/8R 17.40 418 .8 - - 0 .0 0 - 5 .3 0 5.30 mudstone

GA/8SA 4.80 420est - - 0 .20  - >4 .00 - -

Table 4.3 Summary o f borehole logs data for 1992 Golder Associates site investigation.
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Below the superficial deposits interbedded mudstones and sandstones were found in 

variable thicknesses. The mudstones are grey to brown or red to brown coloured, weak to 

strong weathered often silty mudstones. The sandstones are characterised by a red-brown, 

occasionally grey colour. They range from fine to coarse grain size and are predominantly 

quartzitic (Golder Associates, 1993a).

In boreholes GAM, GA/6 and GA/7R coal bands (0.1 m to 0.4 m) are found at various 

levels. Due to the regional dip (4°) o f the strata, the coal bands cannot be related to each 

other.

Groundwater monitoring installations were installed in GA/3C, GAM, GA/5C, GA/6 and 

GA/8R.

4.1.2.2 1993 Site Investigation

Golder Associates (1993d) carried out this site investigation between 15 September and 

25 October 1993. The site investigation set out to determine the thickness and variability 

of in situ clay underlying the existing landfill and valley, characteristics of the clay, 

permeability of the clay and parameters of the existing waste.

The site investigation consisted o f eighteen rotary openhole boreholes (GA/93/1 to 

GA/93/13), fourteen trial pits (B1 to B8) and hand augers and three trial trenches (TT3 to 

TT5). Laboratory testing was performed on the samples obtained.

4.1.2.2.1 Trial Pits and Hand Auger

The trial pits (B1 to B8) were 0.4 to 5.1 m deep. A summary of the trial pit and hand 

auger data are given in table 4.4. Clay, identified as weathered mudstone was found 

across the site in most of the trial pits. A number o f the trial pits and hand auger holes
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failed to penetrate fill deposits and therefore no information on natural soils and rocks is 

available at these locations.

4.1.2.2.2 Trial Trenches

The trial trenches were excavated with the aim to establish the strength parameters for the 

waste. Once excavated, the trenches were accurately measured and left exposed over a 

number of days. The trenches were then remeasured and the surrounding area examined 

for signs of failure or movement, which could then be used to establish a failure surface 

for the trench. The failure surface could then be back analysed, using a computer 

programme to deduce the strength parameters necessary to produce such a failure surface 

(Golder Associates, 1993d).

After 5 days, the degree of movement in all the trenches was negligible and no evidence of 

ground movement was found in the area around each trench. The result meant that it was 

not possible for Golder Associates to perform the proposed back analysis.
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Trial 
Pit No.

S u rface  
elevation 

o f TP 
(mAOD)

Fill Clay R o ck h ea d Depth 
o f  

base 
o f TP 

(mbgl)

Elevation 
o f base 
o f TP 

(mAOD)

RemarksDepth 
o f fill 
(m)

Type 
o f fill

Depth to 
top o f clay 

(mbgl)

Elevation o f  
top o f clay 
(mAOD)

Type 
o f clay

Depth to 
rockhead 

(mbgl)

Elevation 
o f rockhead 

(mAOD)

B1 320 0.2 slag 0.2 319.80 wmst 1.05 318.95 1.25 315.90 Hand Auger

B2 334 none - 0.2 333.80 wmst - - 0.80 329.90 Hand Auger

B2 (ii) 334 none - 0 334 wmst - - 0.95 328.90 Hand Auger

B2 (iii) 334 none - 0 334 wmst - - 0.90 330 Hand Auger

B3 367.19 1.7 waste 1.7 365.49 wmst 3.60 363.59 4.10 362.39

B4 376.17 1.7 waste 1.9 374.27 wmst 3.45 372.72 4.10 375.72

B 4 (i) 377.76 2.3 slag 2.3 375.46 wmst 4.74 373.01 5.10 377.36

B5 384 3.4 slag 3.4 380.60 wmst - - 4 383.30

B6 372.70 1 slag 1.3 371.40 Head - - 4.80 371.40

B7 370 none - 0 370 wmst - - 0.45 368.50 Hand Auger

B7B 370 none - 0 370 wmst - - 0.40 370 Hand Auger

B7C 370 none - 0 370 wmst - - 0.70 370 Hand Auger

B8A 382.24 - slag none - - - - 1.30 382.24

B8B 381.78 - slag none - - - - 1.50 381.78

wmst = weathered mudstone

Table 4.4 Summary of trial pit and hand auger data for 1993 Golder Associates site investigation. From Golder Associates

(1993d).
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4.1.2,23 Boreholes

The boreholes were to depths between 2.5 and 39.0 m below ground level. A summary of 

the borehole logs is given in table 4.5.

Clay was found across most of the site. No clay was found in boreholes GA/93/11 and 

GA/93/13. Where clay was encountered the thickness varied from 0.2 m to in excess of 

3.5 m.

Leachate monitoring wells were completed in boreholes GA/93/1D, GA/93/2 and 

GA/93/7. Borehole GA/93/8 was installed as a groundwater monitoring borehole within 

shallow sandstone, the sandstone being isolated by bentonite seals at the top and bottom of 

the screened section. Boreholes GA/93/9 and GA/93/10 were backfilled and a 50 mm 

perforated riser pipe was inserted in the top 2-3 m as a means of monitoring gas in the 

landfill.
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BH N o.
Surface

elevation
(m A O D )

Fill Clay Rockhead
Depth

to
water

(m bgl)

BH
depth
(m )

Elevation  
o f  base o f  

fill 
(m A O D )

Thickness 
o f  fill (m )

Type 
o f  fill

Depth 
to top 

o f  clay 
(m bgl)

Elevation 
o f  top o f  

clay  
(m A O D )

T hickness 
o f  clay 

(m )

Type
o f

clay

Depth to 
rockhead 

(m bgl)

Elevatio  
n o f  

rockhead  
(m A O D )

Typ
e

G A /93/1A 363 unknown unknown waste _ _ _ _ _ _ 21.85

G A /9 3 /IB 362 unknown unknown waste - - _ _ _ _ _ 3.45

G A /93 / 1C 362 unknown unknown waste - • _ _ _ _ _ 11.10

G A /9 3 /ID 361.42 341.22 20.20 waste - - _ - - . - _

G A /93 /ID 324.12 17.10 slag 37.30 324.12 0.20 wmst 37.50 323.92 sst _ 39

G A /93/2 369.91 356.41 13.50 w aste 13.50 356.41 0.40 wm st 13.90 356.01 mst _ 15

G A /93/4 363.87 362.97 0.90 _.slag . 0.90 362.97 0.60 wm st 1.50 362.37 sst 2 .50

G A /93/5 382.71 360.21 22.50 slag 22.50 360.21 2 Till 24 .50 358.21 mst 25 .80

G A /93/6A 381 unknown unknown slag - - - - - - _ 11.45

G A /93/6B 381.33 350.53 30.80 slag 30.80 350.53 0.20 wm st 31 350.33 sst 30.18 32.20

G A /93/7 348.94 328.79 20.15 w aste 20.15 328.79 0.25 wm st 20.80 328.14 sst 22 .30

G A /93/8 375.01 374.41 0.60 slag 0.60 374.41 0.50 w m st 1.10 373.91 sst 0.60 15.95

G A /93/9 377.01 359.26 17.75 w aste 17.75 359 .26 0.20 w m st 17.95 359.06 sst 20.10

G A /9 3 /10 376.58 367.63 8.95 waste 8.95 367.63 0.25 wmst 9.20 367.38 sst 11.50

G A /9 3 /1 1 369.48 347.58 21.90 waste - - - - 21.90 347.58 sst 23.50

G A /93/12 368 unknown unknown waste - - - . _ . 6.20

G A /93/12 371.17 358.67 12.50 waste 12.50 358.67 1.10 w m st 13.60 357.57 mst 14.30

G A /93 /13 381.32 unknown unknown slag - - - - _ - _ _ 6.50

G A /93/13 381.32 unknown unknown slag - - - _ _ 3

G A /93 /13 381.32 360.22 21.10 slag - - - - 21.10 360.22 mst - 22 .50

ooVO Table 4.5 Summary of borehole logs data for 1993 Golder Associates site investigation. From Golder Associates (1993d).
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4.1.3 S ir  A l e x a n d e r  G ib b  &  P a r t n e r s

For Walters Mining Ltd., Sir Alexander Gibb & Partners drilled three boreholes and 

excavated six trial pits to the north east o f the Phase 1A landfill site along the eastern 

boundary of the land reclamation site in January and February 1994.

4.1.3.1 Trial Pits

The trial pits (GI/TP1 to GI/TP6) were 3.0 to 3.4 m deep (Table 4.6). They indicated 

200/300 mm topsoil overlying approximately 2 m of silty clay above weathered siltstone. 

Trial pit one (GI/TP1) revealed a layer o f silty fine to medium sand between 0.8 m and

2.0 m depth. Groundwater was only encountered in one trial pit (GI/TP3).

TP
depth
(m )

Surface
elevation
(m A O D )

T opsoil Clay Rockhead
Groundwater
encountered?from -  to 

(m)
from -  to 

(m )
Depth 
to (m )

Type

GI/TP1 3.40 432 .5 0 .0 0 - 0.20 0 .2 0 - 3 .0 0 3.00 siltstone no

GI/TP2 3.20 429 .8 0 .0 0 - 0 .3 0 0 .3 0 - 2 .0 0 2.00 siltstone no

GI/TP3 3.40 430 .0 0 .0 0 - 0 .3 0 0 .3 0 - 2 .1 0 2.10 siltstone yes

GI/TP4 3.20 427 .5 0 .0 0 - 0 .3 0 0 .3 0 - 2 .5 0 2 .50 siltstone no

GI/TP5 3.20 420 .0 0 .0 0 - 0.20 0 . 2 0 -  1.25 1.25 siltstone no

GI/TP6 3.00 418 .0 0 .0 0 - 0.20 0 .2 0 - 2.00 2.00 siltstone no

Table 4.6 Summary of trial pit logs for Sir Alexander Gibb & Partners site 

investigation.

4.1.3.2 Boreholes

The three boreholes (G150, G250, and G350) were drilled by rotary openhole and coring 

methods to between 13.30 m and 15.50 m deep (Table 4.7). The logs indicated a variable 

(1.3 to 5.0 m) thickness of boulder clay overlying a 400 mm thick coal seam. Borehole 

G150 also showed a 1.6 m layer o f weathered mudstone above the coal. This coal was 

laid upon a sequence of mudstone, siltstone, sandstone and thin coal seams.
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Surface
elevation
(mAOD)

BH
depth
(m)

Clay Rockhead Water
struck
during

drilling?

from -  to 
(m)

Depth 
to (m) Type

G150 427.5 14.70 0 .0 0 -2 .0 0 2.00 mudstone dry
G250 425.0 15.50 0 .0 0 -5 .0 0 5.00 coal 5.00m
G350 417.0 13.30 0 .0 0 -1 .3 0 1.30 coal dry

Table 4.7 Summary of borehole logs for Sir Alexander Gibb & Partners site 

investigation.

4.1 .4  E x p l o r a t i o n  A s s o c i a t e s

Fifteen boreholes were drilled and eighteen trial pits excavated between 23 November and 

5 December 1995 to the northwest of the site. The site investigation was logged and 

directed by Ove Arup & Partners. The investigation was required to determine the nature, 

depth and engineering properties of the materials at the site.

4.1.4.1 Trial Pits

Trail pits EA/TP1 to EA/TP18 were excavated. A summary o f the trail pits logs is given 

in table 4.8.

4.1.4.2 Boreholes

The boreholes (EA1 to EA8B) were drilled using open hole and coring methods. Soil 

samples were taken for analysis. A summary o f the borehole logs is given in table 4.9.
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TP
depth
(m)

M ade Ground Superficial deposits Rockhead

from -  to 
(m )

Type from -  to 
(m ) Type

Depth to 
(m ) Type

EA/TP1 5.00 0 .0 0 - 2 .5 0 sand 0 .0 0 - 2 .5 0 Till - -

EA/TP2 2.20 - - 0 .0 0 -  1.60 Till 1.60 sandstone

EA/TP3 4.20 0 .0 0 - 0.20 slag 0 .2 0 - 4 .0 0 Till 4 .00 sandstone

EA/TP4 3.80 - - 0 .0 0 - 3 .4 0 Till 3 .40 sandstone

E A/TP 5 2.50 - - 0 .0 0 - 2.00 LD 2.00 sandstone

EA/TP6 1.80 0 .0 0 - 0 .3 0 slag 0 . 3 0 -  1.10 Till 1.10 sandstone

EA/TP7 1.20 0 .0 0 - 0 .2 5 clay 0 .25  -  1.20 Till 1.20 sandstone

EA/TP8 4.00 0 .0 0 - 3 .6 0 slag 3 .60  - > 4 .00 LD - -

EA/TP9 3.60 0 .0 0 - 2 .5 0 slag 2 .5 0 - > 3 .6 0 LD - -

EA/TP10 0.45 - - 0 .0 0 - 0 .4 5 scree - -

EA/TP11 4.00 1 .2 0 - 4 .0 0 slag 0 .0 0 - 1.20 scree - -

EA/TP12 5.00 - - 0 .0 0 - > 5 .0 0 LD - -

EA/TP13 4.00 - - 0 .0 0 - 3 .5 0 LD 3.50 sandstone

EA/TP14 4.70 - - 0 .00  - >4 .70 Till - -

EA/TP15 5.20 - - 0 .0 0 - 5 .0 0 clay 5.00 sandstone

EA/TP16 2.40 0 .0 0 - 0.10 clay 0 .1 0 - 2 .4 0 Till 2 .40 sandstone

LD = Landslide Deposits

Table 4.8 Summary of trial pit logs for Exploration Associates site investigation.

Surface
elevation
(m A O D )

BH
depth
(m)

Fill Superficial deposits R ockhead

from -  to 
(m )

Type from -  to (m ) Type
Depth  
to (m )

T ype

EA1 430.86 34.30 0 .0 0 - 3 .5 0 slag 3 . 5 0 -  18.00 LD 18.00 m udstone

EA1A 430.97 17.00 0 .0 0 - 3 .5 0 slag 3 .5 0 -> 1 7 .0 0 LD - -

EA2 431.28 30.00 0 .0 0 -  13.10 slag 1 3 .1 0 - 2 2 .3 0 LD 23 .00 m udstone

EA3 425.10 29.50 0 .0 0 - 2 .4 0 slag 2 .4 0 - 8 .1 0 LD 8.10 sandstone

EA3A 425.03 16.00 0 .0 0 - 3 .0 0 slag Part o f  log  m issing

EA4 425.97 35.00 0 .0 0 -  11.50 1 1 .5 0 - 1 9 .4 5 LD 19.45 m udstone

EA5 423.58 35.10 0 .0 0 - 2 3 .5 0 2 3 .5 0 - 2 6 .3 0 BC 2 8 .30 m udstone

EA5A 423.00 8.00 0 .0 0 - > 8.00 - - - -

EA5B 423.00 24.00 0 .0 0 - 2 3 .3 0 2 3 .3 0 - > 2 4 .0 0 BC - -

EA6 416.65 25.70 0 .0 0 - 4 .0 0 slag 4 . 0 0 -  17.00 LD 17.00 m udstone

EA6A 416.76 17.00 0 .0 0 - 5 .0 0 slag 5 .0 0 - > 1 7 .0 0 LD - -

EA7 417.58 34.75 0 . 0 0 -  14.50 1 4 .5 0 - 2 5 .7 0 LD 25 .70 siltstone

EA8 417.25 7.50 0 .0 0 - > 7 .5 0 - - - -

EA8A 417.00 1.50 0 .0 0 - > 1 .5 0 - - - -

EA8B 417.00 31.35 0 .0 0 -  18.00 1 8 .0 0 - 2 7 .3 5 B C /clay 27.35 m udstone

LD -  Landslide D eposits BC = B oulder Clay

Table 4.9 Summary of borehole logs for Exploration Associates site investigation.
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4.2 R e s is t iv it y  S u r v e y i n g

In order to obtain a two-dimensional model o f the Southern Slope of the site, geophysical 

investigations were employed, specifically resistivity survey. The aim was to identify 

areas of lower resistivity, which are likely to correspond with areas of leachate saturation.

4.2.1 E l e c t r i c a l  R e s i s t i v i t y

The property of the electrical resistance (R) o f a material is usually expressed in terms of 

its resistivity (p ). The resistivity of a material is defined as the resistance in ohms between 

the opposite faces of a unit cube of material. The SI unit o f resistivity is the ohm-metre 

(Qm).

Electrical conduction in most rocks is essentially electrolytic. This is because most 

mineral grains (except metallic ores and clay minerals) are insulators. Groundwater filling 

the pore space o f a rock is a natural electrolyte.

Resistivity is an extremely variable parameter. There is no general correlation o f the 

lithology with resistivity, although a broad classification is possible (Table 4.10). As a 

rule, the more porous a rock and the larger its groundwater content, the higher the 

conductivity and the lower the resistivity. If clay minerals are present in a water-bearing 

rock, ion exchange processes may release a relatively large number o f ions. The ions 

released add to the normal ion concentration in the pore water, with the net result being an 

increased conductivity. Dissolved contaminants within the leachate contribute to the ion 

content of the water, which results in an increased conductivity and therefore a reduced 

resistivity.
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M aterial Resistivity (Qm)
Granite 3 x l0 2 - xlO6
Consolidated Shales 20 - 2x 103
Sandstones 1 - 7.4x10s
Limestones 5x10' - 107
Clays 1 - 102
Top Soil 2 5 0 -  1700
Unsaturated Landfill 3 0 -1 0 0
Saturated Landfill 1 5 -3 0
Landfill Runoff < 1 0 -5 0

Table 4.10 Resistivities of common geologic materials. Adapted from Reynolds 

(1997).

4.2.2 R e s i s t i v i t y  S u r v e y

In a resistivity survey electrical currents are introduced into the ground and the resulting 

potential differences are measured at the surface. Deviations from the pattern o f potential 

differences expressed from homogeneous ground provide information on the form and 

electrical properties o f subsurface inhomogeneities.

In homogeneous ground the depth of current penetration increases as the separation o f the 

current electrodes is increased.

Vertical Electrical Sounding (VES) is used mainly in the study o f horizontal or near

horizontal interfaces. The current and potential electrodes are maintained at the same 

relative spacing and the whole spread is progressively expanded about a fixed central 

point. Consequently, readings are taken as the current reaches progressively deeper 

depths.

Constant Separation Traversing (CST) is used to determine lateral variations o f resistivity. 

The current and potential electrodes are maintained at a fixed separation and progressively 

moved along a profile.
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The value of resistivity that is measured is an average of a volume of ground proportional 

to the electrode spacing. This value is called the apparent resistivity (pa). Apparent 

resistivity can be measured using any configuration of electrodes as long as the distance 

between them is known. There are common electrode configurations such as the Wenner, 

Schlumberger and Double Dipole configurations.

4.2.2.1 Electrode Configurations

The two types of electrode configurations that have been used on Silent Valley are the 

Wenner and Schlumberger arrays. The two arrays have different suitability (Table 4.11).

Criteria W enner Schlum berger

Vertical Resolution V S S ✓✓

Depth Penetration s ✓ ✓

Suitability to VES s s ✓ ✓✓

Suitability to CST X

Sensitivity of Orientation Yes Yes

Sensitivity to Lateral Inhomogeneities High Moderate

Labour Intensive Yes (No*) Moderate (No*)

Availability of Interpretational Aids ✓✓✓

poor; S  S=  moderate; S  S  S=  good; *= unsuitable 
* When using a multicore cable and automated electrode array

Table 4.11 Comparison of Wenner and Schlumberger electrode arrays. Adapted from 

Reynolds (1997).
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4.2.2.1.1 Wenner Array

In the Wenner array (Fig. 4.2) four electrodes are equally spaced along a straight line. The 

distance between adjacent electrodes is called the array spacing, a (Sharma, 1997). For 

this configuration the equation o f  (apparent) resistivity (pfl), for the midpoint between the 

potential electrodes, P]P2 is:

A Vpa =  2jrn. (32)

AV

•  P
a

Figure 4.2 Wenner electrode configuration.

4.2.2.1.2 Schlumberger A rray

In the Schlumberger (symmetrical) array (Fig. 4.3) measurements o f apparent resistivity 

are made by keeping the potential electrodes (M,N) about the midpoint o f the array while 

the current electrodes (A,B) are symmetrically moved outwards in steps (Sharma, 1997). 

In the Schlumberger array the formula for (apparent) resistivity is: 

ttL2 A V
P a  =

/  21
(33)
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AV

•  P
a

Figure 4.3 Schlumberger electrode configuration.

4.2.2.1.3 Wenner-Schlumberger Array

The Wenner-Schlumberger array is a hybrid between the Wenner and Schlumberger 

arrays. The apparent resistivity value for the Wenner-Schlumberger array is given by: 

p =  n n  (w+1) a R (34)

where,

R = measured resistance 

a = spacing between the PI and P2 electrodes

n = the ratio of the distances between the C l-P I and the P1-P2 electrodes (Loke, 1999a).

This array effectively becomes the Schlumberger array when the n factor is greater than 2. 

The normal Wenner array is actually a special case o f the Wenner-Schlumberger array 

where the n factor is equal to 1. Thus the array is a combination o f the Wenner and 

Schlumberger arrays adapted for use with a line o f electrodes with a constant spacing.
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Since the potential between the P 1 and P2 electrodes decreases when the electrode spacing 

factor n is increased, the maximum value o f n used in actual field surveys is about 8. To 

increase the depth of investigation, the spacing between the P1-P2 electrodes is increased 

to 2a and the measurements are repeated for n equals to 1,2,  3, 4, 5 and 6. Next, the 

P1-P2 spacing is increased to 3a, and the same sequence o f measurements is made. While 

the n factor usually has integer values, the RES2DINV program can also accept non

integer values for this factor.

The conventional Wenner array has the disadvantage that there is a large reduction in 

horizontal coverage when the electrode spacing is increased in order to achieve a deeper 

depth of investigation. For example, in order to increase the depth of investigation by two 

times, the electrode spacing a has to be increased to 2a (Fig. 4.4). In this case, the total 

length of the array is increased from 3a to 6a.

(a) (b)
C l PI P2 C2

a a a
n = 1

C l PI P2 C2

a a a

C l PI P2 C2 C l PI P2 C2

n = 2
2a 2a" 2a 2a 2a

C l PI P2 C2 C l PI P2 C2

n = 3
"35" "3a" la " la  a la

Figure 4.4 The steps used by the (a) Wenner and the (b) Wenner-Schlumberger arrays 

to increase the depth o f investigation.
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(a) Wenner

. 1 I - L  1 .1 1 1 1 1 1 L ... I I___ 1 I I I I 1 1 .................................

(b) Wenner-Schlumberger
. i l I .  i l i  i i i i i i i i i i i i i i i i i i i

-L  Electrode
Datum point in pseudosection

Figure 4.5 Schematic showing the arrangement o f data points in the pseudosections for 

the (a) Wenner and the (b) Wenner-Schlumberger arrays.

The Wenner-Schlumberger array has a better horizontal coverage compared with the 

Wenner array. For the Wenner array each deeper data level has 3 data points less than the 

previous data level, while for the Wenner-Schlumberger array there is a loss of 2 data 

points with each deeper data level (Fig. 4.5). Besides better horizontal coverage, the 

maximum depth of penetration of the Wenner-Schlumberger array is about 15% larger 

than the Wenner array.
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42,2,2 Resistivity Surveying Equipm ent

Resistivity surveys can be carried out with simple equipment consisting of a high-tension 

battery pack as the source current, four metal stakes, an ammeter, a voltmeter, and 

insulated cable. The electrodes (metal stakes) are commonly made o f aluminium, copper 

or steel.

To improve the ease of data acquisition, electrodes are connected by a multicore cable to a 

switching box. The data acquisition is software controlled from a laptop computer.

Resistivity surveying instruments are designed to be capable o f reading the very low 

levels of resistance of the ground. Apparent resistivity values are computed from the 

resistance measurements using the formula relevant to the electrode configuration used.

Most modem resistivity meters use low-frequency alternating current. The periodic 

reversal of the current prevents accumulation of ions around the electrodes and thus 

overcomes electrolytic polarisation. The use o f an alternating current also overcomes the 

effects of telluric currents, which are natural electric currents in the ground that flow 

parallel to the Earth’s surface and cause regional potential gradients. The frequency of the 

alternating current used depends upon the required depth of penetration.

4.2.2.3 Data Processing

Data processing is based on an iterative routine involving determination of a 2D simulated 

model of the subsurface that is then compared to the observed data and revised. 

Convergence between the theoretical and observed data is achieved by non-linear least 

squares optimisation. The procedure is smoothness constrained to improve stability in the 

iterative process, the degree o f smoothness being determined by a user-specified damping 

factor. The extent to which the observed and calculated theoretical models agree is an 

indication of the validity o f the true resistivity model (indicated by the root-mean-squared 

(RMS) error).
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4.2.2.4 Lim itations o f R esistivity Surveying

Resistivity surveying suffers from a number o f limitations (Kearey & Brooks, 1991):

• Interpretation is limited to simple structural configurations. Any deviations from these 

simple situations may be impossible to interpret.

• The depth of penetration is limited by the maximum electrical power that can be 

introduced into the ground and by the practical difficulties o f laying out long lengths 

of cable.

• Topography and the effects of near surface resistivity variations can be mask the 

effects of deeper variations.

4.2.2.5 Interpretation o f Resistivity Data

The data of resistivity surveys can be presented in two forms, profiles and maps. In a 

profiling survey with a constant electrode spacing, the data may be presented as graphs 

showing the resistivity variation along the traverse, or as a contour map showing the lines 

of equal resistivity.

The interpretation o f resistivity tomography data is based on the known physical 

properties of the sub-surface materials.

Near-surface layers tend to be modelled more accurately than those at depth, primarily 

because field data from shorter electrode separations tend to be more reliable than data 

form very large separation, owing to higher signal-to-noise ratios.

The calculated resistivity value is not the true resistivity o f the subsurface, but an apparent 

value, which is the resistivity of a homogeneous ground that will give the same resistance 

value for the same electrode arrangement. The relationship between the apparent 

resistivity and the true resistivity is complex. To determine the true subsurface resistivity, 

an inversion of the measured apparent resistivity values using a computer program must 

be carried out.
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The RES2DINV program is used to interpret the resistivity data collected at Silent Valley. 

It is uses iterative inversion methods.

4.2.2.5.1 Inversion method

All inversion methods essentially try to find a model for the subsurface whose response 

agrees with the measured data.

The RES2DINV program uses an iterative method whereby starting from an initial model, 

the program tries to find an improved model whose calculated apparent resistivity values 

are closer to the measured values.

The difference between the calculated and measured apparent resistivity is frequently 

given as a RMS (root-mean-squared) value. This is the quantity that the inversion method 

seeks to reduce, after each iteration, in an attempt to find a better model.

Besides trying to minimise the difference between the measured and calculated apparent 

resistivity values, the inversion method also attempts to reduce other quantities that will 

produce certain desired characteristics in the resulting model. The additional constrains 

also help to stabilise the inversion process.

4.2.2.S.2 RES2DINVProgram

The RES2DINV program used to interpret the Silent Valley data is a computer program 

that will automatically determine a two dimensional (2D) resistivity model for the 

subsurface for the data obtained from electrical imaging surveys.
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The program is designed to operate, as far as possible, in an automatic and robust manner 

with minimal input from the user. It has a set o f default parameters which guides the 

inversion process. In most cases the default parameters give reasonable results.

The computer program RES2DINV.EXE will automatically subdivide the subsurface into 

a number of blocks, and it then uses a least-squares inversion scheme to determine the 

appropriate resistivity value for each block. The model parameters are the resistivity 

values of the model blocks, while the data are the measured apparent resistivity values.

The problem of non-uniqueness is well known in the inversion o f resistivity sounding and 

other geophysical data. For the same measured data set, there is wide range o f models 

giving rise to the same calculated apparent resistivity values. To narrow down the range 

of possible models, normally some assumptions are made concerning the nature o f the 

subsurface that can be incorporated into inversion subroutine. In almost all surveys, 

something is known about the geology o f the subsurface. In some cases it is known 

whether the subsurface bodies of interest have gradational boundaries, such as pollution 

plumes or bedrock with a thick transitional weathered layer. In such cases, the 

conventional smoothness-constrained inversion gives a model, which more closely 

corresponds with reality. This is the default method used by the RES2DINV program. In 

others, the subsurface might consist o f discrete geological bodies that are internally almost 

homogeneous with sharp boundaries between different bodies. For such cases, a robust 

model inversion constrain is more suitable.

The quality of the field data are important. Good quality data usually show a smooth 

variation of apparent resistivity values in the pseudosection. To get a good model, the 

data must be of equally good quality. Bad data points could be due to the failure o f the 

relays at one of the electrodes, poor electrode ground contact due to dry soil, or shorting 

across the cables due to very wet ground conditions. These bad data points usually have 

apparent resistivity values that are obviously too large or too small compared to the 

neighbouring data points.

If the data are of poor quality there are several things that could be done. With the 

RES2DINV program, you can plot the data in profile form that helps to highlight the bad
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datum points, and remove them from the data set manually (Fig. 4.6). The damping 

factors can also be increased to exclude bad data. A larger damping factor would tend to 

produce smoother models with less structure, and thus poorer resolution, but it would be 

less sensitive to noisy data.

The second setting is the robust data constrain option. The inversion subroutine normally 

tries to reduce the square o f  the difference between the measured and calculated apparent 

resistivity values. Data points with a larger difference between the measured and 

calculated apparent resistivity values are given a greater weight. This normally gives 

acceptable results if the noise is random in nature. However, in some cases, a few bad data 

points with unusually low or high apparent resistivity values (outliers) could distort the 

results. To reduce the effect o f  such bad datum points, the robust data constrain causes the 

program to reduce the absolute difference between measured and calculated apparent 

resistivity values. The bad datum points are given the same weight as the other data 

points, and thus their effect on the inversion results is considerably reduced.

B ad  d a t a  p o io lv

* Measured data ♦ Rcm*ved data

Figure 4.6 An example o f  a field data set with a few bad data points. From Loke 

(1999a).
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4.2.2.6 The use o f Resistivity on Landfill Sites

There is an increasing amount of interest in the use o f high-resolution resistivity surveys 

in the investigation of landfills, particularly with respect to potential leachate migration. 

Both resistivity sounding and sub-surface imaging have been used very successfully 

(Reynolds, 1997).

Bemstone et al. (2000) performed 2D DC resistivity surveys across two old landfills with 

the objective to test the capability o f resistivity as a characterisation method. They 

surveyed two landfills in southern Sweden. After the resistivity surveys were completed, 

the landfills were excavated and characterised. They found that the most important 

potential information which can be recovered from the surveys is an indication o f the 

hydraulics of the waste piles; leachate pathways, fringing leachate pockets and the level of 

saturated waste. They were not able to correlate the waste type against the resistivity 

models.

Resistivity surveying is frequently being used in industry on both closed and operational 

landfill sites. It can be used to define the extent of a landfill (Bemstone & Dahlin, 1997), 

monitor leachate levels (Ogilvy et al., 2002), monitor leachate plumes (Bemstone & 

Dahlin, 1997; Karlik & Kaya, 2001) and to detect leaks in landfill liners (Parra, 1988; 

Binley & Daily, 2003).
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4.2.3 R e s i s t i v i t y  S u r v e y s  U n d e r t a k e n  a t  S i l e n t  V a l l e y

Three Cardiff University MSc students have undertaken resistivity surveys across the 

southern slope (Phase 1) of Silent Valley landfill site, assisted and/or supervised by the 

author.

A permanent set of electrodes was installed on the southern slope at Silent Valley in 

December 2001. Surveys were repeated across the same area o f landfill once a month for 

a year.

4.2.3.1 Summer 2000 Survey

Four resistivity survey lines (Fig. 4.7) were carried out by Mara Lopes in June/July 

(Lopes, 2000). The resistivity lines ran east to west, were parallel with each other and 

roughly followed the contours.

The survey was performed with the University’s resistivity equipment using the Wenner 

array. The electrodes were connected by a multicore cable to a switching unit and a 

laptop. The computer runs the Campus Imager programme, which performs a number of 

readings of constant separation along the array. It then performs more traverses along the 

array with increasing electrode spacing. To extend the survey area covered, a roll-along 

method was used. After completing the sequence o f measurements the cable was moved 

on by 12 electrodes, so that readings overlapped with readings o f the previous survey.

Using the RES2DINV inversion program, a depth-corrected model o f the calculated true 

resistivity was produced and compared with the field readings o f apparent resistivity. A 

finite model of the resistivity distribution in the ground was generated and adjusted to fit 

the data iteratively, and the smaller the error between sections the more accurate the 

model. The final apparent resistivity model could then be used for the final interpretation.
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Figure 4.7 Map showing the locations o f  the Summer 2000 and 2001 resistivity 

surveys.
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4.2.3.1.1 Survey Line 1

Survey Line 1 (Fig. 4 8) consisted o f four traverses, giving a total survey line o f 295 m. It 

is possible to define a near surface layer, approximately 2.5 m thick, with resistivities 

between 101 to 254 Qm which could represent dry rubble.

A layer, approximately 17.5 m thick, shows resistivity values ranging from about 10 to 

63.5 Qm that represents a layer o f compacted refuse material. On the eastern side o f  the 

survey there is an area o f saturated material that can be identified by the low resistivity 

values. On the western side o f the survey the resistivity values are higher and are likely to 

represent non-saturated material.

An area of high resistivity (101-254 Qm) can be seen at depth on the western part o f  the 

survey. It could represent a bund o f slag used to separate disposal cells or a haulage 

roadway (Lopes, 2000).

At a distance o f 90 m along the survey line there is a zone o f low resistivity values 

extending towards the surface. This may indicates an area of leachate breakout. It had 

been noted during the survey that this area was boggy (Lopes, 2000).

Saturated Near-Surface Non-Saturated
Material High Resistivity 

. Surface Layer
Saturated
Material

Material
High Resistivity 

Material W est
Model resistivity with topography 

Elevation Iteration 5 RMS error = 7 6

100 15.9 25.2 40.0 63 5 101 160 254
Resistivity in ohm m Unit Electrode Spacing = 5 0 m

Horizontal scale is 15.90 pixels per unit spacing 
Vertical exaggeration in model section display = 1 90 
First electrode is located at 0 0  m 
Last electrode is located at 295 0 m

Figure 4.8 Line 1 o f the summer 2000 resistivity survey. Adapted from Lopes (2000).
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4.2.3.1.2 Survey Line 2

Survey Line 2 (Fig. 4 9) consisted o f three traverses giving a total survey line o f 235 m. It 

is possible to define an approximately 2.5 m thick near surface layer with resistivities 

between about 63.5 and 254 Qm. It is likely that this represents slag and rubble.

East
Model resistivity with topography 

Elevation deration 5 RMS error = 6.5

Saturated
Materia]

Non-Saturated
Materia]

High Resistivity 
Surface Layer W est

40.0 63.5 101
Resistivity in ohm m Unit Electrode Spacing =  5.0 no.

Horizontal scale is 20 04 pixels per unit spacing 
Vertical exaggeration in model section display = 1 50 
First electrode is located at 0.0 m.
Last electrode is located at 235.0 m.

Figure 4.9 Line 2 of the summer 2000 resistivity survey. Adapted from Lopes (2000).

There is a large area represented by low resistivity values (10 to 22.5 Qm) that represents 

saturated material. Towards the western end o f  the survey line the resistivities increase, 

which could indicate a decrease in saturation or an increase in the amount o f slag present.

4.2.3.1.3 Survey Line 3

Survey Line 3 (Fig. 4.10) consisted o f three traverses giving a total survey line o f  235 m. 

There is a 2.5 to 5 m thick layer o f high resistivities at the surface, which is likely to 

represent dry rubble and slag.

A large area of saturated material can be identified by the low resistivities.
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An area of high resistivity can be seen at depth on the western part o f the survey. It could 

represent a bund o f slag used to separate disposal cells or a haulage roadway. It is likely 

that it is a continuation o f the feature seen in Line 1 (Lopes, 2000).

At a distance o f 60 m along the survey line there is a zone o f low resistivity values 

extending towards the surface. This suggests saturation o f near surface material. This 

may be the continuation o f the feature seen in Line 1 (Lopes, 2000).

Saturated Near Non-Saturated High Resistivity
Surface Material Saturated Material High Resistivity Surface Laver

jviaienai Material

piMatinn Model resistivity with topography 
Iteration 5 RMS error = 1 1 3

•5.0i
°0  400 I

10.0 15.9 25 2 40.0 63.5 101 160 254
Resistwity in ohm.m Unit Electrode Spacing = 5.0 m.

Horizontal scale is 19 83 pixels per unit spacing 
Vertical exaggeration in model section display = 1.50 
First electrode is located at 0.0 m.
Last electrode is located at 235.0 m.

Figure 4.10 Line 3 o f the summer 2000 resistivity survey. Adapted from Lopes (2000).

4.2.3.1.4 Survey Line 4

Survey Line 4 (Fig. 4.11) consisted o f two traverses giving a total survey line o f 175 m. A 

surface layer approximately 2.5 m thick can be identified by high resistivities.

The survey line shows a large area o f low resistivities that represent saturated material. 

Some of the area has lower resistivities, which could represent different water contents 

within the material.
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Saturated High Resistivity Non-Saturated
Material Surface Material Material

Elevation Model resistivity with topography 
Iteration 5 RMS error =  8.2

Resistivity in ohm m Unit Electrode Spacing = 5 0  m

Horizontal scale is 26 63 pixels per unit spacing 
Vertical exaggeration in model section display = 1 SO 
First electrode is located at 0.0 m.
Last electrode is located at 175.0 m.

Figure 4.11 Line 4 of the summer 2000 resistivity survey. Adapted from Lopes (2000).
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4.2.3.2 S u m m er 2001 S u rv ey

During summer 2001 two resistivity survey lines (Fig. 4.7) were performed by the author 

and Marta Otero. Terradat’s resistivity equipment was used using the Schlumberger 

mode. Terradat’s resistivity cables are longer than the University’s allowing readings at a 

greater depth.

Line 1 runs from east to west following the contour. Line 2 runs from north to south down 

the valley. The start (north) of Line 2 crosses the middle o f Line 1. Both resistivity lines 

have borehole GA/93/1D located along their line (Fig. 4.7). The borehole is in the middle 

of Line 1 and at the start (north) of Line 2.

Borehole GA/93/1D was drilled by Golder Associates in 1993. The borehole is situated at 

location 318619, 206932. At the time of drilling, the surface elevation was 361.42 m. 

The current surface level at that location is about 370 m. The borehole was drilled to a 

depth of 39 m using a rotary percussive drill. Natural ground (clay) was hit at a depth of 

37.30 m (324.12 mAOD) and rockhead (sandstone) was at a depth of 37.50m 

(323.92 mAOD).

4,23,2,1 Survey Line 1

Survey Line 1 (Fig. 4.12) was 400 m long and ran from east to west, roughly following the 

contour.

Low resistivity values can be seen across the survey line down to depths generally less 

than 15 m. These values represent areas o f leachate saturated material. In the centre of 

the survey line low resistivity values continue down to the base of the profile. It is likely 

that the low resistivity readings at depth are an effect of the ‘principal o f equivalence’ and 

are shown at a greater depth than they exist. In a three-layered model, if  the middle layer 

has a lower resistivity to the layers on either side, the current flow will concentrate into the 

middle layer and will be almost parallel to the layer. The resistance o f an elementary
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block of length Al and cross-section hAm to such a current flow is R = pAl/(hAm), which 

will be unaltered if we increase p  but at the same time increase h in the same proportion. 

Thus all such middle layers for which the ratio h/p is the same are electrically equivalent. 

On the other hand, if the resistivity o f the middle layer is much larger than the other layers 

either side, the electric current will tend to avoid it and take the shortest route to the lower 

layer. The lines o f current flow will be almost perpendicular to the layer. The resistance 

of an elementary block to this flow will be R = ph/AA where AA is the cross-section. In 

this case all layers for which the product is the same are electrically equivalent so that, 

again h and p  cannot be determined separately. Essentially the flow path o f the electrical 

current is not accurately modelled in the inversion, resulting in a low resistivity mid layer 

appearing to extend downwards below its true location. Therefore, it is likely that much 

higher resistivities should occur at the base o f the section in figure 4.12.

Non-Saturaled 
East Material

Borehole
GA/93/1D

Leachate
Saturated
Material

W e s t
Slag

Bedrock

■  ■ ■ I B D B i n i
80.0 1 BO 320 640

Resistivity in ohm.m

Elevation

380i
370-

Model resistivity with topography 
Iteration 4 RMS error = 26.7

GOD

Base o f  Landfill 
(from topographical data)

Unit Electrode Spacing =  5 .0  m.

Horizontal scale is 11.55 pixels per unit spacing 
Vertical exaggeration in model section display = 0 85 
First electrode is located at 0.0 m.
Last electrode is located at 400.0 m.

Figure 4.12 Line 1 o f the summer 2001 resistivity survey.

An area o f very high resistivity (>1280 flm ) can be seen on the western part o f the survey. 

It is likely that this represents the slag and natural bedrock.
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The location of borehole GA/93/1D has been indicated on the resistivity profile. At this 

location natural ground was encountered at an elevation o f 324.12 mAOD. This can be 

marked on the resistivity survey line and used to help interpret the data. The cross 

sections of the site (Fig. 3.24) produced by Ove Arup & Partners (1995; 1996b) can also 

be used to aid in the interpretation o f the survey.

4.2.3.2.2 Survey Line 2

Survey Line 2 (Fig. 4.13) was 175 m long and ran from north to south. Large areas o f low 

resistivity values can be seen across the survey and represent areas o f leachate saturated 

material.

At about 30 m along the survey line there is an area of medium resistivity values (28 -  

44.4 Qm), which represents an area of lower moisture content. This material appears to be 

acting as a barrier and preventing the leachate from moving downslope. It is likely that 

this area was either a bund to separate cells or an access road, which would be more 

compacted than surrounding fill. The change in hydraulic conductivity o f this area is 

causing the leachate to be forced up to the surface where it is seeping out. Evidence o f 

this was seen while the survey was being undertaken (Fig. 4.14).

An area of high resistivity (>112 Qm) can be seen across the surface o f survey line from 

about 50 m from the start o f the survey line to the end. It is likely that this represents the 

capping material that is being placed on site.

The survey line crossed leachate monitoring well LI A, its location has been marked on the 

profile. The location of borehole GA/93/1D has been indicated on the resistivity profile. 

At this location natural ground was encountered at an elevation o f 324.12 m. This can be 

marked on the resistivity survey line and used to help interpret the data. The cross 

sections of the site (Fig. 3.24) produced by Ove Arup (1995; 1996) can also be used to aid 

in the interpretation of the survey.
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Figure 4.13 Line 2 o f the summer 2001 resistivity survey.
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|  Survey L ine 1

Survey L ine 2

Figure 4.14 Photo (taken June 2001) showing the area where seepage is evident at the 

surface.
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4.2.3.3 M onthly Surveys

A permanent set of electrodes was installed on the southern slope at Silent Valley in 

December 2001. This enabled resistivity surveys to be repeated across the same area of 

landfill throughout a year. The results show how resistivities within the landfill vary 

across the year, which gives an indication o f how the leachate levels within the landfill 

vary in response to seasonal hydrometeorological changes.

4.2.3.3,1 Survey Lines

A 355 m long survey line (Line 1) runs East-West across the valley (Fig. 4.15). Survey 

Line 2 is 175 m long and runs North-South (Fig. 4.15). It is perpendicular to Line 1 and 

crosses Line 1 170 metres from its eastern end. Resistivity Line 1 is comprised o f 72 

electrodes and Line 2 is made up of 36 electrodes. Bamboo canes were inserted into the 

ground next to the electrodes to mark their location, which became invaluable as 

vegetation grew across the slope.

At about 8 metres from the northern end o f Line 2 the survey crosses over the point where 

Golder Associates drilled borehole GA/93/1D in 1993. At the time o f drilling, the surface 

elevation was 361.42 m. The current surface level at that location is about 370 m. The 

borehole was drilled to a depth of 39 m using a rotary percussive drill. Natural ground 

(clay) was hit at a depth of 37.30 m (324.12 mAOD) and rockhead (sandstone) was at a 

depth of 37.50 m (323.92 mAOD).

Line 2 passes through monitoring well LI A /LIB  (about 62 metres from the north end of 

the line), which is monitored every month by Silent Valley Waste Services. About 100 

metres from the north end o f Line 2 there is a well (W l) that is not regularly monitored 

and is silted up.

The Wenner-Schlumberger array is used for the permanent set o f resistivity lines installed 

at Silent Valley. The electrodes are at a spacing o f 5 metres.
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Figure 4.15 Map showing location o f  survey lines 1 and 2.
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4.2.3.3.2 Data A nalysis

The RLS2DINV program was used to analyse and display the data.

4.2.3.3.3 Results

The results (Figures 4.16 and 4.17. For larger images see Appendix B) obtained for 

resistivity surveys performed for Line 1 and Line 2 are o f a high quality. The structure o f 

the landfill remains the same for surveys performed in different months indicating that the 

survey line and the equipment used has a very good repeatability. The only changes 

between months occur in the areas o f saturation (areas o f low resistivity -  blue).

Due to problems with the resistivity equipment it was only possible to perform a survey 

for Line 1 in September 2002.

The sections show an area o f high resistivity at the surface (orange/red), which is the cap. 

Dry waste (orange) and areas o f saturated waste (green) can be seen across the sections. 

At increasing depth the lower resistivity values (green) are more widespread, indicating 

more saturated waste. Very low resistivity (blue) values indicate areas o f leachate 

saturated waste.

Survey Line 1 shows an area o f high resistivity (red/purple) at depth to the west there is 

likely represent the presence o f slag within the fill material.

At depth to the south o f survey Line 2 there are high resistivity values. I his represents the 

original valley bottom.

Water levels at the monitoring wells LI and LI A have been collected, on the day that the 

resistivity surveys were performed, using a dip meter. Unfortunately the dip meter 

belonging to the University broke after a few months and was not replaced until after the 

final monthly survey was done. The monitoring wells were partially silted up, so readings 

were only available when the water level was above the silt.
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Figure 4 16 Resistivity profiles for survey Line 1 between December 2001 and 

November 2002
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Figure 4 17 Resistivity profiles for survey Line 2 between December 2001 and 

November 2002
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The sections can be compared with the rainfall recorded at Silent Valley (Fig 4.18). For 

the survey period, the highest rainfall was in February 2002 The section for that month 

shows slightly lower resistivity values (darker blue) in the centre o f Line 1 than the 

previous month indicating increased saturation

4<X)
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S  250

5  200

*5 150 
01

100
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450 (
Complete data 
Incomplete data

9 9 9 9 9 9 9 9 9
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3 . 0  0
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Figure 4 18 Rainfall recorded at Silent Valley by Silent Valley Waste Services.
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4.2.3.4 3D  Survey

The electrodes for 3D surveys are normally arranged in a rectangular grid with a constant 

spacing between the electrodes (Fig. 4.19). However, the RES3DINV resistivity and IP 

inversion program can also handle grids with a non-uniform spacing between the rows or 

columns o f electrodes.

R L a p t o pI e s  i s i  i v i t y  r. .  . '  C o m p u t o rM o t o r  _____

x - d i r e c t i o n

y d i r e c t i o n

t
•  •  «  ♦-

• E l o c t r o d o

Figure 4.19 The arrangement o f the electrodes for a 3D survey. From Loke (1999a).

In some cases, measurements are made only in one direction. The 3D data set consists of 

a number of parallel 2D lines. The data from each 2D survey line is initially inverted 

independently to give 2D cross-sections then combined into a 3D data set and is inverted 

with RES3DINV to give a 3D picture. The quality o f the 3D model is expected to be 

poorer than that produced with a complete 3D survey.
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In June 2002 five parallel resistivity surveys were performed (Fig. 4.20) by the author and 

Guy Cassidy, an MSc student. The survey lines are at a spacing o f  approximately 20 m. 

Bach survey line has an electrode spacing o f  3 m and is 159 m in length. One o f the 

survey lines covers the same area as the monthly survey line.
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Figure 4.20 Map showing the location o f  the resistivity survey lines.
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Analysis o f the resistivity data for each array, using the inversion modelling computer 

package R E S2D LW , gives a 2 dimensional ‘slice' through the underlying landfill 

(Fig. 4.21).

I he resistivity profiles (Fig. 4.21) show capping material at the surface represented by 

high resistivities (purple). The eastern survey lines have lower resistivities than those in 

the west, indicating that the survey lines to the west are drier. The survey line furthest 

west shows high resistivities indicating materials o f low void ratio and permeability. It is 

likely that there is a high slag content present. At depth there are areas o f low resistivity 

(blue) that indicate areas o f leachate saturated material.

The 3D inversion package RES3DINV was not available to process the data, so the 

sequence o f two-dimensional vertical resistivity data points were integrated using the 

Surfer contouring computer programme to provide a three-dimensional model o f 

resistivity in the fill material beneath the survey area. This 3D model was then sliced at 

different depths (0.75 m, 2.25 m, 3.80 m, 5.56 m, 7.46 m, 9.56 m, 11.87 m, 14.40 m, 

17.19 m and 20.26 m) below the surface and parallel to it, to show spatial distribution o f 

resistivity at each depth (Fig. 4.22).

Zones o f low resistivity (high conductivity) indicate areas o f leachate saturation, while 

areas o f high resistivity indicate low leachate contents, corresponding principally to soil 

bunds and cover materials where void ratio and permeability is low.

In the field it was possible to detect an area (the north-west o f the area covered in this 

survey) where surface water was present. From the results o f the resistivity surveying it is 

unlikely that the leachate is breaking out at this point, instead surface water is issuing 

further up the slope and running along the surface. This is indicated by the high resistivity 

values shown at 0.75 m below the surface beneath these surface seepage areas. If the 

surface of the landfill were saturated with leachate then lower resistivity values would be 

expected within the underlying soil capping.

The very high resistivity values (purple) found close to the surface (0.75 m below ground 

level) represent the cap o f the landfill. High resistivity values are present at 2.25 m below
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the surface representing material with a low moisture content. This suggests that the cap 

is limiting infiltration into the landfill.

Resistivity values decrease with depth indicating waste material, areas o f saturation and 

the presence o f  leachate.

The resistivity plot for 3.80 m below the surface indicates the presence o f dry waste 

(orange) and areas o f saturated waste (green). At increasing depth the lower resistivity 

values (green) are more widespread, indicating more saturated waste.

Low resistivity (blue) values from 11.87 m deep indicate areas o f leachate saturated waste. 

At 20.26 m below the surface the area o f  low resistivity (blue) is decreasing indicating a 

decrease in the leachate saturation.

It is likely that the high resistivity values at depth to the west o f the survey area represent 

the presence o f  slag within the fill material in which low void ratios result in low leachate 

contents.

Pa£es 232 to 236

Figure 4.22 Resistivity modelled on surfaces at increasing depth, based on integration 

o f  five 2D resistivity tomography models.

Emma C. Paris Cardiff University 230



Chapter 4 -  Internal Structure.

Cardiff UniversityEmma C. Paris



Chapter 4 -  Internal Structure.

Resistivity 0.75m below the surface.
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Resistivity 5.56m below the surface.
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Resistivity 9.56mbelow the surface.
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Resistivity 14.40m below the surface.

Resistivity 11.87m below the surface.
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Resistivity 17.19m below the surface.
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4.2.3.5 Tim e-Lapse Resistivity

4.2.3.5.1 Theory

Resistivity imaging surveys can be carried out in time as well as space, which enables the 

changes of the subsurface to be monitored through time.

For time-lapse experiments, the changes in the subsurface resistivity are estimated by 

using changes in apparent resistivity measurements. Accurate results can therefore only 

be obtained if the apparent resistivity values themselves are sufficiently accurate. It is 

preferable to use the Wenner-Schlumberger array as the dipole-dipole and pole-dipole 

arrays due to the relatively low signal to noise ratios for experiments with large spacings 

(Geotomo Software, 2002).

Normally, the data from the surveys conducted at different times are inverted 

independently, frequently with a smoothness-constrained least-squares inversion method. 

The changes in the subsurface resistivity values are then determined by comparing the 

model resistivity values obtained from the inversions of an initial data set and the later 

data sets. In many cases, such an approach has given satisfactory results. However, in 

theory, since the inversion of each data set is carried out independently, there is no 

guarantee that the differences in the resistivity values are only due to actual changes in the 

subsurface resistivity with time. Each inversion attempts to minimise the difference 

between the observed and calculated apparent resistivity values for an individual data set 

without taking into account the model obtained from the initial data set (Loke, 1999b). In 

the RES2DINV programme there is a joint inversion technique that uses the model from 

the initial data set to constrain the inversion of the later time data sets to minimise possible 

distortions (Geotomo Software, 2002).

By default, the model obtained for the first data set is used as the reference model for all 

the later time data sets, i.e. the same reference model is used for all the other data sets. 

Where there is a large change in resistivity of the models from the first to the last data set, 

an option is provided where the model for the preceding data set is used as the reference 

model. In this case the model for the first data set is used as the reference model for the
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second data set, while the model for the second data set is used as the reference model for 

the third data set (Geotomo Software, 2002).

In the software the time-constrain weight gives the relative importance given to keeping 

the later models as similar as possible to the reference model. If a large weight is used 

(eg. 10), the models for the later data sets will be kept very similar to the reference model, 

which effectively minimises changes across the time models. This reduces the possibility 

of noise in the data sets causing spurious changes between models but at the expense of 

increasing the data misfit, i.e. the RMS differences between the calculated and measured 

data. A value o f 1 gives equal importance to minimising the time changes in the model 

and minimising the RMS data error. The programme uses a default value o f 3 for the 

time-constrain weight (Geotomo Software, 2002).

The software can display the change in the model resistivity obtained from the inversion 

of the later time data set compared with the reference model from the inversion of the first 

data set. The changes in resistivity will indicate changes in saturation.
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4.2.3.5.2 Results

RES2DINV was used to investigate the change in resistivity o f Line 1 over the year. 

Simultaneous inversions were carried out using the first data set (December 2001) as the 

reference model and a time constraint weight o f 3. The results from the initial data set 

form the base model in the joint inversion with the later data sets.

Figure 4.23 shows the time-lapse data (in this case time series 10, i.e. October 2002 

compared with December 2001) for the initial data set, a subsequent data set and the 

percentage change in resistivity between them.
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Figure 4.23 Time-lapse data for time series 10 for the initial data set (December 2001), 

a subsequent data set (October 2002) and the percentage change in 

resistivity between them.
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The plots (Fig. 4.24) show the percentage change in resistivity for Line 1 between the 

survey done in December 2001 and the other surveys carried out between January and 

November 2002.

There is not a lot o f change across the section throughout the year. Increases in resistivity 

indicate that the area is dryer than when the first survey was done in December 2001. 

Decreases in resistivity indicate that the area is now more saturated or more saturated with 

stronger leachate than the area was when the first survey was done in December 2001. 

The central part of the section varies by +30 to -30% , indicating some variation in 

moisture content. Since the main part of the section has resistivity measurements less then 

60 Qm, a change of 30% is not a very significant resistivity variation indicating little 

change throughout the year.

In the west and east of the section there are patches that vary by over +100%. It is likely 

that these areas represent slag that is dry. It is possible that electrodes in this area are not 

making such a good contact with the ground as they did when the initial survey was done 

when the electrodes were first set out.
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Figure 4.24 Profiles o f Line 1 showing the percentage change in resistivity between 

December 200land surveys done between January and November 2002.
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RES2DINV was also used to perform simultaneous inversions using the preceding data set 

as the reference model and a time constraint weight o f 3. Due to the slightly different 

method of processing the data, the resistivity sections obtained differ from those obtained 

using the first data set as the reference model.

Figure 4.25 shows the time-lapse data (in this case time series 10, i.e. October 2002 

compared with September 2002) for the preceding data set, a data set and the percentage 

change in resistivity between them.

Time lapse data - general array format - Time series 10 
160.0

240.0
Fast data set Model Resistivity Section (RMS error 5  00%)

Depth

1.26 
9 26:

19.8:
2B7:
39.4 ]

52 .4 ,
Second data set Model Resistivity Section (RMS error 7 22%)

2 00 3 92 7 68 15 1 29 5 57 9 113
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% Change in model resistivity section
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Unit electrode spacing 5  00 m.

Unit electrode spacing 5 00 m.

Figure 4.25 Time-lapse data for time series 10 for the preceding data set (September 

2002), a data set (October 2002) and the percentage change in resistivity 

between them.

The plots (Fig. 4.26) show the percentage change in resistivity for Line 1 between the 

surveys. This method of doing the time-lapse analysis displays more change across the 

section throughout the year. Increases in resistivity indicate that the area is dryer than the
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previous month. Decreases in resistivity indicate that the area is more saturated than the 

previous month. It is possible that changes in resistivity are also due to changes in the 

leachate geochemistry; a diluted leachate might contain less ions are therefore be less 

conductive.

The central part of the section varies the most by up to 210%. Since the central part of the 

section has resistivity measurements less then 29.5 Qm, the change is not very significant.

Comparing changes in the resistivity sections and rainfall data, it appears that the central 

sections exhibit a decrease or increase in resistivity the month after the rainfall amount 

increased or decreased (Figure 4.18). This may be interpreted as reflecting an increase or 

decrease respectively in the degree of saturation of the fill, rather than a change in leachate 

concentrations, however, it is likely that some dilution of leachate occurs as a result of 

rainfall ingress.
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Figure 4.26 Profiles o f Line 1 showing the percentage change in resistivity between 

months.
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4.2.3.6 General Interpretative M odel based on G eophysics.

With reference to borehole data and interpreting zones of high resistivity as areas with 

lower leachate content and vice-versa, a simple geological model of the frontal zone of the 

landfill can be developed (Figures 4.16, 4.17 and 4.22). It appears that leachate-saturated 

fill occurs in the central part of the landfill, extending downslope above the location of the 

LP1 leachate drainage pipe. The tomography model is almost certainly a simplification of 

the actual hydrogeological conditions, however, since with surface-downward resistivity 

survey it is impossible to identify sequences of perched water tables since the uppermost 

low resistivity zone casts a “shadow” downwards in the model. Recent research (George, 

2004) has demonstrated that lateral borehole to borehole resistivity tomography is much 

more effective in identifying such stacked zones of saturation caused by leachate perched 

above zones of lower permeability within the landfill waste mass.
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4.3 C o n c e p t u a l  S i t e  M o d e l  (CSM)

Silent Valley landfill site has been in operation as a landfill site since 1981. Before 

accepting municipal waste it received large quantities o f waste from the iron and steel 

works at Ebbw Vale. Phase I is active at present and covers 20.1 ha.

The site is situated at a level between 310 and 440 m AOD. It lies in the north-south 

trending Merddog Valley o f glacial origin that joins the Ebbw Fawr Valley to the south.

The two beech woods of Cwm Merddog, which straddles the Nant Merddog stream, and 

Coed Tyn y Gelli, which is the highest known site of beech in the UK, are Sites o f Special 

Scientific Interest (SSSI). In 1998 these separate woodland blocks were joined together to 

form The Silent Valley Local Nature Reserve (approximately 50 hectares).

The landfill site rests on the Rhondda Beds below the outcrop o f the Brithdir Seam. 

Quartzite strata are interbedded with mudstones, coal and associated seatearths. The strata 

at the site dip approximately 4 degrees towards the south-west. The solid geology is 

overlain by a mixture of Boulder clay, Head Deposits and made ground. The thickness of 

clay varies considerably across the site ranging from nothing to in excess of 3.5 m. The 

lower slopes of the valley are overlain by boulder clay, with the higher slopes covered 

with periglacial Head Deposits.

There are a number of faults on the plateau to the east o f the site, which trend northwest- 

southeast and are often expressed at the surface as deep fissures. Discontinuities tend to 

be subvertical and parallel to the major fault structures, with a secondary set at right 

angles.

A series of levels have been driven into the eastern flanks of the main Ebbw Valley and 

into the Nant Merddog Valley. These were driven into the Rhondda, Rider, Brithdir Coal 

seams and Cefn Glas coal seam.

The long term annual rainfall from the Meteorological Office for MORECS square 146 is 

1257.8 mm.
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The main surface water running through the site is the Nant Merddog stream. It is a 

subsidiary o f the Ebbw Fawr River, which it joins to the south of the site near Cwm. The 

Nant Merddog is culverted to the east o f the site.

Estimates for the catchment at the downhill toe o f the landfill, the theoretical catchment of 

the Nant Merddog vary between 106 ha and 120 ha.

The arenaceous deposits and mudstones of the Rhondda Beds are characterised by an 

intergranular permeability several orders of magnitude greater than that of the less 

permeable mudstones.

The landfill consists of layers of industrial, commercial and domestic refuse. The waste 

streams have altered over the operation of the site. Due to the implementation o f the 

Landfill Directive waste accepted at the site now is all solid waste with no special waste.

Slag fill occupies a large part of the western part of the site. The slag is variable ranging 

from fine ash like material to cobble and boulder sized fragments. Waste palm oil from 

the British Steel Corporation tinplate works was disposed of in trenches dug into the slag 

banks across the northwest plateau.

Leachate is currently disposed of to a 150 mm diameter sewer from the lagoon at the toe 

of the landfill. During periods of heavy rainfall the 150 mm sewer is sometimes unable to 

cope with the flow of leachate entering it, resulting in surcharge of some downstream 

manholes and pollution of private land. When the inflow to the lagoon exceeds the 

outflow to the sewer, the retention tank fills and then overflows via a 450 mm diameter 

overflow pipe directly into the Nant Merddog.

Figures 4.27 and 4.28 show east-west and north-south cross-sections across the site. The 

February 2000 profile is used for the landfill surface. The contour maps produced from 

aerial photos for 1955 (Fig. 3.25) and 1983 (Fig. 3.26) are used for the original ground 

surface (except in the area containing the Maclane cones) and the surface of the slag tip 

respectively. Where there are borehole logs along the cross-sections these have been 

plotted to scale in the correct location to aid in the creation of the cross-sections.
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The cross-sections have been used to create a conceptual site model of the landfill 

(Fig. 4.29 and 4.30).

The landfill, leachate, landfill gas and the slag are sources o f contaminants including 

organic and inorganic compounds, and metals. The possible groundwater, surface water, 

air and soil pathways are indicated on the cross-sections. The possible receptors of 

contaminants are the groundwater, surface water, soil, the SSSI, the Nant Merddog, and 

the residents of Cwm.

It is not known whether groundwater is entering the landfill and slag or whether leachate 

is entering the groundwater. However, the time-lapse resistivity analysis suggests that 

groundwater may be entering the site (Section 4.2.3.5.2).

In the context of the present thesis, measurements of rainfall inputs to the landfill are 

compared with measured discharges from the landfill in an attempt to quantify the 

hydrogeological system. Interaction between water and fill materials are then examined 

through detailed geochemical monitoring. The conceptual model presented in this chapter 

provides the background for interpretation of the leachate geochemistry. Clearly the 

presence of large amounts o f steel furnace slag, and its use as an engineering material for 

the construction of bunds and cover soils within the landfill, adds an important and 

potentially distinctive element to the chemical reactions and resulting chemical loadings of 

the leachate discharged from the Silent Valley Landfill.
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Ch a p t e r  5

H y d r o -M e t r o l o g y

Rainfall causes infiltration of water into the landfilled waste and also the generation of 

leachate. Prediction of the volume of leachate that can be generated from a landfill is 

generally based on water budget principals.

In this chapter the flow and meteorological instrumentation installed at the Silent Valley 

landfill site are described and relationships between the rainfall and flow data are 

analysed. Regression analysis is used to model the discharge o f leachate from 

meteorological data.
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5.1 I n s t r u m e n t a t io n

5.1 .1  W e a t h e r s t a t i o n

Silent Valley Waste Services (SVWS) have a weather station (Weather Monitor II  by 

Davis Instruments) located at the weighbridge (Grid Ref: SO 184 068, approximately 

370 mAOD). It records measurements of temperature (inside and outside the building), 

humidity (inside and out), rainfall, barometric pressure, TH index (temperature-humidity 

index), dew point, wind speed, wind direction and wind chill.

The Weather Monitor II station is connected to WeatherLink, which provides data logging 

and a serial interface to a computer.

The system can be set to record the data at different intervals (archive period). Silent 

Valley has set the archive period to 30 minutes. Data have been recorded since October 

1998. There are some gaps in the data where there were problems with the equipment or 

download.

5.1.1.1 Outside Tem perature

The outside air temperature is measured in degrees Centigrade (°C). The temperature 

sensor is a precision platinum wire thermistor, which produces a resistance change 

proportional to temperature.

• Range -45 °C to 60 °C

• Accuracy ±0.5 °C

• Resolution 0.1 °C

The minimum, maximum and average temperatures are recorded for the previous 30 

minutes. Between October 1998 and June 2004, the following temperatures were 

recorded:
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• Mean 9.1 °C

• Minimum -8.2 °C on 20 December 1999

• Maximum 33.7 °C on 8 August 2003

Figure 5.1 shows the seasonal variation in average daily temperature recorded at Silent 

Valley between October 1998 and June 2004. Variations are also recorded throughout the 

day.

o o o o o o o o o o o o o o o o o o o o o o o o

Date

Figure 5.1 Graph showing the average daily temperature recorded at Silent Valley 

between October 1998 and June 2004.

5.1.1.2 R ain fa ll

Silent Valley Waste Services have a raingauge installed at the weighbridge (approximately 

370 mAOD). Rain enters the collector cone, passes through a debris-filtering screen, and 

collects in one chamber o f the tipping bucket. The bucket tips when it has collected 

0.2 mm, which causes a switch closure and brings the second tipping bucket chamber into
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position. The rainwater drains out through the screened drains in the base of the collector. 

Measurements are recorded every 30 minutes.

The rainfall data will be discussed in detail in Section 5.3.

5 .1 .1 .3  W in d

5.1.1.3.1 Wind Speed/Direction

The anemometer installed includes both wind speed and wind direction sensors. It is 

installed above the weighbridge building at approximately 4 m above ground level. The 

standard height for anemometer placement is 10 m above ground level.

• Sensor Type

Wind cups and magnetic switch 

Wind vane and potentiometer

Wind Speed 

Wind Direction 

Range 

Wind Speed 

Wind Direction 

Accuracy 

Wind Speed 

Wind Direction 

Resolution 

Wind Speed 

Wind Direction

0 to 280 km/hr

16 compass points

±5%

±7°

1 km/hr

22.5° between compass points

The average and maximum wind speeds are recorded for the previous 30 minutes. The 

prominent wind direction is also recorded. Between October 1998 and June 2004, the 

following wind speeds were recorded:

• Mean 8.57 km/h

• Minimum 0 km/h
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• Maximum 122.3 km/h West on 26 February 2002

The windrose for the site (Fig. 5.2) reflects the local topography o f the site, which is 

situated within a hanging valley that is orientated north-south.

□ Calm hour*

□ < 1.64 m *

■ 1 54 - 3 09 m/s

■ 3.09-5.14 mft

□ 5.14 - 023m /s

□ 8 23 • 10 80 m/s

■ > 10.00 m/»

Figure 5.2 Windrose for wind recorded at Silent Valley in 2003. From Golder 

Associates, 2004.

There is a Met Office wind speed gauge at Sennybridge, 45 km northwest o f Silent Valley 

(Grid Reference 289400 241700). The wind velocities recorded at Silent Valley appear to 

be significantly lower than those recorded at Sennybridge (Fig. 5.3).
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N □ Calm houn

□ < 1.54 m/s

■ 1.54 - 3.09 nV*

■ 3 09 - 5.14 mfe

□ 3.14 - 8 23 m k

■ 8.23 -10.80 nt/t

■ > 10.80 nrVt

l l I
10% 15% 20%

Figure 5.3 Windrose for wind recorded at Sennybridge in 2003. From Golder

Associates, 2004.

5.1.1.3.2 Wind Chill

Wind chill is a measure o f the effect o f wind on our perception o f temperature. Through 

convection, wind cools by transferring heat more quickly into the surrounding air. As a 

result, when the wind is blowing, temperature is perceived to be cooler than it actually is. 

The Weather Monitor II automatically calculates wind chill using the wind speed and the 

outside temperature readings. Wind chill is expressed as a temperature reading.

• Resolution 1 °C

• Range -92 °C to 37 °C

• Accuracy ±2 °C

The following wind chills were recorded between October 1998 and June 2004:

• Mean 6.8 °C

• Minimum -20.4 °C on 30 January 2003

• Maximum 32.4 °C on 8 August 2003
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5.1.1.4 Humidity

The humidity sensor is a thin film capacitor element. A dielectric polymer layer absorbs 

water molecules from the air through a thin metal electrode, which causes a change in 

capacitance proportional to relative humidity.

• Range 0-100% relative humidity

• Accuracy ±3% (1 to 90% RH), ± 4% (90 to 100% RH)

• Resolution 1 %

The relative humidity recorded at Silent Valley was either not recorded or recorded a 

value of 100%. The humidity measurements are used in calculating the TH Index and 

dew point making these reading unreliable.

5.1.1.5 TH Index

A temperature-humidity index has been developed by the U.S. National Weather Service 

that gives a single numerical value reflecting the outdoor atmospheric conditions of 

temperature and humidity as a measure of comfort (or discomfort) during warm weather. 

It uses temperature and relative humidity to determine how hot the air actually "feels". 

When humidity is low, the apparent temperature will be lower than the air temperature, 

since perspiration evaporates rapidly to cool the body. However, when humidity is high 

(i.e. the air is saturated with water vapour) the apparent temperature "feels" higher than the 

actual air temperature, because perspiration evaporates more slowly.

The Weather Monitor II  station uses the temperature and humidity that it records to 

calculate the TH index and it records the average every 30 minutes. The following TH 

indexes were recorded between October 1998 and June 2004:

• Mean 9.7

• Minimum -7.9 on 20 December 1999

• Maximum 65.6 on 28 July 2001, 15 July 2003 and 8 August 2003
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Since the humidity readings are unreliable, the TH Index values are also unreliable, so the 

TH Index should not be used in any calculations.

5.1.1.6 Dew Point

All air contains water vapour o f varying quantities. Dew Point Temperature is the 

temperature to which air would have to cool (at constant pressure and constant water 

vapour content) to reach saturation. At saturation point, the air holds the maximum 

amount of moisture possible at that temperature and pressure. Dew point temperature is 

useful because it gives information about how much moisture is present in the air - the 

higher the dewpoint temperature, the more moisture there is in the air. When the dew 

point temperature and the air temperature are the same, the air is saturated ie at 100% 

relative humidity. Dew point temperature can never be higher than the air temperature. 

So if the air cools, some o f the moisture must be removed from the atmosphere by 

condensation. Tiny droplets o f water form in the air, as clouds, fog, frost or even as rain.

• Range -73 °C to 60 °C

• Accuracy ±2 °C

• Resolution 1 °C

The dew point is recorded every 30 minutes. The following dew points were recorded 

between October 1998 and June 2004:

• Mean 9.5 °C

• Minimum -7.9 °C on 20 December 1999

• Maximum 32.4 °C on 8 August 2003

Since the humidity readings are unreliable, the dew points reading are also unreliable. 

Where humidity readings have been recorded they are 100%, so when the dew point is 

calculated the value is the same as the outside temperature. Dew point should not be used 

in any calculations.
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5.1.1.7 Pressure

The Weather Monitor II  uses a solid state transducer to measure atmospheric pressure. 

Since atmospheric pressure varies with altitude, the console adjusts this measurement to 

give the equivalent sea level pressure, referred to as "barometric pressure". The Weather 

Monitor II has been set up to display barometric pressure in millibars (mb).

• Resolution 0.1 mb

• Range 880.0 to 1080.0 mb

• Accuracy ±1.7 mb (at room temperature)

Between October 1998 and June 2004, the following pressures were recorded:

• Mean 974 mb

• Minimum 923 mb on 11 October 2000

• Maximum 1006.2 mb on 16 March 2003

In the British Isles the average sea-level pressure is about 1013 mb and it is rare for 

pressure to rise above 1050 mb or fall below 950 mb. The pressure recorded at Silent 

Valley is lower than values that would be expected. It is likely that the relative change in 

pressure is accurate but the absolute values are too low, and that the barometer has not 

been correctly adjusted to the altitude o f the site.
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5.1 .2  F l o w  M o n i t o r i n g

The WJ460, manufactured by Warren Jones, (Fig. 5.4) is used at Silent Valley to monitor 

the discharge from the site. It is installed by the sump at the base o f the landfill (Fig. 5.5). 

The flow is determined by measuring the upstream water level with a through air 

ultra-sonic sensor (Table 5.2). This level, along with the dimensions of the weir or flume, 

is used by the WJ460 (Table 5.1) to carry out full hydrometric calculations. The WJ460 

contains a selection o f standard types o f weirs and flume, which the instrument uses to 

automatically calculate flow using the formulae specified in BS3680 part 4A and 4C. 

Alternatively the user can enter a flow curve for any non-standard structure.

On the LCD display the depth o f  water, flow rate and total flow can be viewed but only 

the flow rate is recorded. Data are stored in the build-in datalogger, which can be 

downloaded to a PC using the FLARE software package. At Silent Valley flow 

measurements are recorded every 15 minutes and are stored on the data logger.

Cliaiuiel displayed

Measured height over weir

Total flow recorded 
since last reset Calculated flow over weir

H farren  Jo n e s  46  MONITOR

Figure 5.4 Photograph showing the WJ460 box
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Enclosure Wall mounted case: Polyester with transparent cover, IP67 rating
with cover open

Panel mounted case: Aluminium alloy, painted and anodised, IP54
rating

Display LCD graphical display

Controls 4 keys

Input 4 channels. SART ultra-sonic sensor and/or analogue 4-20mA 
depending on model

Outputs Fixed: 2 x 4-20 mA isolated outputs into 1 Kohm (max) 
6 x alarm relays 5 A load at 240 V 
RS232 with RTS-CTS handshaking to 9600 baud 

Portable: 4 x alarm relays 1 A load at 24 VDC
RS232 with RTS-CTS handshaking to 9600 baud

Data Recording 32K rollover memory (128K option) configurable

Power Fixed: 98-123 V or 196-264 V, 50/60 Hz, lph 
12-30 VDC (15 watts max)

Portable: Internal rechargeable battery, separate charger

Dimensions Wall mounted: 186 x 302 x 175 m m ( h x w x d )  
Portable: 210 x 352 x 200 mm 
Panel Mounted: 144 x 288 x 232 mm

Weight (approx.) Fixed: 4 kg 
Portable: 11 kg

Table 5.1 Table showing the specification of the WJ460.
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Type Pulse-echo sonic air-ranging with integral fast response 
compensation for changes in temperature

Construction IP68 ABS body with anodised aluminium temperature sensor, 
fitted with M20 mounting stud

Range 0.25 to 2.0 m

Resolution 0.2 mm

Accuracy 0.5 mm or 0.05% of range (whichever is greater)

Repeatability 0.2 mm at 250 mm range, 0.5 mm at 2 m range

Temp compensation Fully compensated over -20 to +60°C

Cable Supplied with 10 m cable (max 200 m)

Dimensions 103 mm diameter x 190 mm long

Weight 0.8 kg

Table 5.2 Table showing the specification of the ultra-sonic device.

The different weir and meter configurations used at Silent Valley enable different 

maximum flow rates to be accommodated (Table 5.3). The BSC Pipe (LP1) has a 

maximum range of 150 litres per second, the LP2A V-notch weir a maximum of 7 litres 

per second, and the Settlement Tank a maximum of 500 litres per second.
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P A R A M E T E R S E T T L E M E N T
T A N K

F LU M E BSC P IP E NANT
M ER D D O G

LP2A

Weir type Rectangular
weir

Rectangular
flume

Rectangular
weir

Crump weir V-notch
weir

Alpha (deg)

Weir's notch width, b 
(mm)

3000 150 700

Length o f  flume throat, L 
(mm)

400

Channel width, B (mm) 9999 250 900 1500

Crest height, P (mm) 100 320

Hump (mm) 200

Ks (mm) 0.06 0.06

Maximum expected flow  
rate, Qmax (1/s)

500 30 150 901 7

Maximum expected head 
on the weir, hmax (mm)

207 237 233 400

Table 5.3 Weir configurations at Silent Valley landfill site.
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Figure 5.5 Schematic showing the location of the leachate sampling points, the sump and lagoon (Settlement Tank). Adapted from 

Silent Valley Waste Services drawing number ESED6-1.
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5.1.2.1 Settlement Tank

All of the leachate collected at Silent Valley passes through the Settlement Tank (lagoon) 

(Fig. 5.5). A pipe enters the northern edge of the Settlement Tank carrying leachate that 

has been collected from the toe of the landfill. Samples collected at this point are labelled 

LP4.

Leachate is pumped into the Settlement Tank from the sump. Samples collected at this 

point are labelled LP3A. The sump has a number o f different flows entering it. Leachate 

from the base of the old southern slope of the landfill enters the sump via the BSC Pipe 

(sample LP1). The Armco pipe transports leachate to the sump from inside the southern 

slope. Some of the runoff collected from the landfill in drainage ditches around the site 

enters the sump via pipes. There are also some pipes entering the sump that were installed 

when the sump was being constructed to relieve the pressure from the surrounding 

groundwater. Sample point LP2A is made up of these discharges along with discharges 

from the drainage ditch pipes and the Armco pipe.

The settlement tank is divided into two compartments (Fig. 5.6) with the first acting as a 

settling tank to remove suspended solids. Leachate flows from this tank over a rectangular 

weir (Fig. 5.7) to the second larger compartment, which has an estimated capacity of about 

500 m . This second compartment provides a degree of retention. Water is discharged 

from this tank to the sewer via a drain in the tank floor. The leachate passes through a 

pipe then trough a flume before it enters the sewer.
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Figure 5.6 Photograph o f the settlement tank at Silent Valley Landfill site. Photograph

taken looking south.

With the low flows present over the rectangular weir in the settlement tank, the accuracy 

is limited. To comply with BS3680 would require a depth over the weir o f  at least 50 mm 

or a flow rate greater than 60 1/s. The weir can accommodate flows up to 500 1/s and a 

depth over the weir up to 207 mm. At present the flow rate is generally significantly 

below the required 60 1/s. To increase the efficiency o f the flow meter, the width o f the 

weir should be shortened. At present it is 3000 mm wide. With a shorter weir the depth 

o f water going over the weir would increase. Any inaccuracies in measuring the depth o f 

water over the weir would become a smaller proportion of the depth and so there would be 

a smaller margin o f error. BGBG are currently investigating shortening the weir.

Flow from the Settlement Tank will be discussed in Section 5.4.1.
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Figure 5.7 Photograph of the settlement tank rectangular weir at Silent Valley Landfill 

site.
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5.1.2.2 BSC Pipe (LP1)

A flow meter measures the flow from the BSC Pipe (LP1) (Fig. 5.5) as it goes over a 

rectangular weir (Fig. 5.8) 700 mm in width. The BSC Pipe goes along the base o f the 

landfill under the southern slope. The weir installed can measure flows up to 150 1/s.

In July 2001 the weir on the flow meter measuring discharges from the BSC pipe was 

raised. This has helped to cut down on the amount o f foam formed at this point and so 

increase the accuracy o f the meter. The flow meter was calibrated for the amendments.

Baffle to 
reduce foam-

Figure 5.8 Photograph showing the BSC Pipe (LP1).

Flow from the BSC Pipe will be discussed in Section 5.4.2.
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5.1.2.3 Flume

In July 2001 a flume was installed to measure the flow that enters the sewer from the 

settlement tank (Fig. 5.5). The flow passes through a rectangular flume (flume throat 

150 mm) and an ultrasonic flow meter measures the head in the flume upstream of the 

throat - in the so-called "approach channel".

The flume suffers from foam building up and interfering with the ultra-sonic sensor. The 

foam develops due to the turbulence as the leachate comes down a pipe at an angle from 

the Settlement Tank and hits the level approach channel.

5.1.2.4 Nant Merddog

A crump weir is installed on the Nant Merddog at the site boundary to monitor flows 

through the stream (Fig. 5.5). The weir can measure flows up to 903 1/s. In February 

2001 a new cable was connected between the Nant Merddog flow monitoring station and 

the monitoring box as the old cable had become damaged. The flow meter was then 

calibrated. Measurements were discontinued in November 2002. The weir had problems 

with silting and regularly needed to be cleared out. Limited data are available for the Nant 

Merddog.

The mean flow recorded for October, November and December 2001 was 26 1/s (daily 

average discharge of 2270 m3). The flow in the Nant Merddog, as expected, responds to 

rainfall (Fig. 5.9). There is a strong correlation (r = 0.68) between rainfall and discharge 

for data collected in October, November and December 2001 (Fig. 5.10).
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Figure 5.9 Graph showing total daily rainfall and discharge over the crump weir in the 

Nant Merddog between 1 October and 31 December 2001.
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Figure 5.10 Graph showing the relationship between daily rainfall and discharge over 

the crump weir in the Nant Merddog between 1 October and 31 December 

2001 .
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5.1.2.5 LP2A in Sump

A flow meter was installed in the sump. This flow meter measures the flow o f LP2A 

(Fig. 5.5) as it went over a V-notch weir (Fig. 5.11). The V-notch weir can measure flows 

up to 7 1/s. There are periods when the weir recorded flows greater than 7 1/s. When 

refuelling the pump, the sump fills up and flows back over the weir giving readings o f 

7 1/s. It is not possible to say whether flows greater than 7 1/s are due to the sump filling 

while the pump is not working (likely in most cases) or due to genuine flows greater than 

7 1/s. Flow readings were 1.5 1/s (daily discharge o f 126 m3) on average.

Figure 5.11 Photograph showing the V-notch weir measuring LP2A.

Flow measurements o f LP2A were discontinued in July 2001 when the channel was 

needed for the flume measurements.

Many o f the issues entering LP2A are groundwater from around the sump and are 

uncontaminated. The discharge from the Armco pipe (Fig. 5.8) has been separated from 

the rest o f LP2A since it originates from the landfill. It has been proposed to discharge the
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uncontaminated groundwater entering the sump directly to the Nant Merddog. The 

Environment Agency requested samples for dry and wet periods to determine if the water 

poses a threat to the river. Blaenau Gwent are waiting for the Environment Agency to 

make a decision.

Data are available for LP2 from March 2000, when LP2, LP3, LP5, LP6 and LP7 were 

combined to form sampling point LP2A, to July 2001. Data from LP2A are not used in 

this analysis due to the uncertainty concerning its validity and the short period for which 

data were collected.
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5 .1 .3  R e a l  T im e  D a t a  R e t r i e v a l

In July 2001, a radio transmitter was installed to the south of the landfill next to the flow 

monitoring data loggers (Fig. 5.5). It is connected to the raingauge and the monitoring 

boxes of the flow monitoring equipment. The data are transmitted to a receiver, which is 

connected to a computer at the site office.

Using a modem connected to the site office computer, it is possible to download the data 

remotely. Regular downloading and viewing of the data enables faults to be detected and 

fixed quickly.

Data from the remote download can be compared with data downloaded directly from the 

data logger. The data should be the same within margins of error. Examples o f typical 

data are given in Table 5.4. It is possible to see that the values downloaded from the 

remote download do not match those downloaded directly from the datalogger. Figure 

5.12 shows a typical graph of the flow in the Settlement Tank with values from the 

datalogger and remote download. The flow data downloaded directly from the datalogger 

varies over the 5 days. The flow data downloaded via the remote download facility varies, 

although it appears to vary randomly about a midpoint.

The remote download facility stopped working in September 2003. The transmitter was 

no longer transmitting data to the site office. In view of uncertainty in the transmitted 

data, it was decided to abandon the remote download facility and utilise data only directly 

downloaded from the datalogger. In the analysis presented here only data from the 

datalogger is used.
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Date & Time Flow directly from  
datalogger (1/s)

Flow from remote 
download (1/s)

03/08/03 04:00 9.8 11.941
03/08/03 04:15 9.8 11.477
03/08/03 04:30 9.8 12.283
03/08/03 04:45 9.8 10.512
03/08/03 05:00 9.8 11.343
03/08/03 05:15 9.8 10.793
03/08/03 05:30 9.8 10.634
03/08/03 05:45 9.8 10.39
03/08/03 06:00 9.8 13.333
03/08/03 06:15 9.8 11.831
03/08/03 06:30 9.8 10.17
03/08/03 06:45 9.8 12.417
03/08/03 07:00 9.8 12.234
03/08/03 07:15 9.8 12.637
03/08/03 07:30 5.9 10.976
03/08/03 07:45 5.9 10.891
03/08/03 08:00 7.8 11.684
03/08/03 08:15 7.8 12.429
03/08/03 08:30 3.9 11.794
03/08/03 08:45 2 11.196
03/08/03 09:00 2 10.989
03/08/03 09:15 2 13.565
03/08/03 09:30 2 11.379
03/08/03 09:45 7.8 9.597
03/08/03 10:00 7.8 10.793
03/08/03 10:15 7.8 10.903
03/08/03 10:30 7.8 10.28
03/08/03 10:45 7.8 11.733
03/08/03 11:00 7.8 12.82
03/08/03 11:15 7.8 10.61
03/08/03 11:30 7.8 12.527
03/08/03 11:45 7.8 11.684
03/08/03 12:00 7.8 11.172
03/08/03 12:15 7.8 10.305
03/08/03 12:30 7.8 9.926
03/08/03 12:45 7.8 12.673
03/08/03 13:00 7.8 9.914
03/08/03 13:15 7.8 11.379
03/08/03 13:30 7.8 10.122
03/08/03 13:45 7.8 10.989
03/08/03 14:00 7.8 10.476

Table 5.4 Table showing typical flow data for the Settlement Tank downloaded 

directly from the datalogger and from the remote download.
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Figure 5.12 Graph showing typical flow data for the Settlement Tank downloaded directly from the datalogger and from the remote 

download.
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5.2 R a in f a l l  D a t a  

5.2.1 MORECS

Meteorological Office Rainfall and Evaporation Calculation System (MORECS) is the 

only nationwide service giving real time assessments o f rainfall, evaporation and soil 

moisture. The system uses a sophisticated equation based on the Penman-Monteith 

method that calculates soil moisture and evaporation values from measurements of 

temperature, sunshine, wind and humidity. The equation also allows for local variations 

in soil type and the crops being grown.

MORECS calculates soil state and evaporation for both a 40 km by 40 km grid nationwide 

(Fig. 5.13) on a weekly operational basis, and at individual recording sites for hindsight 

studies. Silent Valley landfill site falls in grid 146.

MORECS data for April 2000 to May 2004 have been purchased from the Met Office. 

The closest suitable raingauge to Silent Valley is at Cwm (National Grid Reference: 

SO 183057 (Latitude = 51:74 N Longitude = 03:18 W), height above mean sea-level: 213 

metres), so the MET Office supplied data from this gauge. Their calculations were based 

on:

• Crop type -  Upland

• Soil type - Real soils data, Actual Average available water capacity.

The nationwide 40 km by 40 km grid covers large areas o f varing conditions, so it was 

fortunate that there is a recording site based about 2 km away at Cwm for hindsight 

measurements.

Data bought from the Met Office are given in Section 5.3.1.2.
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Figure 5.13 A map showing the location o f the 40 km squares and their associated 

reference number.
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5.2.2 S il e n t  V a l l e y  W a s t e  S e r v i c e s  (SVWS)

Silent Valley Waste Services have had a raingauge installed at the weighbridge 

(approximately 370 mAOD) collecting rainfall data since October 1998. The system is set 

to record the data at an archive period to 30 minutes. There are some gaps in the data 

where there were problems with the equipment or download. Details o f this raingauge are 

given in Section 5.1.1.2.

Data from the Silent Valley Waste Services raingauge are given in Section 5.3.1.1.
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5 .2 .3  R a in g a u g e  -  R e m o t e  L in k

A raingauge (Fig. 5.14) was installed at the end o f  July 2001 at the base o f the landfill by 

the sump and flow monitoring data loggers (approximately 310 mAOD). It is a tipping 

bucket raingauge. Rain collects in a small bucket until the weight o f the rainwater tips the 

bucket, discharging the collected water. At each tip o f the bucket a magnet passes a reed 

switch, closes the contact and causes a pulse to be emitted. The raingauge on site 

measures 0.2 mm for every tip (pulse). The raingauge is connected to the radio transmitter 

and the data are logged at the office.

Rainfall measurements have not been obtained from this raingauge since September 2003 

when the remote download facility stopped working.

Radio transmitter

Raingauge,

Computer for +& 
downloading

Conductivity monitors

Figure 5.14 Raingauge installed at the base o f the landfill by the sump and flow 

monitoring data loggers (approximately 310 mAOD).
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5.3 A n a l y s is  o f  R a in f a l l  D a t a

5 .3 .1  R a i n f a l l  R e c o r d

5.3.1.1 Silent Valley Waste Services Data

Rainfall data collected by Silent Valley Waste Services between October 1998 and June 

2004 is given in figure 5.15. There are gaps in the data where data have not been recorded 

because of equipment problems, power failures or data have been lost if  it has not been 

downloaded regularly enough.

The rainfall data have been analysed. Rolling totals were calculated for different time 

periods. The minimum and maximum amount of rainfall recorded for each time period is 

given in table 5.5.

The longest recorded period without rainfall was recorded as 488 hours between 8am on 

the 11 September and 4pm on the 1 October 2002. The second longest recorded period 

without rainfall was recorded as 342 hours and 30 minutes between 9:30am on the 13 July 

to 4pm on the 27 July 2000.
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Figure 5.15 Graph showing the monthly rainfall totals recorded at Silent Valley by Silent Valley Waste Services.
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Time Period Minimum (mm) Maximum (mm)
30 minutes 0 14.2
1 hour 0 23.6
2 hours 0 33.6
3 hours 0 42.8

4 hours 0 47.6
5 hours 0 49.6

6 hours 0 51.6

7 hours 0 57.6

8 hours 0 62.8

12 hours 0 85.4

24 hours 0 105.0

48 hours 0 124.2

72 hours 0 132.6

96 hours 0 171.6

120 hours 0 179.7

144 hours 0 180.6

168 hours 0 186.5

192 hours 0 194.0

336 hours 0 285.6

Figure 5.5 Minimum and maximum amounts of rainfall recorded at Silent Valley for 

different time periods between October 1998 and June 2004.

Emma C. Paris Cardiff University 288



Chapter 5 -  Hydro-metrology.

5.3.1.2 Met Office Data

Monthly rainfall data for Cwm and daily Potential Evaporation (PE), Actual Evaporation 

(AE) and Effective Rainfall values were bought from the Met Office for April 2000 to 

May 2004.

5.3. /. 2.1 Potential Evaporation (PE)

Potential Evaporation (PE) is defined as the amount o f water that could be evaporated 

were it available. It is a function o f surface and air temperatures, insulation, and wind, all 

of which affect water-vapour concentrations immediately above the evaporating surface.

Figure 5.16 shows the Potential Evaporation for Cwm calculated by the Met Office. The 

PE losses exhibit a strong annual cycle, peaking normally around July. The annual PE 

losses occurring during the October-March period were 19.5%, 20% and 24.4% for 2001, 

2002 and 2003 respectively. The remaining 75-80% PE loss occurs in the 6 month period 

between April and September.

M o n th

Figure 5.16 Graph showing monthly Potential Evaporation values for Cwm.
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5.3.1.2.2 Actual Evaporation (AE)

Figure 5.17 shows the Actual Evaporation for Cwm calculated by the Met Office. The AE 

losses exhibit the same strong annual cycle as for Potential Evaporation. The annual AE 

losses occurring during the October-March period were 20.2%, 20.2% and 24.6% for 

2001, 2002 and 2003 respectively. The remaining 75-80% AE loss occurs in the 6 month 

period between April and September.
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Figure 5.17 Graph showing monthly Actual Evaporation values for Cwm.

5.3.1.2.3 Effective Rainfall (ER)

Effective Rainfall is the remaining rainfall after evaporative losses. Figure 5.18 shows the 

Effective Rainfall for Cwm. The Effective Rainfall is stacked on top o f the Actual 

Evaporation to give the total recorded rainfall. For some months (July 2000, May, June 

2001, August 2002, August, September, October 2003) all the rainfall is lost as Actual 

Evaporation giving no Effective Rainfall.
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Figure 5.18 Graph showing monthly Actual Evaporation and Effective Rainfall 

recorded at Cwm by the Met Office.

Over the long-term, the Effective Rainfall represents 77% of the rainfall recorded at Cwm 

by the Met Office.
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5 .3 .2  C o m p a r i s o n  o f  M e t  O f f ic e  a n d  S il e n t  V a l l e y  D a t a

Rainfall data for Cwm has been bought from the Met Office from April 2000 until May 

2004. The rainfall data for 2003 has been compared with the rainfall data collected on site 

by Silent Valley Waste Services (Fig. 5.19). 2003 has been chosen because data for both 

sets o f records are complete. In 2003, Silent Valley Waste Services recorded 1106.8 mm 

of rain on site and the Met Office recorded 1114.1 mm o f rain at Cwm. These data 

compare very well.
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Figure 5.19 Rainfall data collected on site by Silent Valley Waste Services and at Cwm 

by the Met Office between January and December 2003.

By comparing rainfall data for Silent Valley and Cwm (months with complete data sets 

only) it is possible to see a very strong positive correlation (r = 0.98) (Fig. 5.20). In the 

long term, the rainfall recorded at Silent Valley represents about 93% of the rainfall 

recorded at Cwm.
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Figure 5.20 Graph showing the correlation o f rainfall recorded at Silent Valley and 

Cwm.
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5 .4  F l o w  D a t a

There are gaps in the data where data were not recorded because of equipment problems, 

power failures or data have been lost if  they have not been downloaded regularly enough. 

From July 2001 until the installation o f the conductivity monitors in January 2003, gaps in 

the data occur because the data were generally only downloaded via telemetry and not 

directly from the datalogger. The data downloaded via telemetry have been shown to be 

unreliable, so are not used.

Calibration of the equipment is performed when the equipment is installed or a part is 

replaced.

The flow monitoring equipment is serviced every 3 months by the instrumentation 

contractor. They check that the height of water over the weir corresponds to the value 

measured by the equipment. Any debris collecting on the weir is cleared.

Engineering works were undertaken in 2001 with the aim to reduce the amount of water 

entering the site. Channels and drainage ditches were constructed around the site and a 

capping layer was placed on the Southern Slope (details given in Section 3.6.4.2.1).
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5 .4 .1  B S C  P ip e

Flow over the rectangular weir in the BSC Pipe has been recorded since February 1994.

The discharge for the BSC Pipe has been plotted (Fig. 5.21) as a time series. Some of the 

data points are suspect; much higher than expected. The flow from the BSC Pipe is 

pumped up to the Settlement Tank with the other flows (LP2A) entering the sump. The 

leachate then goes over the Settlement Tank weir. Assuming that no fluid is lost between 

going over the BSC weir and the Settlement Tank weir, the flow over the BSC Pipe weir 

should not exceed the flow over the Settlement Tank. The very high flows recorded are 

likely to be wrong. It is possible that foam has built up under the ultra-sonic sensor to 

give an artificially high reading.

Discharge for the BSC Pipe can be plotted as a time series with the suspect data points 

removed (Fig. 5.22). Over the years the flow appears to have decreased very slightly. 

Due to the gaps in the data it is not possible to say whether there is an overall decrease in 

discharge or whether this is simply an apparent decrease due to gaps in the data set. It is 

also possible that the decrease is due to recording errors or drift in the instrumentation. 

However, since equipment is periodically serviced by the instrumentation contractor, it is 

unlikely that serious consistent drift in recording has actually occurred.

Between 28 November 2003 and 7 July 2004 discharge over the weir in the Settlement 

Tank was recorded as 331482 m3 while a discharge of 96448 m3 was recorded over the 

rectangular weir in the BSC Pipe. For this period, the flow from the BSC Pipe represents 

29% of the flow through the Settlement Tank.
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Figure 5.21 Graph showing total daily discharge over the weir in the BSC Pipe between February 1994 and July 2004.
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Figure 5.22 Graph showing total daily discharge (suspect data removed) over the weir in the BSC Pipe between February 1994 and July
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5.4.2 S e t t l e m e n t  T a n k

Flow over the rectangular weir in the Settlement Tank has been recorded since December 

1993.

The discharge has been plotted (Fig. 5.23) as a time series. Over the years the flow has 

increased, as indicated by the trendline. Due to the gaps in the data it is not possible to say 

whether there is an overall increase in discharge or whether this increase simply reflects 

the available data. Again it is also possible that the increase is due to recording errors or 

drift in the instrumentation. However, since equipment is periodically serviced by the 

instrumentation contractor, it is unlikely that serious consistent drift in recording has 

actually occurred. The landfill operator thinks that the Settlement Tank does not get full 

as frequently as it used to since the engineering works. This could be due to a lower flow 

rate exiting the Settlement Tank in the past or these higher discharges (anecdotal evidence 

only) were not recorded accurately or at all by the flow monitoring equipment.

In order that the relationship between rainfall and discharge may be highlighted, both are 

plotted as time series in Figure 5.24. A trendline for rainfall shows that there is no 

increase in rainfall, suggesting that the discharge increase is not due to any changes in the 

amount of rainfall received. It is probable that the increase in discharge is due to the 

increase in landfill size that occurred over the recording period.

It is possible to remove the trend in the data. This is done by plotting the flow data, 

adding a trendline and adjusting the historic values to remove the slope o f the trendline to 

make it horizontal (Fig. 5.25). Before doing this it was necessary to establish that the 

trend of increased flow was not the result of increased rainfall. This was done by 

examining the rainfall data over the same periods for trend. The rainfall data showed no 

significant trend suggesting that the trend in the flow data reflects other factors, for 

instance changes in the size o f the landfill site itself.
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Figure 5.25 (a) Graph showing the discharge data with trend, (b) graph showing the

discharge data with the trend removed.
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5.5 A n a l y s is  o f  F l o w  D a t a

5.5.1 BSC Pipe

5.5.1.1 Discharge

The discharge data for the BSC Pipe is presented below and its relationship to rainfall 

analysed. The flow rate (1/s) has been converted to discharge volume (m3). Rolling totals 

were calculated for different time periods and the minimum value recorded, maximum 

value recorded, mean, standard deviation and median value were calculated for each time 

period (Table 5.6).

5.5.1.2 Discharge and R ainfall

Discharge through the BSC Pipe and rainfall can be plotted to show how they both vary 

over time. Data between 28 November 2003 and 22 June 2004 are shown in figure 5.26. 

This period was selected because there are few gaps in the data and the flow monitors had 

just been calibrated. There are periods o f high rainfall and high discharge but these 

periods do not overlap. There appears to be little relationship between rainfall occurrence, 

intensity and duration with changes in the discharge of the BSC Pipe.

The discharge has been plotted with Effective Rainfall (Fig. 5.27) for the period between 

28 November 2003 and 31 May 2004. Again there are periods of high Effective Rainfall 

and high discharge but these periods do not appear to correspond. Infact, the period when 

effective rainfall was highest (winter) corresponds with the period of lowest flows through 

the BSC Pipe, while in early summer the reduced effective rainfall is associated with 

increased daily discharge.

Figure 5.28, a cumulative graph for discharge through the BSC Pipe, rainfall and effective 

rainfall shows lower total and effective rainfall in the summer periods, when the
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cumulative curves are less steep, and, as expected, much higher rainfall (total and 

effective) in winter. Increases and decreases in discharge from the BSC pipe appear to lag 

behind this rainfall pattern. This may reflect lags between rainfall and recharge of the 

landfill leachate system and possibly longer lag-times between rainfall and recharge of 

local groundwater system, if (as is possible) a proportion of the discharge through the BSC 

pipe is a result of groundwater seepage into the landfill base.
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15 mins 30 mins lhr 2hrs 4hrs 6hrs 8hrs 12hrs 18hrs

Data points 44778 44771 44757 44729 44673 44617 44561 44449 44281

Min recorded 0 0 0 0 0 0 0 1.6 50.2

Max recorded 76.2 150.8 293.8 548.9 874.5 1107.3 1461.9 2027.8 2266.6

Mean 4.6 9.2 18.4 36.7 73.4 110.1 146.8 220.1 329.9

Standard Deviation 4.9 9.7 19 37.2 72 104.9 136.2 194.6 275.7

Median 3.2 6.4 13.2 27.4 55.8 84.2 113.7 172.6 260.5

24hrs 36hrs 48hrs 60hrs 72hrs 96hrs 120hrs 168hrs

Data points 44113 43777 43441 43105 42769 42097 41425 40081

Min recorded 108.8 144 228.7 265.2 357.9 490.2 621 889.4

Max recorded 2588.8 3795.4 4766.3 5700.2 6669 8821.6 11037.2 14744.6

Mean 439.7 658.9 877.4 1094.9 1311.5 1741.9 2169.4 3013

Standard Deviation 357.1 522.9 680.3 837 985.8 1268.3 1534.5 2008.7

Median 347.8 531 710 887.8 1077.8 1452.2 1854 2665.7

Table 5.6 Discharge (m3) recorded through the BSC Pipe between October 1998 and July 2004 for different time scales.
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Figure 5.27 Graph showing discharge through the BSC Pipe and Effective Rainfall between 28 November 2003 and 31 May 2004.
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5.5.1.3 Lag Time

Using the cross-correlation function (CCF) in SPSS, it is possible to see that the best 

correlation (0.220) of daily discharge and rainfall has a lag o f 5 days (Fig. 5.29). This 

represents a weak correlation. Rainfall landing on the landfill site has to infiltrate through 

the cap and percolate down through the landfill before it is collected by the drainage 

system that enters the BSC Pipe. It is therefore expected that there would be delay after a 

rainfall event before the leachate would show an increase in discharge.

1.0
□  Coefficient

 Upper Confidence
Limit

 Lower Confidence
Limit

Valid cases: 431+0.220

+0.205
0.5 -

U o.o

-0.5 -

- 1.0

7 -6 -5 -4 -3 -2 -1 0 1 2 3 4 5 6 7

Lag Number

Figure 5.29 Chart showing the cross-correlation for daily discharge in the BSC Pipe 

with Rainfall between 21 October 1998 and 23 June 2004.

No significant correlation is found for daily discharge in the BSC Pipe with Effective 

Rainfall (Fig. 5.30), though the lag time suggested is longer than 5 days. This analysis o f 

rainfall and effective rainfall indicates the indirect nature of the linkage between rainfall 

events and discharge through the basal drainage system o f the landfill. Clearly recharge of
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leachate, leachate storage, possibly flows from higher perched water tables to the main 

leachate water table in the base o f  the landfill all attenuate the rainfall signal, so that it 

does not correlate strongly with fluctuations in leachate drainage through the BSC Pipe.
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Figure 5.30 Chart showing the cross-correlation for daily discharge in the BSC Pipe 

with Effective Rainfall between 21 October 1998 and 23 June 2004.
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5.5.1.4 Regression A nalysis

There are a set of techniques, known as regression methods, which utilise the presence of 

an association between two variables to predict the values of one (the dependent variable) 

from those of another (the independent variable).

A correlation coefficient is a statistic devised for the purpose of measuring the strength of 

a supposed linear or polynomial association between two variables. The most familiar 

correlation coefficient is the Pearson correlation (r) used for linear relationships. Pearson 

correlation coefficients assume the data are normally distributed. The Pearson correlation 

has values that range from -1 to +1 (Fig. 5.31). The larger the absolute value, the 

narrower the ellipse, and the closer to the regression line the points in the scatterplot will 

fall. A perfect correlation arises when all the points in the scatterplot lie on the regression 

line giving a Pearson correlation of ±1. When there is no association between two 

variables the Pearson correlation will be about zero.

no
perfect strong moderate weak reiatjonship weak moderate strong perfect

increasing strength I increasing strength
-  A---------------------------------------------------------------------- 1-----------------------------------------------------------------------► T

-1 0.8 0.6 0.4 0.2 0 0.2 0.4 0.6 0.8 +1

Figure 5.31 Scale of correlation.

Strong correlations are not necessarily significant (probably true; not due to chance). To 

assess the significance of a correlation, reference is made to the r-test table (Appendix C), 

which asses the significance against the number of data pairs (N). The significance level 

(or p-value) is the probability o f obtaining results by chance as high as the one observed. 

If the significance level is very small (<0.05 i.e., a 95% chance of being true) then the 

correlation is significant and the two variables are linearly related. If the significance 

level is large (for example, >0.50) then the correlation is not significant and the two 

variables are not linearly related. Even if  the correlation between two variables is not 

significant, the variables may be correlated but with a non-linear relationship.
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The discharge from the BSC Pipe between October 1998 and June 2004 has been plotted 

as a histogram (Fig. 5.32) with a normal curve with the same mean and variance as the 

discharge data. From this it is possible to see that the data do not fit a normal distribution 

very well. However, since the population size, N, is large and therefore the sample mean, 

x , is approximately normally distributed, correlation analysis can still be performed on 

these data.
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Figure 5.32 Graph showing the distribution o f daily BSC Pipe discharge and a normal 

curve with the same mean and variance as the data
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Natural (base e) logarithms o f values instead o f the values themselves can be used for data 

which is characterised by an extended right hand tail distribution and can be used for both 

small and large values. Figure 5.33 shows that the distribution o f the natural logarithms o f 

the daily BSC Pipe discharge fit a normal distribution better than the raw discharge values.

6 0 -

5 0 -

4 0 -

20-

10-

Mean = 5.896 
Std. Dev. = 0.57234 
N = 472

6.00 7.005.00

Figure 5.33 Graph showing the distribution o f the natural logarithms of the daily BSC 

Pipe discharge and a normal curve with the same mean and variance as the 

data.
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5.5.1,4,1 Simple, Two-Variable Regression

In simple, two-variable regression, the values of one variable (the dependent variable, y ) 

are estimated from those of another (the independent variable, x) by a linear regression 

equation:

y = b0+bi(x) 3̂5)
where

y  ’ = estimated value of y

bj = slope (regression coefficient)

bo -  the intercept (known as the regression constant).

Here the dependent variable is the discharge through the BSC Pipe. Independent variables 

include rainfall, effective rainfall, temperature, pressure and wind speed. Inputs into the 

landfill system responsible for leachate discharge include rainfall and groundwater 

seepage. Effective Rainfall was included to investigate whether it improved the predictive 

strength of the model. It is expected that other metrological variables will also affect the 

discharge because they will influence evaporation from the site. SPSS calculates 

coefficients and significances to three decimal places. Due to the precision in the original 

data, coefficients will only be quoted to the nearest two decimal places.

5.5.1.4.1.1 Discharge and Rainfall

If the BSC Pipe daily discharge is plotted against the daily rainfall (Fig. 5.34), a Pearson 

coefficient of 0.09 is obtained with a significance of 0.05, which represents a significant 

very weak correlation. The general trend is that as the rainfall increases the discharge 

increases, which would be expected.

The best lag time was shown to be around 5 days (Section 5.5.1.3). A better correlation is 

obtained when comparing the rainfall and flow moved back by 5 days (i.e. compared with 

rainfall recorded 5 days before the discharge measurement) (Fig. 5.35). A Pearson 

coefficient of 0.22 with significance 0.00 is obtained, which represents a significance
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weak correlation. The general trend is that as the rainfall increases the discharge 

increases, which would be expected.
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Figure 5.34 Graph showing the relationship between daily rainfall and daily discharge 

(October 1998 to June 2004).

The natural logarithms o f  the discharge is plotted against the rainfall (Fig. 5.36). The 

natural logarithms o f the discharge has been moved back by 5 days (i.e. compared with 

rainfall recorded 5 days before the discharge measurement). A Pearson coefficient of0.16 

is obtained, which represents a very weak correlation. This is a weaker correlation than 

comparing the unadjusted daily discharge. The general trend is that as the rainfall 

increases the discharge increases, which would be expected.
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Figure 5.35 Graph showing the relationship between daily rainfall and daily discharge 

recorded 5 days ago (lag time) (October 1998 to June 2004).
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Figure 5.36 Graph showing the relationship between daily rainfall and the natural 

logarithms o f daily discharge recorded 5 days ago (lag time) (October 1998 

to June 2004).
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5.5.1.4.1.2 Discharge and Effective Rainfall

A significant very weak correlation (r = -0.09, p = 0.08) is obtained when the daily 

discharge is plotted against Effective Rainfall (Fig. 5.37). The general trend is that as the 

effective rainfall increases the discharge decreases. This is not what would be expected. 

It is likely that the discharge readings when there is no effective rainfall are having a 

strong influence on the trendline, and the effects o f lags between rainfall and discharge are 

masking the relationship. There is weak positive correlation, though not above confidence 

limits for Effective Rainfall and discharge through the BSC Pipe (Section 5.5.1.3) when 

lagged by 7 days, as might be expected as a result o f the strong attenuation o f the rainfall 

signal by the potentially complex leachate system (e.g. perched levels, leachate adsorption 

and storage within the waste mass etc.).
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Figure 5.37 Graph showing the relationship between daily effective rainfall and daily 

discharge (April 2000 to June 2004).
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5.5.1.4.1.3 Discharge and Temperature

A significant (p = 0.00) weak correlation o f  -0.26 is obtained when the daily discharge is 

plotted against the average daily temperature (Fig. 5.38). The general trend is that as the 

average temperature increases the discharge decreases. This is what would be expected 

since higher temperatures would promote increased evaporation.
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Figure 5.38 Graph showing the relationship between average daily temperature and 

daily discharge (October 1998 to June 2004).

5.5.1.4.1.4 Discharge and Average wind speed

A significant (p = 0.03) very weak correlation o f 0.11 is obtained when the daily discharge 

is plotted against the average daily wind speed (Fig. 5.39). The general trend is that as the 

average daily wind speed increases the discharge increases. It is likely that this 

relationship is linked to the weather since periods o f higher wind speeds are often 

associated with periods o f rainfall.
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Figure 5.39 Graph showing the relationship between average daily wind speed and 

daily discharge (October 1998 to June 2004).

5.5. /. 4.1.5 Discharge and Pressure

No correlation (r = -0.01, p = 0.83) is obtained when the daily discharge is plotted against 

the average daily pressure (Fig. 5.40). Horizontal lines do not represent a relationship 

between two variables.
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Figure 5.40 Graph showing the relationship between average daily pressure and daily 

discharge (October 1998 to June 2004).

5.5.1.4.1.6 Summary

Table 5.7 provides a summary o f bivariate analysis. As well as the correlations described 

above it provides correlation coefficients and significance for the natural logarithms o f the 

discharge and the meteorological data compared against each other.

The strongest correlation with the discharge through the BSC Pipe is with average daily 

temperature (r = -0.26, p = 0.00). On a scale o f correlation (Fig. 5.31) this is only 

considered as a weak correlation.

A lag time of 5 days was suggested by comparing the rainfall and discharge at different 

lag intervals (Section 5.5.1.3). A very weak correlation (r = 0.09) is obtained between 

discharge and rainfall when there is no lag. However, this increases to r = 0.22 when a lag 

of 5 days is considered.
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Using the natural logarithm transformation of the BSC Pipe discharge (Table 5.7) better 

correlations are obtained for average daily temperature (r = -0.37, p = 0.00) and average 

wind speed (r = 0.17, p = 0.00).

Stronger correlations are found between the meteorological data (Table 5.7). Weak 

correlations are found between rainfall and average wind speed (r = 0.26, p = 0.00); 

effective rainfall and average wind speed (r = 0.30, p = 0.00); average daily temperature 

and average wind speed (r = -0.35, p = 0.00); effective rainfall and pressure (r = 0.35, 

p = 0.00). A moderate correlation is found between rainfall and pressure (r = -0.46, 

p = 0.00). As expected, a strong correlation is found between rainfall and effective 

rainfall (r = 0.71, p = 0.00). Since meteorological data often follow patterns and are partly 

linked to each other it is reasonable that the correlations reflect this.

The bivariate analysis does not give a good predictive tool for discharge through the BSC 

Pipe. This is due to the complexity of the system within the landfill. It is also possible 

that preferential water movement paths only operate under certain conditions e.g. rainfall 

inputs, water table levels.
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D aily  B SC  
Pipe 

discharge

Natural Logarithm  
o f  D aily B SC  Pipe 

discharge

Average
daily

temperature

D aily
rainfall

A verage
daily

pressure

D aily
E ffective
Rainfall

Average
w ind
speed

BSC  discharge 
m oved back by 5 
days (lag tim e)

Pearson Correlation 1 92** -.26** 0 .09 -0.01 -0 .09 . 11* .60**

D aily B SC  Pipe discharge Significance 0.00 0.00 0.05 0.83 0.08 0.03 0.00

N 472 472 415 431 415 390 410 450

Pearson Correlation .92** 1 -.37** 0 .06 0.03 -0 .05 17** .59**
Natural Logarithm o f

Significance 0.00 0.00 0 .29 0 .60 0 .34 0.00 0.00
D aily  B SC  Pipe discharge

N 472 472 415 431 415 390 410 450

Pearson Correlation -.26** -.37** 1 -.07** 11** _  14** -.35** . 19**

A verage daily temperature Significance 0.00 0.00 0.00 0.00 0.00 0.00 0.00

N 415 415 1931 1931 1930 1447 1815 414

Pearson Correlation 0.09 0 .06 -.07** 1 -.46** 71** .26** 22**

D aily  rainfall Significance 0.05 0.29 0.00 0.00 0.00 0.00 0.00

N 431 431 1931 1973 1930 1473 1815 429

Pearson Correlation -0.01 0.03 11** -.46** 1 -.35** -.15** 0

A verage daily pressure Significance 0.83 0 .60 0.00 0.00 0.00 0.00 0.97

N 415 415 1930 1930 1930 1446 1814 414

Pearson Correlation -0 .09 -0.05 _  14** 71** -.35** 1 .30** 0 .07

D aily  E ffective Rainfall Significance 0 .08 0 .34 0.00 nn 0.00 0.00 0.15

N 390 390 1447 1473 1446 1522 1447 395

Pearson Correlation . 11* 17** -.35** .26** -.15** 30** 1 . 11*

A verage w ind speed Significance 0.03 0.00 0.00 0.00 0.00 0.00 0.03

N 410 410 1815 1815 1814 1447 1815 409

Pearson Correlation .60** 59** _  i^ ** 22** 0 0.07 . 11* 1
B SC  discharge m oved

Significance 0.00 0.00 0.00 0.00 0.97 0 .15 0.03 •

back  by 5 days (lag tim e)
N 450 450 414 429 414 395 409 467

U>N>

* * Correlation is significant at the 0.01 level
* Correlation is  significant at the 0.05 level

Table 5.7 Table of correlations for the BSC Pipe discharge and meteorological data.
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5.5.1.4,2 Multiple Regression

In multiple regression, the values o f one variable (the dependent variable, y ) are estimated 

from those of two or more other variables (the independent variables, jc/, x2, ... , xp). This 

is achieved by the construction o f a linear multiple regression equation: 

y' = b„ + b,(xl)+b2(x2) + ... + bp(xp)

w h ere

bj, b2, bp = partial regression coefficients 

bo = regression constant (intercept)

The package SPSS can be used to perform multiple regression analysis. The multiple 

regression is set up so that the discharge through the BSC Pipe is the dependent variable 

and rainfall, average daily temperature, average daily wind speed and pressure are the 

independent variables. Since the best correlation between the discharge and the rainfall is 

with a lag of 5 days, rainfall readings moved on by 5 days will be used in the calculations.

Effective Rainfall has not been included due to its strong correlation with daily rainfall, 

which represents a similar variable. Collinearity, where the correlations among the 

independent variables are high, is undesirable. Rainfall gave the better correlation o f the 

two when considering correlation with the discharge (Section 5.5.1.3). Adding Effective 

Rainfall into the analysis does not have a significant effect on the R value obtained. Again 

due to the precision in the original data, coefficients will only be quoted to the nearest two 

decimal places although SPSS quotes to three decimal places.

S.5.1.4.2.1 Simultaneous Multiple Regression

SPSS is used to perform simultaneous multiple regression. In simultaneous multiple 

regression all the available independent variables are entered in the equation directly.

SPSS produces a table o f correlations (Table 5.8) for the data. There are 397 days (N) 

where there are complete data for all the variables between October 1998 and June 2004.
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Due to this difference in sample, different correlation coefficients are obtained here than in 

the simple regression analysis (Section 5.5.1.4.1). The table also shows that the dependent 

variable BSC Pipe discharge correlates significantly with average daily temperature.

BSC Pipe 
discharge

BSC Pipe discharge 1
Average daily temperature -.31

Pearson Correlation Average wind speed .14
Daily rainfall (5 day lag) .11
Pressure .08

BSC Pipe discharge
Average daily temperature .00

Significance Average wind speed .00
Daily rainfall (5 day lag) .01
Pressure .07

N 397

Table 5.8 Table of correlations for simultaneous multiple regression for discharge 

through the BSC Pipe.

For this model, the multiple correlation coefficient (R) is 0.33 (Table 5.9). The adjusted R 

square value, the estimate of the proportion o f variance accounted for by the regression, is 

0.10, i.e. 10%. For the coefficient for individual variables (Table 5.8), the best correlation 

coefficient was -0.31 for average daily temperature, so adding more independent variables 

has improved the predictive power o f the regression equation.

Model R R Square Adjusted R Square Std. Error of the Estimate

1 .33 .11 .10 250.72

Table 5.9 Table giving the value of R for simultaneous multiple regression for 

discharge through the BSC Pipe.
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Using the outputs (column B) in Table 5.10, it is possible to construct the multiple 

regression equation of BSC Pipe discharge (BSC) from average daily temperature {temp), 

average wind speed {wind), daily rainfall with 5 day lay {rain) and pressure {mb) as:

BSC’ = -1230.71 + -U A2{tem p) + 1.97(m nd) + 4A2{rain) + 1.76(mb) (37)

where BSC ’ is the predicted BSC Pipe discharge.

Model

Unstandardised
C oefficients

Standardized
C oefficients t S ignificance

B Std. Error Beta

1 (Constant) -1230.71 1067.50 -1 .15 .25

Average daily temperature -14 .42 2.67 -.28 -5 .40 .00

Average wind speed 1.97 2.21 .05 .89 .37

D aily rainfall (5 day lag) 4 .42 1.95 .11 2 .27 .02

Pressure 1.76 1.08 .08 1.62 .11

Table 5.10 The regression equation and associated statistics for simultaneous multiple 

regression for discharge through the BSC Pipe.

The beta coefficients (column headed Beta in Table 5.10) give the number of standard 

deviations change on the dependent variable that will be produced by a change of one 

standard deviation on the independent variable concerned. For these data, the average 

daily temperature makes the greatest contribution. This results in the predicted cyclicity 

in leachate discharge, with highest flows in winter and lowest flows in summer 

(Fig. 5.41). The actual data shows significant short-term fluctuations that cannot be 

modelled using this simple multiple regression based approach (Fig. 5.42).

A Root Mean Squared Error (RMSE) of 255 is obtained for the 381 days with recorded 

and predicted discharge for the BSC Pipe between 1 April 2000 and 22 June 2004. 

Considering the mean recorded discharge for the same period is 388 m3 per day, this is a 

large error.
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Figure 5.41 Graph showing the recorded and predicted discharge through the BSC Pipe 

using simultaneous regression.
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Figure 5.42 Graph showing the recorded against the predicted discharge through the 

BSC Pipe using simultaneous regression.
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5.5.1.4.2.2 Stepwise Multiple Regression

In stepwise multiple regression, the independent variables are added to (or taken away 

from) the equation one at a time, the order o f entry (or removal) being determined by 

statistical considerations (Kinnear & Gray, 2000).

For these data, the variables average daily temperature and daily rainfall (5 day lag) have 

been added to the stepwise multiple regression (Table 5.11).

Model Variables
Entered

Variables
Removed Method

1 Average
daily
temperature

Stepwise (Criteria: Probability-of-F-to-enter <= .050, 
Probability-of-F-to-remove >= .100).

2 Daily 
rainfall (5 
day lag)

Stepwise (Criteria: Probability-of-F-to-enter <= .050, 
Probability-of-F-to-remove >= .100).

Table 5.11 List of variables entered into the stepwise multiple regression for discharge 

through the BSC Pipe.

Models are run with the first variable entered (Model 1) and again with the second 

variable added to the first (Model 2) (Table 5.12).

Model R R Square Adjusted R Square Std. Error of the Estimate

1 .31a .09 .09 252.16

2 ,32b .10 .10 251.03
a Predictors: (Constant), average c aily temperature
b Predictors: (Constant), average daily temperature, Daily rainfall (5 day lag)

Table 5.12 Value of R and associated statistics for each model in the stepwise multiple 

regression for discharge through the BSC Pipe.
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The value o f R for Model 2 (0.32) (Table 5.12) is smaller than the value (0.33) given for 

the simultaneous regression of BSC Pipe discharge upon average daily temperature, 

average wind speed, daily rainfall and pressure but only slightly so. This shows the lack 

of predictive value of the excluded variables (average wind speed and pressure).

Using the outputs (column B) in Table 5.13, it is possible to construct the multiple 

regression equation of BSC Pipe discharge (BSC) from average daily temperature {temp), 

and daily rainfall {rain) as:

BSC’ = 517.47 + -15.55(te/#i/?) + 4.14 {rain) (38)

where BSC ’ is the predicted BSC Pipe discharge. Since the increment in R with the 

inclusion of the remaining variables (average wind speed and pressure) does not reach the 

necessary criterion for the stepwise program, these variables are excluded from the final 

equation.

M odel

Unstandardised
C oefficients

Standardized
C oefficients

t S ignificance

B Std. Error Beta

1 (Constant) 5 34 .77 24.23 22.07 .00

Average daily temperature -1 5 .7 7 2 .48 -.31 -6 .36 .00

2 (Constant) 517 .47 25 .44 20 .34 .00

Average daily temperature -15 .55 2 .47 -.30 -6 .30 .00

D aily rainfall (5 day lag) 4 .1 4 1.94 .10 2.14 .03

Table 5.13 The regression coefficients for the single variable (Model 1) and the two 

variables (Model 2) remaining in the stepwise regression analysis.

Table 5.14 details the variables excluded from the stepwise regression analysis. Beta In is 

the standardised regression coefficient that would result if the variable were entered into 

the equation at the next step. The /-test is a test of significance of the regression 

coefficient. Partial correlation is the correlation that remains between two variables after 

removing the correlation that is due to their mutual association with the other variables. 

Collinearity is the undesirable situation where the correlations among the independent 

variables are high. Collinearity can be detected by the Tolerance statistic, which is the
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proportion of a variable’s variance not accounted for by the other independent variables in 

the equation. A variable with very low tolerance contributes little information to a model 

(Kinnear & Gray, 2000).

Model Beta In t Significance Partial
Correlation

Collinearity
Statistics

Tolerance
1 Average wind speed .03a .63 .53 .03 .87

Daily rainfall (5 day lag) .10a 2.14 .03 .11 1.00
Pressure .06a 1.23 .22 .06 1.00

2 Average wind speed .03b .57 .57 .03 .87
Pressure .07b 1.47 .14 .07 .99

a Predictors in the Model: (Constant), average daily temperature
b Predictors in the Model: (Constant), average daily temperature, Daily rainfall (5 day lag)

Table 5.14 The variables excluded from the stepwise regression analysis.

Again, the low adjusted R square value suggests that the multiple regression model 

predicts a relatively low percentage o f variation within the data set. The influence of 

temperature is again clearly demonstrated, with the predicted cyclicity in discharge 

mirroring that predicted by the simultaneous multiple regression analysis (Fig. 5.43). The 

large excursions in the real data marking short-term fluctuations in discharge cannot be 

modelled here (Fig. 5.44). The dataset available for leachate discharge from the BSC pipe 

contains too many gaps to conclusively validate the annual cycles in leachate discharge 

predicted by the multiple-regression based models. However what data are available 

(especially that for 2003-4) does suggest higher winter discharges, and that the model 

prediction is not equivalent to a low flow (base flow) component of the system, but rather 

an approximate average between the short duration higher values and the recorded low 

“base flow” values.

A Root Mean Squared Error (RMSE) of 256 is obtained for the 381 days with recorded 

and predicted discharge for the BSC Pipe between 1 April 2000 and 22 June 2004. 

Considering the mean recorded discharge for the same period is 388 m3 per day, this is a 

large error.
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Figure 5.43 Graph showing the recorded and predicted discharge through the BSC Pipe 

using stepwise regression.
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Figure 5.44 Graph showing the recorded against the predicted discharge through the 

Settlement Tank using stepwise regression.
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5.5.1.4.2.3 Summary

Both the simultaneous and the stepwise multiple regression analysis give stronger 

correlations than the strongest single correlation (average daily temperature, -0.31 for the 

same data as the multiple regression analysis). Using average daily temperature and daily 

rainfall (with the 5 day lag) the stepwise regression analysis has a correlation of 0.32 

compared to 0.33 with the simultaneous regression analysis using all the variables 

(average daily temperature, average wind speed, daily rainfall (with the 5 day lag) and 

pressure).

The resulting models both show seasonal fluctuation in leachate discharge, with high 

flows in winter and low flows in summer. Real data are inadequate, but what is available 

appears to validate this conclusion. The actual data shows significant short-term 

fluctuations that cannot be modelled using this simple multiple regression based approach.
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5.5.2 S e t t l e m e n t  T a n k

5.5.2.1 Discharge

In analysing the discharge data, the flow rate (1/s) has been converted to discharge (m3). 

Rolling totals were calculated for different time periods and the minimum value recorded, 

maximum value recorded, mean, standard deviation and median value were calculated for 

each time period (Table 5.15).

5.5.2.2 Discharge and Rainfall

Time Series for discharge through the Settlement Tank and rainfall are plotted for the 

period 28 November 2003 to 22 June 2004 (Fig. 5.45). This period was selected because 

there are few gaps in the data and the flow monitors had just been calibrated. Clearly the 

discharge is closely related to rainfall with an apparent lag time of one or two days. Input 

into the Settlement Tank includes runoff collected from the landfill and the data suggest 

that surface runoff predominates over leachate drainage in the total Settlement Tank 

discharge.

A similar relationship is shown when discharge is plotted with Effective Rainfall 

(Fig. 5.46) for the period between 28 November 2003 and 31 May 2004.

Figure 5.47, a cumulative graph for discharge through the Settlement Tank, rainfall and 

Effective Rainfall shows lower total and effective rainfall in the summer periods, when the 

cumulative curves are less steep, and, as expected, much higher rainfall (total and 

effective) in winter. The discharge rate from the Settlement Tank mirrors the rainfall and 

Effective Rainfall rates with the steepest section of the discharge curve occurring over the 

same period (winter) as the steepest sections of the rainfall and Effective Rainfall curves.
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15 mins 30 mins lhr 2hrs 4hrs 6hrs 8hrs 12hrs 18hrs

Data points 97042 97031 97009 96965 96877 96789 96701 96525 96261

Min recorded 0 0 0 0 0 0 0 0 0

Max recorded 90 180 360 720 1440 1899.2 2001.1 2895.7 4250.9

Mean 10.2 20.3 40.6 81.2 162.4 243.7 324.9 487.3 731

Standard Deviation 6.4 12.7 25.3 50.3 99.6 148.2 196.2 290.5 429.5

Median 8.8 17.6 35.3 70.6 141.2 213.5 285.8 432.4 652.8

24hrs 36hrs 48hrs 60hrs 72hrs 96hrs 120hrs 168hrs

Data points 95997 95516 95036 94556 94076 93116 92156 90236

Min recorded 50.9 157.1 238.2 310.6 402.4 571.8 771.2 1295.3

Max recorded 5604.3 8129.4 10783.3 13424.9 16001.1 21316.3 22730.4 24080

Mean 974.9 1463 1951.3 2439.9 2928.7 3906 4886.8 6806.2

Standard Deviation 567.2 839.6 1105.9 1367.9 1624.8 2126.2 2599.9 3513.7

Median 871.8 1316 1760.2 2214.2 2666.3 3564.4 4447.9 6311.2

Table 5.15 Discharge (m3) recorded in the Settlement Tank between October 1998 and July 2004 for different time scales
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5.5.2.3 Lag T im e

Using the cross-correlation function in SPSS, it is possible to see that the best correlation 

(0.291) of daily discharge and rainfall has a lag o f 0 days (Fig. 5.47).

□  Coefficient
 Upper Confidence

Limit
 Lower Confidence

Limit

V alid cases: 989

+0.291
0 . 5 -

U  0.0

-0.5 -

- 1.0
.7 -6 -5 -4  -3 -2  -1 0  1 2 3 4  5 6  7

Lag Number

Figure 5.48 Chart showing the cross-correlation for daily discharge in the Settlement 

Tank with Rainfall between 21 October 1998 and 23 June 2004.

A stronger correlation is seen for the discharge through the Settlement Tank with rainfall 

than the correlation between discharge through the BSC Pipe and rainfall. This is as 

expected since the discharge through the Settlement Tank includes some surface runoff, 

which is a direct response to rainfall. Clearly, this runoff is mainly collected from 

impermeable, often smooth surfaces (engineered drainage works, HDPE liner etc.) so that 

the runoff is rapid, with no discernible lag time.
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A slightly stronger correlation is obtained for daily discharge through the Settlement Tank 

and daily Effective Rainfall (Fig. 5.49). A slightly stronger correlation (0.307) is found 

for a lag of 1 day rather than a lag o f  0 days (0.294), which was the strongest correlation 

for lag for the rainfall.

V alid cases: 848
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Figure 5.49 Chart showing the cross-correlation for daily discharge in the Settlement 

Tank with Effective Rainfall between 21 October 1998 and 23 June 2004.

Using the data for every 30 minutes the cross-correlation function in SPSS gives the best 

correlation (0.189) o f half hourly discharge and rainfall with a lag o f 3 intervals - one and 

a half hours (Fig. 5.50). This implies that the discharge shows a rapid response to rainfall 

events. This rapid response to rainfall is demonstrated by figure 5.51. It is likely that the 

rapid response is derived largely from surface runoff across the landfill that is collected by 

drainage ditches and enters the Settlement Tank.
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Figure 5.50 Chart showing the cross-correlation between half hourly discharge in the 

Settlement Tank and Rainfall between 28 November 2003 and 24 June 

2004.

5.5.2.4 R eg ression  A n a ly s is

The discharge over the weir in the Settlement Tank between October 1998 and June 2004 

has been plotted as a histogram (Fig. 5.52) with a normal curve with the same mean and 

variance as the discharge data. The data show an approximate normal distribution. Since 

the population size, N, is also large and therefore the sample mean, x , is approximately 

normally distributed correlation analysis can be performed on these data.
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Figure 5.52 Graph showing the distribution o f daily Settlement Tank discharge and a 

normal curve with the same mean and variance as the data.

Figure 5.53 shows that the distribution o f the natural logarithms o f the daily Settlement 

Tank discharge fit a normal distribution better than the raw discharge values. Correlation 

and regression analysis may therefore provide stronger relationships between the rainfall 

and the transformed discharge data.
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Figure 5.53 Graph showing the distribution o f the natural logarithms o f the daily 

Settlement Tank discharge and a normal curve with the same mean and 

variance as the data.

5.5.2.4.1 Simple , Two-Variable Regression

Again due to the precision in the original data, coefficients will only be quoted to the 

nearest two decimal places although SPSS quotes to three decimal places.
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In section 5.4.2 we saw that the discharge through the Settlement Tank had an upward 

trend over time. It is possible to remove the trend. The following discharge data are 

plotted as the raw unadjusted discharge data and with the trend removed for comparison.

5.5.2.4.1.1 Discharge and Rainfall

The Settlement Tank daily discharge (with and without trend removed) is plotted against 

the daily rainfall (Fig. 5.54). A Pearson coefficient o f  0.29 is obtained with a significance 

of 0.00, which represents a significant weak correlation for the unaltered discharge. A 

slightly higher correlation (r = 0.31, p = 0.00) is obtained for the discharge with the trend 

removed. The general trend is that as the rainfall increases the discharge increases, which 

would be expected.

6 0 0 0

• Discharge5 0 0 0

• Discharge (tren d  rem oved)

4 0 0 0

v =  2 6 .485x+  1027.53 0 0 0

2000 % *• \  = 2 5 .4 6 3 x  + 915.16
• * -♦ * /*

1000

5 0 6 0

Daily Rainfall (mm)

Figure 5.54 Graph showing the relationship between average daily rainfall and daily 

discharge (October 1998 to June 2004).
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The natural logarithms o f the discharge is plotted against the daily rainfall (Fig. 5.55). A 

Pearson coefficient o f 0.27 is obtained, which represents a weak correlation slightly lower 

than that o f the unadjusted daily discharge. The general trend is that as the rainfall 

increases the discharge increases, which would be expected.
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Figure 5.55 Graph showing the relationship between average daily rainfall and natural 

logarithms o f daily discharge (October 1998 to June 2004).

5.5.2.4.1.2 Discharge and Effective Rainfall

A significant weak correlation (r = 0.29, p = 0.00) is also obtained when the unadjusted 

daily discharge is plotted against Effective Rainfall (Fig. 5.56). A slightly higher 

correlation (r = 0.30, p = 0.00) is obtained for the discharge with the trend removed. The 

general trend is that as the effective rainfall increases the discharge decreases, which is as 

expected.
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Figure 5.56 Graph showing the relationship between average daily effective rainfall and 

daily discharge (October 1998 to June 2004).

5.5.2.4.1.3 Discharge and Temperature

A significant weak correlation (r = -0.25, p = 0.00) is obtained when the unaltered daily 

discharge is plotted against the average daily temperature (Fig. 5.57). A slightly higher 

correlation (r = -0.30, p = 0.00) is obtained for the discharge with the trend removed. The 

general trend is that as the average temperature increases the discharge decreases. This is 

expected since higher temperatures are associated with dry sunny days in the summer 

when rainfall is low and evaporation is high.

Taking the summer period only, when the temperature is high and rainfall is generally 

low, a strong relationship can be seen between average temperature (°C) and flow rate (1/s) 

recorded every 30 minutes. Figure 5.58, from May 2000 shows a typical period when the 

flow variation shows a strong diurnal relationship with the average temperature.
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Figure 5.57 Graph showing the relationship between average daily temperature and 

daily discharge (October 1998 to June 2004).

Rainfall —• — Tem perature —«— Settlem ent Tank flow

Date & Time

Figure 5.58 Graph showing the relationship between temperature and flow through the 

Settlement Tank.
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5.5.2.4.1.4 Discharge and A verage wind speed

A significant weak correlation (r = 0.15, p = 0.00) is obtained when the unadjusted daily 

discharge is plotted against the average daily wind speed (Fig. 5.59). A slightly higher 

correlation (r = 0.16, p = 0.00) is obtained for the discharge with the trend removed. The 

general trend is that as the average daily wind speed increases the discharge also increases. 

This reflects the fact that rainfall in south Wales is dominated by cyclonic systems, so that 

rainfall periods are likely to be associated with higher wind speeds.
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Figure 5.59 Graph showing the relationship between average daily wind speed and 

daily discharge (October 1998 to June 2004).

5.5.2.4.1.5 Discharge and Pressure

A significant very weak correlation (r = -0.09, p = 0.01) is obtained when the daily 

discharge is plotted against the average daily pressure (Fig. 5.60), with discharge tending 

to be higher with lower pressure, as might be expected, since precipitation is generally
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associated with frontal depressions. A higher correlation (r = -0.18, p = 0.00) is obtained 

for the discharge with the trend removed.
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Figure 5.60 Graph showing the relationship between average daily pressure and daily 

discharge (October 1998 to June 2004).

5.5.2.4.1.6 Summary

Table 5.16 provides a summary o f  bivariate analysis. As well as the correlations 

described above it provides correlation coefficients and significance for the natural 

logarithms o f the discharge and the meteorological data compared against each other.

The strongest correlation with the unadjusted discharge through the Settlement Tank is 

with daily rainfall (r = 0.29, p = 0.00) and daily effective rainfall (r = 0.29, p = 0.00). On 

a scale o f correlation (Fig. 5.31) these are only considered as a weak correlations. The 

Settlement Tank receives discharge from the BSC Pipe, in addition to a range o f other 

sources (LP2A, LP4), so it is not really surprising that the correlation is not stronger.
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Slightly better correlations are obtained with all the meteorological data when using the 

discharge values with the long-term trend removed. This suggests that the trend observed 

is real.

Using the natural logarithms of the Settlement Tank discharge the correlations are not 

significantly different (Table 5.16) from those for the raw unadjusted Settlement Tank 

discharge data. Slightly better correlations are obtained for daily Effective Rainfall 

(r = 0.30, p = 0.00) and average wind speed (r = 0.16, p = 0.00) but worse correlations are 

obtained for average daily temperature (r = -0.17, p = 0.00), daily rainfall (r = 0.27, 

p = 0.00) and average daily pressure (r = -0.04, p = 021).

As in Section 5.5.1.4.1.6, stronger correlations are found between the meteorological data 

(Table 5.16).
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Table 5.16 Table of correlations for the Settlement Tank discharge and meteorological data.
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5.5.2.4.2 Multiple Regression

The multiple regression is set up so that the discharge through the Settlement Tank is the 

dependent variable and Effective Rainfall, average daily temperature, average daily wind 

speed and pressure are the independent variables.

Effective Rainfall and rainfall have a strong correlation with each other and represent 

similar variables. Collinearity, where the correlations among the independent variables 

are high, is undesirable. If daily rainfall and Effective Rainfall are used in the 

simultaneous regression analysis independently then better R values were obtained when 

using Effective Rainfall rather than daily rainfall. A slightly better correlation was 

obtained for Effective Rainfall when looking at the lag in Section 5.5.2.3. Slightly better 

R values are obtained if both Effective Rainfall and rainfall are used but since they 

represent similar inputs it was decided to exclude daily rainfall from the simultaneous 

regression analysis.

In stepwise multiple regression, the independent variables are added to (or taken away 

from) the equation one at a time, the order of entry (or removal) being determined by 

statistical considerations. For this reason, both daily rainfall and Effective Rainfall have 

been presented to allow the analysis to determine which is the most significant.

Regression analysis will be performed for both the unadjusted discharge and the discharge 

with the long-term trend removed.

Again due to the precision in the original data, coefficients will only be quoted to the 

nearest two decimal places although SPSS quotes to three decimal places.
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5.5.2.4.2.1 Simultaneous Multiple Regression - Unadjusted Discharge

SPSS is used to perform simultaneous multiple regression. The package produces a table 

of correlations (Table 5.17) for the data. There are 801 days (N)  where there are complete 

data for all the variables. Due to this difference in sample population, different correlation 

coefficients are obtained here than in the simple regression analysis (Section 5.5.2.4.1). 

The table also shows that the dependent variable Settlement Tank discharge correlates 

significantly with all the independent variables.

Settlement Tank 
discharge

Settlement Tank discharge 1

Average daily temperature -.43
Pearson Correlation Average wind speed .16

Pressure -.13
Effective Rainfall .25

Settlement Tank discharge

Average daily temperature .00

Significance Average wind speed .00

Pressure .00

Effective Rainfall .00

N 801

Table 5.17 Table o f correlations for simultaneous multiple regression for discharge 

(unadjusted) through the Settlement Tank.

For this model, the multiple correlation coefficient (R ) is 0.47 (Table 5.18). The adjusted 

R square value, the estimate o f  the proportion o f  variance accounted for by the regression, 

is 0.21, i.e. 21%. For the coefficient for individual variables (Table 5.17), the best 

correlation coefficient was -0.43 for average daily temperature, so adding more 

independent variables has improved the predictive power o f  the regression equation.
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If daily rainfall had been used instead o f Effective Rainfall, a multiple correlation 

coefficient o f 0.40 is obtained. If daily rainfall and Effective Rainfall had both been used, 

an R  value o f 0.51 is obtained.

Model R R Square Adjusted R Square Std. Error o f the Estimate

1 .47 .22 .21 472.11

Table 5.18 Table giving the value o f R  for simultaneous multiple regression for 

discharge (unadjusted) through the Settlement Tank.

Using the outputs (column B) in Table 5.19, it is possible to construct the multiple 

regression equation of Settlement Tank discharge (ST) from average daily temperature 

(temp), average wind speed (wind),  pressure (mb) and Effective Rainfall (ER)  as:

ST’ = 3 1 2 9 .3 8  + -4\M (temp) + - 5 .7 5  (iwind) + -1.61(mb) +  13M(ER)' (39)

where S T ’ is the predicted Settlement Tank discharge.

Model
Unstandardized

Coefficients
Standardized
Coefficients t Significance

B Std. Error Beta

1 (Constant) 3129.38 1527.98 2.05 .04

Average daily temperature -41.08 3.35 -.42 -12.25 .00

Average wind speed -5.75 3.41 -.06 -1.69 .09

Pressure -1.67 1.56 -.04 -1.08 .28

Effective Rainfall 13.80 2.91 .17 4.75 .00

Table 5.19 The regression equation and associated statistics for simultaneous multiple 

regression for discharge (unadjusted) through the Settlement Tank.

The beta coefficients (column headed Beta in Table 5.19) give the number o f standard 

deviations change on the dependent variable that will be produced by a change o f one 

standard deviation on the independent variable concerned. For these data, the average 

daily temperature makes the greatest contribution followed by Effective Rainfall.
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As indicated by the low adjusted R  square value, and figures 5.61 and 5.62, the 

simultaneous regression analysis model does not have the power to accurately predict the 

more extreme excursions in discharge values, although the clear seasonal fluctuation in the 

modelled predictions agree well with the broad average values in the measured discharge.

A Root Mean Squared Error (RMSE) o f  467 is obtained for the 823 days with recorded 

(unadjusted) and predicted discharge for the Settlement Tank between 1 April 2000 and 

22 June 2004. Considering the mean recorded discharge (unadjusted) for the same period 

is 1060 m3 per day, this is a large error.
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Figure 5.61 Graph showing the recorded (unadjusted) and predicted discharge through 

the Settlement Tank using simultaneous regression.
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Figure 5.62 Graph showing the recorded (unadjusted) against the predicted discharge 

through the Settlement Tank using simultaneous regression.
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5.5.2.4.2.2 Simultaneous Multiple Regression -  Trend removed from Discharge

The discharge data used have had the long-term trend removed. There are 801 days (N) 

where there are complete data for all the variables. Due to this difference in sample 

population, different correlation coefficients (Table 5.20) are obtained here than in the 

simple regression analysis (Section 5.5.2.4.1). The table also shows that the dependent 

variable Settlement Tank discharge correlates significantly with all the independent 

variables.

Settlement Tank discharge 
(trend removed)

Settlement Tank discharge 
(trend removed)

1

Average daily temperature
Pearson Correlation * . , , 

Average wind speed
-.43
.16

Pressure - .2 0

Effective Rainfall .26

Settlement Tank discharge 
(trend removed)
Average daily temperature

Significance . . , , Average wind speed

.00

.00

Pressure .00

Effective Rainfall .00

N 801

Table 5.20 Table o f correlations for simultaneous multiple regression for discharge 

(trend removed) through the Settlement Tank.

For this model, the multiple correlation coefficient (R ) is 0.48 (Table 5.21). The adjusted 

R square value is 0.23, i.e. 23%. For the coefficient for individual variables (Table 5.20), 

the best correlation coefficient was -0.43 for average daily temperature, so adding more 

independent variables has improved the predictive power o f the regression equation.
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If daily rainfall had been used instead o f  Effective Rainfall, a multiple correlation 

coefficient o f 0.43 is obtained. If daily rainfall and Effective Rainfall had both been used, 

an R value of 0.51 is obtained.

Model R R Square Adjusted R Square Std. Error o f the Estimate
1 .48 .23 .23 459.94

Table 5.21 Table giving the value o f R  for simultaneous multiple regression for 

discharge (trend removed) through the Settlement Tank.

Using the outputs (column B) in Table 5.22, it is possible to construct the multiple 

regression equation of Settlement Tank discharge (ST) from average daily temperature 

(temp), average wind speed (wind), pressure (mb) and Effective Rainfall (ER)  as:

S r  =  6 4 2 2 .2 7  +  - 3 9 .6 3 (temp) + - 5 .8 7  (wind) + - 4 .9 6 (mb) + 1 2 .3 4 ( £ K )  (40)

where S T ’ is the predicted Settlement Tank discharge.

Model
Unstandardized

Coefficients
Standardized
Coefficients t Significance

B Std. Error Beta

1 (Constant) 6422.27 1488.58 4.31 .00

Average daily temperature -39.63 3.27 -.41 -12.13 .00

Average wind speed -5.87 3.33 -.06 -1.77 .08

Pressure -4.96 1.52 -.11 -3.27 .00

Effective Rainfall 12.34 2.83 .15 4.36 .00

Table 5.22 The regression equation and associated statistics for simultaneous multiple 

regression for discharge (trend removed) through the Settlement Tank.

The beta coefficients (column headed Beta in Table 5.22) give the number o f standard 

deviations change on the dependent variable that will be produced by a change o f one 

standard deviation on the independent variable concerned. For these data, the average 

daily temperature makes the greatest contribution followed by Effective Rainfall.
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As indicated by the low adjusted R  square value, and figures 5.63 and 5.64, the 

simultaneous regression analysis model does not have the power to accurately predict the 

more extreme excursions in discharge values, although the clear seasonal fluctuation in the 

modelled predictions agree well with the broad average values in the measured discharge.

A Root Mean Squared Error (RMSE) o f  454 is obtained for the 823 days with recorded 

(trend removed) and predicted discharge for the Settlement Tank between 1 April 2000 

and 22 June 2004. Considering the mean recorded discharge (trend removed) for the same 

period is 1147 m3 per day, this is a large error.
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Figure 5.63 Graph showing the recorded (trend removed) and predicted discharge 

through the Settlement Tank using simultaneous regression.
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Figure 5.64 Graph showing the recorded (trend removed) against the predicted 

discharge through the Settlement Tank using simultaneous regression.
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5.5.2.4.2.3 Stepwise Multiple Regression — Unadjusted Discharge

For these data, the variables average daily temperature, daily rainfall and average wind 

speed have been added to the stepwise multiple regression (Table 5.23).

Model Variables
Entered

Variables
Removed

Method

1 Average daily 
temperature

Stepwise (Criteria: Probability-of-F-to-enter <= .050, 
Probability-of-F-to-remove >= .100).

2 Daily rainfall Stepwise (Criteria: Probability-of-F-to-enter <= .050, 
Probability-of-F-to-remove >= .100).

3 Average wind 
speed

Stepwise (Criteria: Probability-of-F-to-enter <= .050, 
Probability-of-F-to-remove >= .100).

Table 5.23 List o f variables entered into the stepwise multiple regression for discharge 

(unadjusted) through the Settlement Tank.

Models are run with the first variable entered (Model 1) and again with the second 

variable added to the first (Model 2) and again with the third variable added to the first 

and second (Model 3) (Table 5.24).

The value o f R for Model 3 (0.51) (Table 5.24) is slightly better than that for the 

simultaneous regression (0.47) o f  Settlement Tank discharge (unadjusted) upon average 

daily temperature, average wind speed, pressure and Effective Rainfall.
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Model R R Square Adjusted R Square Std. Error o f the Estimate
1 .43a .19 .19 480.12
2 .51b .26 .25 460.41

3 .51' .26 .26 459.47
a Predictors: (Constant), Average daily temperature
b Predictors: (Constant), Average daily temperature, Daily rainfall
0 Predictors: (Constant), Average daily temperature, Daily rainfall, Average wind speed

Table 5.24 Value o f R and associated statistics for each model in the stepwise multiple

regression for discharge (unadjusted) through the Settlement Tank.

Using the outputs (column B) in Table 5.25, it is possible to construct the multiple 

regression equation o f Settlement Tank discharge (ST) from average daily temperature 

(temp), daily rainfall (rain) and average wind speed (wind) as:

ST’ =  1 4 5 4 .9 5  +  -40.H7 (temp) + 2 3 .8 2 (rain) +  -6.79(w>i7i</) ( 4 1 )

where S T ’ is the predicted Settlement Tank discharge. Since the increment in R  with the 

inclusion o f the remaining variables (effective rainfall and pressure) does not reach the 

necessary criterion for the stepwise program, these variables are excluded from the final 

equation.

Model
Unstandardized

Coefficients
Standardized
Coefficients t Significance

B Std. Error Beta

1 (Constant) 1492.00 36.58 40.79 .00

Average daily temperature -42.60 3.13 -.43 -13.62 .00

2 (Constant) 1373.55 37.80 36.34 .00

Average daily temperature -38.45 3.04 -.39 -12.65 .00

Daily rainfall 22.74 2.70 .26 8.42 .00

3 (Constant) 1454.95 54.55 26.67 .00

Average daily temperature -40.87 3.25 -.42 -12.57 .00

Daily rainfall 23.82 2.75 .27 8.67 .00

Average wind speed -6.79 3.29 -.07 -2.07 .04

Table 5.25 The regression coefficients for the single variable (Model 1), the two 

variables (Model 2) and the three variables (Model 3) remaining in the 

stepwise regression analysis for the unadjusted discharge.
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Table 5.26 details the variables excluded from the stepwise regression analysis.

Model Beta In t Sig.
Partial

Correlation

Collinearity
Statistics

Tolerance
1 Average wind speed -.0 1 a -.40 .69 -.01 .85
Daily rainfall .26a 8.42 .00 .29 .97
Pressure -.0 8 a -2.63 .01 -.09 .99
Effective Rainfall .1 7 a 5.16 .00 .18 .96

2 Average wind speed -.07 b -2.07 .04 -.07 .82
Pressure .04 b 1.24 .22 .04 .78
Effective Rainfall -.01  b - .1 2 .90 - .0 0 .57

3 Pressure 

Effective Rainfall

.0 4 c 

.0 1 c

1.07

.15

.29

.88

.04

.01

.78

.56
Predictors in the Model: (Constant), Average daily temperature 

b Predictors in the Model: (Constant), Average daily temperature, Daily rainfall 
0 Predictors in the Model: (Constant), Average daily temperature, Daily rainfall, Average 

wind speed

Table 5.26 The variables excluded from the stepwise regression analysis for the 

unadjusted discharge.

The resulting predicted discharge once again identifies a seasonal variation in Settlement 

Tank discharge that agrees well with the measured data (Fig. 5.65). The predicted 

discharge is virtually identical to the simultaneous multiple regression model (Fig. 5.66). 

Again the short term extreme discharge excursions cannot be simulated using the stepwise 

multiple regression model.

A Root Mean Squared Error (RMSE) o f  455 is obtained for the 824 days with recorded 

(unadjusted) and predicted discharge for the Settlement Tank between 1 April 2000 and 

22 June 2004. Considering the mean recorded discharge (unadjusted) for the same period 

is 1060 m3 per day, this is a large error.
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Figure 5.65 Graph showing the recorded (unadjusted) and predicted discharge through 

the Settlement Tank using stepwise regression.
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Figure 5.66 Graph showing the recorded (unadjusted) against the predicted discharge 

through the Settlement Tank using stepwise regression.
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5.5.2.4.2.4 Stepwise Multiple Regression — Trend removed from Discharge

For these data, the variables average daily temperature and daily rainfall have been added 

to the stepwise multiple regression (Table 5.27).

Model Variables
Entered

Variables
Removed

Method

1 Average daily 
temperature

Stepwise (Criteria: Probability-of-F-to-enter <= .050, 
Probability-of-F-to-remove >= .100).

2 Daily rainfall Stepwise (Criteria: Probability-of-F-to-enter <= .050, 
Probability-of-F-to-remove >= .100).

Table 5.27 List o f variables entered into the stepwise multiple regression for discharge 

(trend removed) through the Settlement Tank.

Models are run with the first variable entered (Model 1) and again with the second 

variable added to the first (Model 2) (Table 5.28).

The value of R for Model 2 (0.51) (Table 5.28) is slightly better than that for the 

simultaneous regression (0.48) o f  Settlement Tank discharge (trend removed) upon 

average daily temperature, average wind speed, pressure and effective rainfall.

Model R R Square Adjusted R Square Std. Error o f the Estimate

1 .43a .19 .19 471.46

2 .51b .26 .26 450.33
a Predictors: (Constant), Average daily temperature 
b Predictors: (Constant), Average daily temperature, Daily rainfall

Table 5.28 Value o f R  and associated statistics for each model in the stepwise multiple 

regression for discharge (trend removed) through the Settlement Tank.
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Using the outputs (column B) in Table 5.29, it is possible to construct the multiple 

regression equation o f Settlement Tank discharge (ST) from average daily temperature 

(temp) and daily rainfall (rain) as:

S r  =  1 4 5 4 .9 5  +  - 4 0 .8 7 (temp) + 2 3 .8 2 (rain)  (42)

where S T ’ is the predicted Settlement Tank discharge. Since the increment in R  with the 

inclusion o f the remaining variables (average wind speed, Effective Rainfall and pressure) 

does not reach the necessary criterion for the stepwise program, these variables are 

excluded from the final equation.

Model
Unstandardized

Coefficients
Standardized
Coefficients t Significance

B Std. Error Beta
1 (Constant) 1570.69 35.92 43.73 .00

Average daily temperature -41.53 3.07 -.43 -13.52 .00

2 (Constant) 1449.33 36.97 39.20 .00

Average daily temperature -37.28 2.97 -.39 -12.54 .00

Daily rainfall 23.30 2.64 .27 8.82 .00

Table 5.29 The regression coefficients for the single variable (Model 1) and the two 

variables (Model 2) remaining in the stepwise regression analysis for the 

discharge with the trend removed.

Table 5.30 details the variables excluded from the stepwise regression analysis.
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Model Beta In t Sig. Partial
Correlation

Collinearity
Statistics

Tolerance

1 Average wind speed -.0 1 a - .2 0 .85 -.01 .85
Pressure -.15a -4.80 .00 -.17 .99
Effective Rainfall .1 8 a 5.50 .00 .19 .96
Daily Rainfall .2 7 a 8.82 .00 .30 .97

2 Average wind speed -.07 b -1.93 .05 -.07 .82

Pressure .0 4 b -1.06 .29 -.04 .78

Effective Rainfall

.0OOi* .02 .98 .0 0 .57
Predictors in the Model: (Constant), Average daily temperature 

b Predictors in the Model: (Constant), Average daily temperature, Daily rainfall

Table 5.30 The variables excluded from the stepwise regression analysis for the 

discharge with the trend removed.

As with the predicted discharge using stepwise regression on the unadjusted discharge 

data, totals once again identify a seasonal variation in Settlement Tank discharge that 

agrees well with the measured data (Fig. 5.67). The predicted discharge is virtually 

identical to the simultaneous multiple regression model and the stepwise regression model 

using the unadjusted discharge data. Again the short term extreme discharge excursions 

cannot be simulated using the stepwise multiple regression model (Fig. 5.68).

A Root Mean Squared Error (RMSE) o f  448 is obtained for the 824 days with recorded 

(trend removed) and predicted discharge for the Settlement Tank between 1 April 2000 

and 22 June 2004. Considering the mean recorded discharge (trend removed) for the same 

period is 1147 m3 per day, this is a large error.
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Figure 5.67 Graph showing the recorded (trend removed) and predicted discharge 

through the Settlement Tank using stepwise regression.
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Figure 5.68 Graph showing the recorded (trend removed) against the predicted 

discharge through the Settlement Tank using stepwise regression.
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5.5.2.4.2.S Summary

Analyses were performed on the unadjusted discharge data and on discharge data that had 

had the long-term trend removed. Both the simultaneous and the stepwise multiple 

regression analyses give stronger correlations (Table 5.31) than the strongest single 

correlation (average daily temperature, -0.43 for the same data as the multiple regression 

analysis).

Regression model R Adjusted 
R square

Independent variables RMSE

Simultaneous -  
unadjusted data

0.47 0.21 Average daily temperature 
Average wind speed 
Pressure
Effective Rainfall

467

Simultaneous -  
trend removed

0.48 0.23 Average daily temperature 
Average wind speed 
Pressure
Effective Rainfall

454

Stepwise -  
unadjusted data

0.51 0.26 Average daily temperature 
Daily rainfall 
Average wind speed

455

Stepwise -  trend 
removed

0.51 0.26 Average daily temperature 
Daily rainfall

448

Figure 5.31 Summary o f multiple regression analysis models for the Settlement Tank.

For both simultaneous and stepwise regression analysis, the results were slightly better 

when using the discharge data with the long-term trend removed. Stepwise regression 

analysis highlights the lack o f  predictive power o f the excluded variables (pressure and 

average wind speed).

The best regression method for the data was using stepwise regression on the discharge 

data with the trend removed. This produced the highest R  and R square values and the 

lowest RMSE (Table 5.31).
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It is interesting that using Effective Rainfall produced better results when using 

simultaneous regression analysis but daily rainfall gave better results for the stepwise 

analysis.

In all the models short-term extreme discharge variations could not be predicted. 

However, the seasonal cyclicity in “average” measured discharge values appears to 

correspond closely with modelled data. Reasons for this will be discussed in Chapter 8 . It 

is notable that observed discharge through 2003/4, however, generally exceeds the 

predicted totals based on the longer time series model.
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5.S.2.4.3 Seasonal Data

It is likely that different variables have different predictive powers at different times o f the 

year. Any seasonal variations will show up better for the discharge through the Settlement 

Tank since it accepts all the leachate and contaminated runoff produced on site.

The data have been separated into two data sets. Data collected between April and 

September form a summer data set and data collected between October and March forms 

the winter data set. These data can then be analysed independently.

5.5.2.4.3.1 Simple, Two-Variable Regression

Simple regression analysis o f  the Settlement Tank discharge with the meteorological data 

shows different correlations between using all year around data or the summer or winter 

data (Table 5.32). The best o f  the correlations are considered as weak.

Using data from throughout the year, the best correlation o f Settlement Tank discharge is 

with Effective Rainfall (r = 0.29, p = 0.00) and Rainfall (r = 0.29, p = 0.00). Daily rainfall 

provides the best correlation with the Settlement Tank discharge (r = 0.24, p = 0.00) with 

data collected in the winter (October to March). The summer (April to September) data 

shows the strongest correlations with average daily temperature (r = -0.37, p = 0.00), daily 

rainfall (r = 0.34, p = 0.00) and effective rainfall (r = 0.26, p = 0.00).

For the data for throughout the year and the summer data, all the correlations are 

significant (p <0.05). For the winter data only correlations with daily rainfall and 

effective rainfall are significant (p <0.05).

Emma C. Paris Cardiff University 369



Chapter 5 -  Hydro-metrology.

Summer 
Settlement Tank 

discharge

Winter 
Settlement Tank 

discharge

All year 
Settlement Tank 

discharge

Average daily
Pearson Correlation -.37** -.01 -.25**
Significance

temperature
.00 .78 .00

N 541 426 967
Pearson Correlation j 7 ** .06 .15**

Average wind speed Significance .00 .25 .00

N 541 375 916
Pearson Correlation .34** .24** .29**

Daily rainfall Significance .00 .00 .00

N 549 438 987
Pearson Correlation _ -.04 _  09**

Pressure Significance .00 .38 .01

N 540 426 966
Pearson Correlation .26** .2 1 ** 2 9 **

Effective Rainfall Significance .00 .00 .00

N 547 301 848
** Correlation is significant at the 0.01 evel
* Correlation is significant at the 0.05 level

Table 5.32 Table showing the correlations for the Settlement Tank discharge and 

meteorological data for all the year, Summer (April to September) and 

Winter (October to March).

5.5.2.4.3.2 Multiple Regression

Simultaneous and stepwise multiple regression analysis have been performed on the 

winter and summer data (Table 5.33) to see how separating the data affects the analysis. 

Collinearity is undesirable so daily rainfall and Effective Rainfall have not both been used 

in the simultaneous regression analysis. Daily rainfall gave better correlations for the 

seasonal data than Effective Rainfall, which is the opposite when using all the data.
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Although better correlations are obtained for simple regression o f the summer data rather 

than all the data (Table 5.32), when using multiple regression analysis the best correlations 

are obtained when using all the data set (Table 5.33). This could be related to the amount 

of data available for the analysis.

Data used in 
model

Model R R Square Adjusted R 
Square

Std. Error of 
the Estimate

All data

Simultaneous 40Rain .16 .16 490.13

Simultaneous .47er .22 .21 472.11

Stepwise 1 .43'“ .19 .19 480.12

Stepwise 2 ,51lb .26 .25 460.41

Stepwise 3 .51lc .26 .26 459.47

Summer

Simultaneous .45 .20 .19 281.40

Stepwise 1 ,402a .16 .16 290.87

Stepwise 2 .462b .22 .21 281.03

Winter
Simultaneous .28 .08 .07 683.95

Stepwise 1 .283a .07 .07 684.29

Wind Speed
ER Predictors: (Constant), Average daily temperature, Effective Rainfall, Pressure, 

Average Wind Speed
la Predictors: 
lb Predictors: 
10 Predictors: 
2a Predictors: 
2b Predictors: 
3a Predictors:

(Constant), Average daily temperature
(Constant), Average daily temperature, Daily rainfall
(Constant), Average daily temperature, Daily rainfall, Average wind speed
(Constant), Summer average daily temperature
(Constant), Summer average daily temperature, Summer daily rainfall
(Constant), Winter daily rainfall

Table 5.33 Table showing value o f  R  and associated statistics for each simultaneous 

and stepwise multiple regression for discharge through the Settlement Tank 

using all the data, winter data and summer data.
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5 .5 .3  Su m m a r y

Regression analysis was used as a predictive tool for modelling discharge through the 

BSC Pipe and the Settlement Tank. The results for the Settlement Tank give stronger 

correlation coefficients than the results for the BSC Pipe.

5.5.3.1 BSC Pipe

Using the cross-correlation function (CCF) in SPSS, there is a weak correlation (0.22) 

between daily discharge and rainfall with a lag o f 5 days. No significant correlation is 

found for daily discharge in the BSC Pipe with Effective Rainfall, though the lag time 

suggested is longer at 7 days. Rainfall landing on the landfill site has to infiltrate through 

the cap and percolate down through the landfill before it is collected by the drainage 

system that enters the BSC Pipe. This analysis indicates the indirect nature o f the linkage 

between rainfall events and discharge through the basal drainage system o f the landfill. 

Clearly recharge o f leachate, leachate storage, possibly flows from higher perched water 

tables to the main leachate water table in the base o f  the landfill all attenuate the rainfall 

signal, so that it does not correlate strongly with fluctuations in leachate drainage through 

the BSC Pipe.

The strongest correlation with the discharge through the BSC Pipe is with average daily 

temperature (r = -0.26, p = 0.00). Using the natural logarithm transformation o f the BSC 

Pipe discharge better correlations are obtained for average daily temperature (r = -0.37, 

p =  0.00) and average wind speed (r = 0.17, p = 0.00). Stronger correlations are found 

between the meteorological data.

BSC Pipe discharge was considered as the dependant variable with meteorological data as 

the independent variables for multiple regression analysis. Both the simultaneous and the 

stepwise multiple regression analysis give stronger correlations than the strongest single 

correlation (average daily temperature, -0.31 for the same data as the multiple regression 

analysis). Using average daily temperature and daily rainfall (with the 5 day lag) the

Emma C. Paris Cardiff University 372



Chapter 5 -  Hydro-metrology.

stepwise regression analysis has a correlation o f 0.32 compared to 0.33 with the 

simultaneous regression analysis using all the variables (average daily temperature, 

average wind speed, daily rainfall (with the 5 day lag) and pressure). This shows the lack 

of predictive power o f pressure and average wind speed.

The resulting models both show seasonal fluctuations in leachate discharge, with high 

flows in winter and low flows in summer. The actual data shows significant short-term 

fluctuations that cannot be modelled using this simple multiple regression based approach. 

The multiple regression analysis has however highlighted average daily temperature as the 

most important variable in determining discharge for the BSC Pipe.

5.S.3.2 Settlement Tank

Using the cross-correlation function (CCF) in SPSS, there is a weak correlation (0.291) 

between daily discharge and rainfall with a lag o f 0 days. Using rainfall data for every 30 

minutes, the best correlation (0.189) o f  half hourly discharge and rainfall occurs with a lag 

of 3 intervals - one and a half hours. This implies that the discharge shows a rapid 

response to rainfall events. It is likely that the rapid response is derived largely from 

surface runoff across the landfill that is collected by drainage ditches and enters the 

Settlement Tank.

Slightly stronger correlations are obtained for daily discharge through the Settlement Tank 

and daily Effective Rainfall for a lag o f  1 day (0.307) and a lag o f  0 days (0.294).

The strongest correlation with the unadjusted discharge through the Settlement Tank is 

with daily rainfall (r = 0.29, p = 0.00) and daily effective rainfall (r = 0.29, p = 0.00). 

Slightly better correlations are obtained with all the meteorological data when using the 

discharge values with the long-term trend removed. This suggests that the trend observed 

is real.
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Using the natural logarithms o f the Settlement Tank discharge the correlations are not 

significantly different from those for the raw unadjusted Settlement Tank discharge data.

Settlement Tank discharge was considered as the dependant variable with meteorological 

data as the independent variables for multiple regression analysis. Analysis was 

performed on unadjusted discharge data and discharge data that had had the long-term 

trend removed.

Both the simultaneous and the stepwise multiple regression analyses give stronger 

correlations than the strongest single correlation (average daily temperature, -0.43 for the 

same data as the multiple regression analysis). For both simultaneous and stepwise 

regression analysis, the results were slightly better when using the discharge data with the 

long-term trend removed.

The best regression method for the data was using stepwise regression on the discharge 

data with the trend removed, with the highest R  (0.51) and R  square values (0.26) and the 

lowest RMSE (448).

The resulting models show seasonal fluctuations in leachate discharge, with high flows in 

winter and low flows in summer. The actual data shows significant short-term 

fluctuations that cannot be modelled using this simple multiple regression based approach. 

The multiple regression analysis has however highlighted average daily temperature as the 

most important variable in determining discharge for the Settlement Tank.

5.5.3.3 Seasonal Data

Settlement Tank discharge data in the winter (October to March) and summer (April to 

September) were analysed separately. Stronger correlations for simple bivariate 

regression and multiple regression were obtained for the summer data than for the winter, 

emphasising the importance o f temperature on evaporative losses.
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Although better correlations are obtained for simple regression o f the summer data rather 

than all the data, when using multiple regression analysis the best correlations are obtained 

when using all the data set.
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5.6 W a t e r  B a la n c e

5.6 .1  W a t e r  B a l a n c e  a c r o s s  sit e

The active part o f the landfill, Phase I is 20.1 ha. Golder Associates (1993b) estimated the
'y

surface water catchment area as 1060000 m (106 ha). There are a number o f drainage 

ditches around the site intercepting surface runoff preventing it from entering the landfill 

site.

5.6.1.1 Water Catchment area as 106 ha

The following calculation assumes that the rainfall catchment that feeds into the landfill is 

the 106 ha estimated by Golder Associates (1993b) as the surface water catchment. The 

data used is between April 01 and May 04 where there are synchronous discharge and 

rainfall data (819 days contain both data). The water balance across the site is calculated 

as follows:

Total discharge through Settlement Tank = 872521 m3

Total rainfall input over 106 ha catchment = 2219004 m3

Percentage o f discharge accounted for by rainfall input = 249%

The following calculation also assumes that the rainfall catchment is 106ha but uses 

Effective Rainfall values. The water balance across the site is calculated as follows:

Total discharge through Settlement Tank = 872521 m3

Total Effective Rainfall input over 106 ha catchment = 3259712 m3

Percentage o f discharge accounted for by rainfall input = 374%

Using at catchment o f 106 ha there is more water entering the site as rainfall than exiting. 

Either the catchment is too big or water is being lost from the site to groundwater. Since 

surface water catchment ditches surround the active part o f the landfill, it is fair to assume 

that the catchment size used in this analysis is too big.
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5.6.1.2 Water Catchment is landfill area (20.1 ha)

The following calculation assumes that the rainfall catchment that feeds into the landfill is 

the active landfill area (20.1 ha). The data used were collected between April 01 and May 

04 where there are discharge and rainfall data for both days (819 days contain both data). 

The water balance across the site is calculated as follows:

Total discharge through Settlement Tank = 872521 m3

Total rainfall input over 20.1 ha catchment = 618115 m3

Percentage o f discharge accounted for by rainfall input = 70.8%

The following calculation also assumes that the rainfall catchment is 20.1 ha but uses 

Effective Rainfall values. The water balance across the site is calculated as follows:

Total discharge through Settlement Tank = 872521 m3

Total Effective Rainfall input over 20.1 ha catchment = 464940 m3

Percentage o f discharge accounted for by rainfall input =53.3%

Using at catchment o f 20.1 ha there is more water exiting the site than in entering as 

rainfall. Either the effective catchment is bigger or there is water entering the site as 

groundwater. It is likely that both these are the case.

5.6.1.3 Calculation of Catchment Area to account for all Rainfall Input

The catchment area can be calculated assuming that all the rainfall landing on site is 

collected and is discharged through the Settlement Tank with no groundwater additions or 

losses to groundwater. The data used is between April 01 and May 04 where there are 

discharge and rainfall data for both days (819 days). The catchment area can be calculated 

as follows:

Total discharge through Settlement Tank = 872521 m3

If rainfall input was the same as the discharge = 872521 m3

Rainfall depth over period when discharge was measured = 3.08 m 

Catchment required to produce rainfall input = 283728 m2
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= 28.37 ha

Assuming that all the Effective Rainfall landing on site is collected and is discharged 

through the Settlement Tank with no groundwater additions or losses to groundwater, the 

catchment area can be calculated as follows:

Total discharge through Settlement Tank 

If rainfall input was the same as the discharge 

Rainfall depth over period when discharge was measured 

Catchment required to produce rainfall input

5.6.1.4 Water Catchment area estimated as 25 ha

Looking at the drainage map o f the site (Figure 3.33), it appears that the area within the 

drainage ditches is approximately 25 ha. This is a smaller catchment than the catchments 

calculated above based on rainfall/Effective Rainfall as the only input. This suggests that 

groundwater is entering the site.

The data used were collected between April 01 and May 04 where there are discharge and 

rainfall data for both days (819 days contain both data). The water balance across the 

estimated catchment is calculated as follows:

Total discharge through Settlement Tank = 872521 m3

Total rainfall input over 25 ha catchment = 768800 m3

Percentage o f discharge accounted for by rainfall input = 8 8 %

The following calculation also assumes that the rainfall catchment is 25 ha but uses 

Effective Rainfall values. The water balance across the site is calculated as follows:

Total discharge through Settlement Tank = 872521 m3

Total Effective Rainfall input over 20.1 ha catchment = 523350 m3

Percentage o f discharge accounted for by rainfall input = 60%

= 872521 m3 

= 872521 m3 

= 2.09 m 

= 416796 m2 

= 41.68 ha
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Assuming a catchment size o f  25 ha, the percentage o f discharge accounted for by rainfall 

input is 88% and the percentage o f  discharge accounted for by Effective Rainfall input is 

60%. So between 104000 m3 and 350000 m3 entered the site over the 819 days as 

groundwater input, i.e. approximately between 46000 m3 and 156000 m3 a year. The true 

value is likely to be somewhere between the two.
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5 .6 .2  W a t e r  Ba l a n c e  o n  c a p p e d  S o u t h e r n  Sl o p e

Section 2.5.2.2 details a spreadsheet (Koemer & Daniel, 1997; Environmental Protection 

Agency, 2003) that can be set up for analysing the annual water balance on a landfill cap 

using monthly averages. This method was used for Silent Valley to calculate the water 

balance on the capped Southern Slope (Table 5.34).

5.6.2.1 Row A: Average Monthly Temperature

The average monthly temperatures (°C) recorded at Silent Valley by Silent Valley Waste 

Services’ weather station between October 1998 and June 2004 are given in Table 5.35 

and figure 5.68. The values in Table 5.35 are used in the calculation. The error bars in 

figure 5.69 give the minimum and maximum average monthly temperatures recorded 

between October 1998 and June 2004.

Month Average Tem perature (°C)

January 4.0

February 4.0

March 5.9

April 7.7

May 11.5

June 14.2

July 15.9

August 16.2

September 13.5

October 9.4

November 6.3

December 3.8

Table 5.35 Table showing average monthly temperatures recorded at Silent Valley 

between October 1998 and June 2004.
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ROW PARAMETER JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC TOTAL

A Av Monthly Temp 4 4 5.9 7.7 11.5 14.2 15.9 16.2 13.5 9.4 6.3 3.8

B Monthly Heat Index 0.71 0.71 1.28 1.92 3.53 4.86 5.76 5.93 4.5 2.6 1.42 0.66 33.89

C Unadjusted daily PE 0.63 0.63 0.94 1.24 1.88 2.34 2.63 2.69 2.22 1.53 1.01 0.6

D Poss Monthly Dur o f Sunlight 22.2 23.4 30.6 34.5 39.9 40.8 41.1 37.5 31.8 27.6 22.8 21 373.2

E PET 13.97 14.73 28.83 42.84 75.12 95.6 108.28 100.73 70.7 42.15 22.99 12.53 628.48

F Precipitation 198 200 121 149 106 70 79 79 86 225 222 247 1782

G Runoff Coefficient 0.42 0.42 0.42 0.42 0.42 0.42 0.42 0.42 0.42 0.42 0.42 0.42

H Runoff 83.16 84 50.82 62.58 44.52 29.4 33.18 33.18 36.12 94.5 93.24 103.74 748.44

I Infiltration 114.84 116 70.18 86.42 61.48 40.6 45.82 45.82 49.88 130.5 128.76 143.26

J Infiltration-PET 100.87 101.27 41.35 43.58 -13.64 -55 -62.46 -54.91 -20.82 88.35 105.77 130.73

K Accumulated Water Loss 0 0 0 0 -13.636 -68.631 -131.1 -186.01 -206.83 -206.83 -206.83 -206.83

L Water Stored 75 75 75 75 62.2523 35.3798 31.9478 35.4192 56.4315 75 75 75

M Change in Water Storage 0 0 0 0 -12.748 -26.872 -3.432 3.47139 21.0123 18.5685 0 0

N Actual ET 13.97 14.73 28.83 42.84 74.23 67.47 49.25 42.35 28.87 42.15 22.99 12.53 440.21

O Percolation 100.87 101.27 41.35 43.58 0 0 0 0 0 69.78 105.77 130.73 593.35

P Check 198 200 121 149 106 70 79 79 86 225 222 247 1782

Q Percolation Rate (Flux) 3.80E-08 4.20E-08 1.50E-08 1.70E-08 0 0 0 0 0 2.60E-08 4.10E-08 4.90E-08

Root Depth 200 200 200 200 200 200 200 200 200 200 200 200

Field Capacity 0.375 0.375 0.375 0.375 0.375 0.375 0.375 0.375 0.375 0.375 0.375 0.375

WS max 75 75 75 75 75 75 75 75 75 75 75 75

If IN-PET negative 297.53 299.18 131.96 136.03 62.25 35.38 31.95 35.42 56.43 250.76 318.14 447.41

If IN-PET positive 175.87 176.27 116.35 118.58 61.36 7.26 -27.08 -22.97 14.6 144.78 180.77 205.73

Table 5.34 Spreadsheet used to analyse the annual water balance on the Southern Slope landfill cap at Silent Valley landfill site using 

monthly averages.
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Figure 5.69 Graph showing the average, minimum and maximum monthly temperatures 

recorded at Silent Valley between October 1998 and June 2004.

5.6.2.2 Row B: M on th ly  H eat Index (H m)

The monthly heat index (IIm) is a dimensionless, empirical parameter used to estimate 

evapotranspiration. Since the average monthly temperature recorded at Silent Valley is 

greater than 0°C, the monthly heat index is calculated using equation (13) as follows:

H„ = (0.2 7)1514 (13)

where T is the average monthly temperature in Row A.

The monthly values are summed to determine the annual heat index (7/fl), which is entered 

into the ‘total’ column.
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5.6.2.3 Row C: Unadjusted D aily Potential Evapotranspiration (UPET)

The unadjusted daily potential evapotranspiration (UPET) refers to the maximum amount 

of evapotranspiration that would occur if  the soil were saturated with water. Since the

average monthly temperature recorded at Silent Valley is between 0 °C and 27 °C, the

unadjusted daily potential evapotranspiration can be calculated using equation (16) as 

follows:

UPET = 0.53(1077//a)a (16)

where T is the temperature in °C, Ha is the annual heat flux, and a is a dimensionless 

empirical factor that is computed as follows:

a = (6.75 x 10'7)//o3 -  (7.71 x 10'5)Ha2 + 0.01792Ha + 0.49239 (18)

5.6.2.4 Row D: M onthly Duration o f Sunlight (N)

The mean possible monthly duration o f sunlight (N) is determined by looking at the table 

(Appendix C) for the northern hemisphere by Thomthwaite and Mather (Koemer & 

Daniel, 1997). The values are expressed as units o f 12 hour periods. Silent Valley landfill 

is located at a latitude o f 51:45 N. On the table the closest latitude is 50 degrees so this is 

used.

5.6.2.5 Row E: Potential Evapotranspiration (PET)

The potential evapotranspiration is calculated by multiplying the values for the unadjusted 

daily potential evapotranspiration (Row C) and the monthly duration of sunlight (Row D).
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5.6.2.6 Row F: Precipitation (P)

The precipitation (P) for the site is entered in Row F. Since there are gaps in the rainfall 

data collected by Silent Valley Waste Services, the monthly rainfall bought from the Met 

Office will be used (Table 5.36). The monthly rainfall varies from year to year as shown 

by figure 5.70. The rainfall recorded by silent Valley Waste Services varies by the same 

amount.

M onth Average Rainfall (mm)
January 198

February 200
March 121

April 149
May 106

June 70
July 79

August 79

September 86

October 225

November 222

December 247

Table 5.36 Table showing average monthly rainfall recorded at Cwm by the Met 

Office between April 2000 and May 2004.
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Figure 5.70 Graph showing the average, minimum and maximum monthly rainfall 

recorded at Cwm by the Met Office between April 2000 and May 2004.

5.6.2.7 Row G: Runoff Coefficient (C)

The runoff coefficient (Q  is dimensionless and is defined as the ratio o f runoff to 

precipitation.

No sitc-spccific information is available for Silent Valley, so a runoff coefficient can be 

taken from table 2.15 or table 2.12. The southern slope at Silent Valley is about 30% and 

is a grassed clayey overburden. Using table 2.15, a clayey soil at a steep angle (>7%) 

gives a runoff coefficient o f 0.25-0.35. Table 2.12 gives a runoff coefficient o f 0.42 for a 

grassed loamy clay 10-30% slope. Due to the high slope angle, a runoff coefficient of

0.42 is used for this calculation.
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5.6.2.8 Row H: R unoff (R)

Runoff (R) is calculated by multiplying the precipitation (Row F) and the runoff 

coefficient (C) (Row G).

5.6.2.9 Row I: Infiltration (IN)

The monthly infiltration (IN) is defined as the amount o f water entering the surface of the 

cover and is assumed to equal precipitation (Row F) minus runoff (Row H):

IN = P -  R (20)

5.6.2.10 Row J: Infiltration minus Potential Evapotranspiration  

(IN-PET)

The difference between infiltration (Row I) and potential evapotranspiration (Row E)

(.IN-PET) is entered into Row J. Positive values are given for January, February, March, 

April, October, November and December indicating potential accumulation (storage) of 

water in the cover soil. Negative values are obtained for May, June, July, August and 

September indicating that the soil is drying.

5.6.2.11 Row K: Accumulated W ater Loss (W L)

The accumulated water loss (WL) is the sum of the negative monthly values of IN-PET 

(Row J) since the beginning of the year.
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5.6.2.12 Row L: Water Stored in Root Zone (WS)

The water stored in the root zone ( WS) is defined as the amount of water (in mm) stored in 

the portion of the soil cover that can be tapped by plant roots for evapotranspiration. The 

amount of water stored in the root zone is calculated from the volumetric water content (0) 

of the soil and the depth of the root zone (Hroot) using equation (21) as follows:

WS = 6Hroot (21)

The volumetric water content (0) is defined as the volume of water ( Vw) divided by the 

total volume of the soil (V).

Assuming a root zone (Hroot) o f 200 mm and a volumetric water content (0) o f 0.375 

(based on table 5.37), the water stored in the root zone (WS) is 75 mm.

Type of Soil 0at  Field Capacity

Fine sand 0.12

Sandy Loam 0.20

Silty Loam 0.30

Clay Loam 0.375

Clay 0.45

Table 5.37 Suggested Volumetric Water contents o f various soils. From Koemer & 

Daniel, 1997.

5.6.2.13 Row M: Change in Water Storage (CWS)

The change in water storage (CWS) in a month is the water stored (WS) (Row L) in that 

month minus the watered stored in the previous month. If CWS is negative (as for May, 

June and July) then the soil in the root zone is losing water and if it is positive it is gaining 

water (August, September, October). There is no change in water stored for November, 

December, January, February, March and April.
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5.6.2.14 Row N: A ctual Evapotranspiration (AET)

The actual evapotranspiration (AET) depends on whether infiltration exceeds potential 

evapotranspiration. If there is less infiltration than potential evapotranspiration, the soil in 

the root zone is losing water through evapotranspiration.

5.6.2.15 Row O: Percolation (PER C )

Percolation (PERC) is the amount o f water draining from the root zone. The monthly 

percolation has been summed to obtain an annual percolation of 593 mm.

5.6.2.16 Row P: C heck for C alculations (CK)

The previous calculations are checked. Each monthly value and the yearly total equals the 

precipitation P, i.e. Row P equals Row F for each column.

5.6.2.17 Row Q: Percolation R ate (FLUX)

The rate of percolation (FLUX) is the flux o f water passing through the cover soil.

5.6.2.18 Summary

The percolation over a year is 593 mm, which represents 33% of the precipitation 

(Table 5.38). The percolation occurred over January, February, March, April, October,
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November and December. This corresponds with the increase in predicted leachate 

discharge obtained from the multiple regression models for both the BSC Pipe and the 

Settlement Tank.

Parameter Annual Amount (mm) Percent of Precipitation

Precipitation 1782 100

Runoff 748.4 42

Actual Evapotranspiration 440.2 25

Percolation 593.3 33

Table 5.38 Table showing analysis results o f the annual water balance on the southern 

Slope at Silent Valley landfill.

The actual evaporation calculated in this model (25%) compares well with the actual 

evaporation of the MORECS data for Cwm (23%) bought from the Met Office 

(Section 5.3.1).

If the percolation was the same over the entire landfill catchment then a percolation o f 

593 mm (0.593 m) over 25 ha (catchment area in section 5.6.1.4) would contribute about 

148250 m3 to the discharge through the site, which is approximately a quarter of the 

measured discharge through the Settlement Tank. The actual percolation over the entire 

site is likely to contribute more than this because the southern slope has an overburden cap 

and a higher runoff coefficient than the rest o f the site, which would lead to lower 

percolation on the southern slope than the rest of the site.
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Ch a p t e r  6

L e a c h a t e  C o m p o s it io n

This chapter details historical leachate analysis o f LP1 exiting the BSC Pipe from 1993 to 

the present. In addition, Ion Chromatography (IC) analyses that have been performed as 

part of the present investigation on leachate exiting the BSC Pipe (LP1) and the 

Settlement Tank are presented.

Details are given of the two conductivity sensors that were installed in LP1 (BSC Pipe) 

and the Settlement Tank in January 2003. The leachate conductivity results are compared 

with the Ion Chromatography results.
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6.1 L e a c h a t e  A n a l y s i s  - P r e  P r o j e c t

6 .1 .1  P a s t  S t u d i e s

A small number of short-term monitoring studies have been undertaken at Silent Valley in 

the past. The first was by Knox Associates (1995) who studied the leachate exiting the 

site between July 1993 and October 1994. They found that the leachate from the 

Settlement Tank and Armco pipe (a flow into LP2A; Fig. 5.8) were very similar to each 

other and were typical dilute methanogenic leachates. However, they found the quality o f 

the BSC flow (LP1) to be not at all typical o f landfill leachates. It was dominated by 

inorganic ions, particularly sulphate. The BSC flow appeared to be primarily derived 

from percolation through inorganic materials and not from decomposing municipal or 

similar wastes.

It is believed that the source o f the majority o f the sulphate originates from the leaching o f 

the large area of slag deposited by the British Steel Company in the Nant Merddog Valley, 

and now being excavated for daily cover, which lies in the catchment area of the BSC pipe 

(Fig. 4.27 and 4.28). The presence o f high levels o f sulphate is not conducive to the 

process of methanogenesis, and can cause instead, the reduction of sulphate to form 

sulphide. It is not known to what extent this process is taking place within the landfill and 

whether it is affecting leachate quality (Ove Arup & Partners, 1997).

Microtox toxicity testing by the NRA o f effluent from the BSC pipe has indicated that it is 

probably non-toxic (Ove Arup & Partners, 1997). However, the Microtox test is 

essentially a test of ecotoxicity and may not give information on other toxic aspects such 

as its carcinogenic, mutagenic, teratogenic and hormonal effects.
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6 .1 .2  H i s t o r i c a l  D a t a  C o l l e c t e d  B y  S i l e n t  V a l l e y

Silent Valley Waste Services collect and analyse leachate samples once a month as part of 

their Environment Agency monitoring programme. Blaenau Gwent Borough Council and 

Silent Valley Waste Services keep records o f leachate that they have analysed. Data from 

both sources were combined for this study.

Over the years the sampling points have altered. LP1 originates from a single pipe (the 

BSC pipe (Fig. 5.8), and is collected as a sample before mixing with other flows. LP2A is 

a combination of different flows originating from different pipes. Before March 2000 the 

different flows were collected as separate samples, LP2, LP3, LP5, LP6 and LP7. LP3A 

is the combination of L P1 and LP2A and became a new sampling point in March 2000 

when LP2A sampling started. LP4 originates from a pipe entering directly into the 

settlement tank (Fig. 5.4).

Here the results for LP1 are examined. Data for the leachate exiting the BSC Pipe goes 

back the furthest and can be compared with analysis performed for the current study. 

Results are available from July 1993 to May 2004, with a gap between February 1996 and 

June 1997.

The time series graphs for selected determinands are presented below, together with 

trendlines and R-squared values. The R-squared values can be interpreted as the 

proportion of the variance in y  attributable to the variance in x, in this case, the degree of 

variation explained by time (addresses the question, is there a consistent trend?). The 

R-squared value displayed with a trendline is not an adjusted R-squared value. For 

logarithmic, power, and exponential trendlines, Microsoft Excel uses a transformed 

regression model.
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6.1.2.1 pH

For LP1 the measured pH values vary between 6.37 and 8.81. The pH value has gradually 

decreased over the past 11 years, with the last couple o f years showing a possible slight 

increase again (Fig. 6.1). The decrease in pH could indicate that the leachate exiting the 

BSC Pipe is being generated under different conditions now compared with 11 years ago.

The production of CO2 by oxidation o f organic matter lowers the pH of water (Deutsch, 

1997). CO2 is produced during all the stages o f organic waste degradation (Fig. 2.7) so 

this could be a factor lowering the pH over the sample period.

6.1.2.2 Tem perature

For LP1 the measured temperature varies between 11.9 °C and 35.8 °C. The temperature 

has gradually increased over the past 11 years (Fig. 6.2). A polynomial trendline is shown 

on the graph, and indicates an increase in temperature over the period. The increase in 

temperature could indicate that the leachate is being generated in association with greater 

exothermic biochemical processes, probably related to the increase in organic material 

within the accumulating domestic waste.

6.1.2.3 Electrical C onductivity

The conductivity of a solution is a measure o f its capacity to convey an electric current. 

Conductivity is related to the nature and concentration of ionised substances present in the 

solution and to the temperature o f the solution.

The historical data (SV Data) show a variation in conductivity from 0.042 to 4.24 mS 

(average 2.5 mS) (Fig. 6.3). If  the samples (MSc Data) analysed during July 2000 for an 

MSc project (Paris, 2000) are included, the maximum value recorded is 5.3 mS with an
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average of 2.94 mS. There is a large variation in measured conductivity that could be due 

to the changing constituent makeup o f the leachate.

6.1.2.4 Am m oniacal N itrogen

Ammoniacal nitrogen (NH4-N) is the combined concentrations of nitrogen as ammonia 

and ammonium compounds. The slow leaching o f wastes producing nitrogen and no 

significant mechanism for transformation o f N-NH3 in the landfills causes a high 

concentration of ammoniacal nitrogen in leachate over a long period of time. 

Concentrations of above a few mg/1 can be directly toxic to fish.

For LP1 the measured ammoniacal nitrogen varies between 0.04 and 117 mg/1. A 

polynomial trendline is shown on the graph (Fig. 6.4), and indicates an increase in 

ammoniacal nitrogen over the monitored period. This could indicate that the conditions 

where the leachate is being formed is moving from oxic to anoxic conditions.

6.1.2.5 Alkalinity

Alkalinity is measured by titration and is expressed in units o f milligrams per litre (mg/1) 

of C aC 03 (calcium carbonate). It is a measure o f the buffering capacity of water, or the 

capacity of bases to neutralise acids. The buffering materials are primarily the bases 

bicarbonate (H C 03‘), and carbonate (C 0 32'), and occasionally hydroxide (OH'), borates, 

silicates, phosphates, ammonium, sulphides, and organic ligands. Above pH 8.3, 

alkalinity is mostly in the form o f carbonate (C 0 32'); below 8.3, alkalinity is present 

mostly as bicarbonate (H C 03‘).

Levels of 20-200 mg/1 are typical o f fresh water. A total alkalinity level of 100-200 mg/1 

will stabilise the pH level in a stream. Levels below 10 mg/1 indicate that the system is 

poorly buffered, and is very susceptible to changes in pH from natural and human-caused
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sources. Alkalinity not only helps regulate the pH of a water body, but also the metal 

content. Bicarbonate and carbonate ions in water can remove toxic metals (such as lead, 

arsenic, and cadmium) by precipitating the metals out of solution (Murphy, 2002).

For LP1 the measured alkalinity varies between 43 and 1380 mg/1. A polynomial 

trendline is shown on the graph (Fig. 6.5), and indicates an increase in alkalinity over the 

period. Alkalinity concentrations are generally expected to increase during Phase III of 

leachate generation owing to conversion o f fatty acids (Andreottola & Cannas, 1992).

Large amounts of CO2 produced during the breakdown o f waste often give rise to 

carbonate dissolution and to strongly enhanced alkalinity. It is possible that fatty acids in 

the leachate are also contributing to the alkalinity (Appelo & Postma, 1996).

6.1.2.6 Chem ical O xygen D em and (C O D )

Chemical oxygen demand is a measure o f the total amount o f chemically oxidisable 

material present in the liquid. It is a measure o f potential energy available for animals.

For LP1 the measured COD varies between 21 and 752 mg/1. A power trendline is shown 

on the graph (Fig. 6.6), and indicates an increase in COD over the period. More organics 

are appearing in the leachate over time.

6.1.2.7 Biochem ical O xygen D em and (BO D )

Biochemical oxygen demand is a measure o f the amount of material present in water that 

can be readily oxidised by micro-organisms and thus a measure of the power of that 

material to take up the oxygen in water (DoE, 1995). The COD value is normally higher 

than the BOD value because more organics can be oxidised chemically than are 

biodegradable in the BOD test.
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For LP1 the measured BOD varies between 1.2 and 33 mg/1. A power trendline is shown 

on the graph (Fig. 6.7), and indicates an increase in BOD over the period. Again this 

shows that more organics are appearing in the leachate over time.

6.1.2.8 BO D /C O D  Ratio

The BOD/COD ratio is an indication o f the proportion of biologically degradable carbon 

to "total" (chemically oxidisable) carbon. The BOD/COD ratio will decrease in the 

methanogenic waste as the amount of degradable carbon decreases as a result of microbial 

activity (Westlake, 1995).

For LP1 the measured BOD/COD ratio varies between 0.006 and 0.18. A power trendline 

is shown on the graph (Fig. 6.8), and indicates a decrease in the BOD/COD ratio over the 

period, suggesting a progressive increase in methanogenic microbial activity.

6.1.2.9 Total O rganic Carbon (TO C)

Total Organic Carbon (TOC) measures the amount of carbonaceous material present.

For LP1 the measured TOC varies between 9.6 and 126 mg/1. A polynomial trendline is 

shown on the graph (Fig. 6.9), and indicates an increase in TOC over the period. The 

carbonaceous material is being broken down by biological activity so higher 

concentrations are flowing out with the leachate.
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6.1.2.10 Metals

Sodium, potassium, calcium, magnesium, iron, manganese, cadmium, chromium, copper, 

nickel, lead, zinc and mercury have been regularly analysed for in LP1. Their minimum, 

maximum and mean recorded values are given in table 6.1.

DETERMINAND M INIM UM
(mg/1)

MAXIMUM
(mg/1)

MEAN
(mg/1)

Sodium (Na) 175 734 433

Potassium (K) 161 396 278

Calcium (Ca) 41.1 327 174

Magnesium (Mg) 22.8 274 72

Iron (Fe) 0.1 14.4 0.85

Manganese (Mn) 0.105 2.78 0.85

Cadmium (Cd) 0.0002 0.002 0.0004

Chromium (Cr) 0.011 0.264 0.040

Copper (Cu) 0.0095 0.053 0.023

Nickel (Ni) 0.011 0.09 0.043

Lead (Pb) 0.0007 0.174 0.0085

Zinc (Zn) 0.021 0.328 0.051

Mercury (Hg) <0.0001 0.021 <0.018

Table 6.1 Chemical analysis results for metals in LP1 between July 1993 to May 

2004.

Heavy metals (specifically chromium, nickel, copper, zinc, cadmium, lead and mercury) 

are not generally present at significant concentrations in landfill leachates (Waste 

Management Information Bureau, 1995). This is the case for leachate LP1 from the BSC 

Pipe.

Emma C. Paris Cardiff University 397



Chapter 6 -  Leachate Composition.

Chromium is immobile in a reducing environment. The trace metals Cu, Cd, Pd and Zn 

are not normally mobile at high concentrations because they form relatively insoluble 

carbonate, oxide or sulphide minerals in either oxidising or reducing environments 

(Deutsch, 1997).

Figures 6.10 and 6.11 show how the metal concentrations varied between July 1993 to 

May 2004. Calcium, magnesium, copper, zinc, nickel, cadmium, lead and chromium have 

near horizontal trendlines indicating no significant variation in concentration over time.

Sodium, potassium and manganese exhibit upward trendlines suggesting an increase in 

concentration over time. The dissolved concentrations of iron and manganese are 

generally less than 0.1 mg/1 in the natural environment. When reducing leachate from a 

landfill contacts manganese and iron hydroxide minerals, the minerals will dissolve 

because they are more soluble in a reducing environment (Deutsch, 1997). This could 

explain the increase in manganese over time.

Iron exhibits a slight downward trendline suggesting a decrease in iron concentrations 

over time. Since the iron is likely to be originating in the slag, it is possible that the 

available iron is being slowly leached away. However, it is more likely that the iron is 

being fixed as iron sulphide. The reduction of sulphate to sulphide usually requires the 

presence of sulphate-reducing bacteria (Deutsch, 1997).

Mercury can be metabolised by bacteria in anaerobic environments to produce 

methylmercury. Methylmercury can be readily bioaccumulated and biomagnified in the 

aquatic food chain. Mercury present within the leachate is often present at <0.0001 mg/1.

Celtic Technology (1995) reported elevated concentrations of metals across the entire site 

during their site investigation. They concluded that the alkaline ground conditions restrict 

the metals amenability into aqueous solution. Leach tests of the slag showed little 

evidence of metals in leachate and so Celtic did not perceive metals to provide a threat in 

terms of off-site migration.
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Clearly the geochemical processes within the waste mass are complex, involve chemical 

and biological interaction and are likely to be strongly influenced by spatial and temporal 

variation in redox potential.
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Figure 6.1 Graph showing the pH recorded for LP1 between July 1993 and May 2004.
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Figure 6.2 Graph showing the temperature recorded for LP1 between July 1993 and 

May 2004.
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Figure 6.3 Graph showing the conductivity recorded for LP1 between July 1993 and 

May 2004.
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Figure 6.4 Graph showing the ammoniacal nitrogen recorded for LP1 between July 

1993 and May 2004.
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Figure 6.5 Graph showing the alkalinity recorded for LP1 between July 1993 and May 

2004.
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Figure 6.6 Graph showing the Chemical Oxygen Demand (COD) recorded for LP1 

between July 1993 and May 2004.
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Figure 6.7 Graph showing the Biochemical Oxygen Demand (BOD) recorded for LP1 

between July 1993 and May 2004.
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Figure 6.8 Graph showing the BOD/COD ratio recorded for LP1 between July 1993 

and May 2004.
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Figure 6.9 Graph showing the Total Organic Carbon (TOC) recorded for LP1 between 

July 1993 and May 2004.
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between July 1993 and May 2004.
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6 .2  L e a c h a t e  A n a l y s i s  -  C u r r e n t  S t u d y

6 .2 .1  S a m p l i n g  S t r a t e g y

Samples were collected on weekdays by Silent Valley Waste Services in high density 

polyethylene bottles for the author. It was not practical for the author to go to site on a 

daily basis. Samples were collected from the BSC Pipe (LP1) and the Settlement Tank. 

The date and time o f  collection were recorded on the bottle along with the location.

Leachate samples were clear with no precipitate, allowing them to be frozen. The samples 

were frozen as soon as they were collected in a freezer at the site. Freezing the samples 

does not affect the results o f chemical analysis when using Ion Chromatography (IC). 

Frozen samples were collected from the site about every 6 weeks when the author went to 

the site to download data from the data loggers. The frozen samples were then stored in a 

freezer at the University until they were ready for analysis.
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6 .2 .2  I o n  c h r o m a t o g r a p h y  ( IC )

Ion Chromatography (IC) is the separation and quantification of anions and cations using 

Liquid Chromatography (LC). LC is an analytical technique based on the separation of 

the components of a mixture in solution by selective absorption. Ion chromatography is a 

high-performance version o f ion-exchange chromatography.

In ion chromatography, a sample o f the mixture to be analysed (the analyte) is applied to 

some stationary fixed material (the adsorbent) and then a second material (the eluent) is 

passed through or over the stationary phase. The compounds contained in the analyte are 

then partitioned between the stationary adsorbent and the moving eluent. The success of 

the method depends on the fact that different materials adhere to the adsorbent with 

different forces. So, as the eluent flows through the column, the components of the 

analyte will move down the column at different speeds and therefore separate from one 

another.

Each time analyte molecules/ions emerge from the chromatography column a detector 

generates a measurable signal that is usually printed out as a peak on the chromatogram. 

The chromatogram is a record o f detector output vs. time as the analyte passes through the 

chromatography system. It usually consists o f a series o f peaks corresponding to the 

different times in which components o f the analyte mixture emerge from the column.

6.2.2.1 Dionex D X -80

Leachate samples were analysed using a Dionex DX-80 with a column for analysing 

anions.

6.2.2.1.1 Stages o f  Analysis

Ion Chromatography analysis consists o f four stages (Fig. 6.12):

1. Eluent Delivery
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• Eluent, a liquid that helps separate the sample ions, carries the sample through the

ion analyser. The DX-80 is an isocratic delivery system. This means that the

eluent composition and concentration remain constant throughout the run.

• Liquid sample is injected into the eluent stream either manually or automatically.

• The pump forces the eluent and sample through a separator column

2. Separation

• As the eluent and sample are pumped through the column (a chemically-inert tube 

packed with a polymeric resin), the sample ions are separated. In the DX-80, the 

mode of separation is called ion exchange and it is based on the premise that 

different sample ions migrate through the IC column at different rates, depending 

upon the interactions with the ion exchange sites.

3. Detection

• After the eluent and the sample ions leave the column, they flow through a 

suppressor that selectively enhances detection of the sample ions while 

suppressing the conductivity o f the eluent.

• A conductivity cell monitors and measures the electrical conductance of the 

sample ions as they emerge from the suppressor and produces a signal based on a 

chemical or physical property o f the analyte.

4. Data Analysis

• The conductivity cell transmits the signal to a computer running chromatography 

software.

• The chromatography software (PeakNet® IA for the DX-80) analyses the data 

comparing the sample peaks in a chromatogram to those produced form a standard 

solution, identifying the ions based on retention time, and quantifying each analyte 

by integrating the peak area or peak height. The results are displayed as a 

chromatogram, with the concentrations o f ionic analytes automatically determined 

and tabulated.

(Dionex Corporation, 2001)
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4. Data Analysis

3. Detection
Gal

1. Eluent 
Delivery

2. Separation

Figure 6.12 Ion analysis process. From Dionex Corporation (2001).

6.2.2.1.2 Flow path through the DX-80

Liquid flows through the DX-80 along the following path (Fig. 6.13):

• Eluent from the eluent reservoir is pressurised by gas, forced into the pump, and

passes through the pressure transducer. It is then pushed through a pulse

damper/restrictor assembly, which smoothes out any minor pressure variations to 

minimise baseline noise. The eluent then flows to the injection valve.

• The injection valve toggles to the Inject Position, when sample is loaded into the

sample loop, enabling the injected sample to be combined with the eluent as it is 

pushed through.

• The eluent/sample mixture is pumped through the guard and separator columns, where 

the ions are separated by the ion exchange process. The ion exchange process allows 

different sample ions to migrate through the column at different rates.
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• The eluent/sample mixture flows through the suppressor. There, by suppressing the 

conductivity o f the eluent and enhancing the conductivity of the analyte detection 

sensitivity is enhanced. Regenerant flow continuously through the suppressor, 

restoring the ion exchange sites to their original state.

• The eluent/sample mixture then flows through the DS5, where the analytes are 

detected and a signal is produced and sent to PeakNet IA software.

• The eluent flows out o f the cell and is directed into the regenerant reservoir, where 

pressure forces the regenerant into the suppressor. The eluent/sample has a lower 

density than the regenerant, so forms a layer on top of the anion regenerant.

fftyiitgtor 
• 17 MPa (1« m>)

. Ckm G«a 
I.SMI23 MPa

M»|

DS5
Oitaction
S t a b i l i z e r

Pdmkng Vatva —

Pump

E l u e n t

AMMS III

Guard Column Separator Column

P re isu re
Transducer

Injection
ValvePulse Damper/ 

Restrict or Assembly

Sample Loop
Watt*

Figure 6.13 Schematic o f the flow through the DX-80. From Dionex Corporation 

(2001).
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6.2.2.1.3 Calibration

Before running a sample, the machine is calibrated using standard solutions. By 

comparing the data obtained from a sample to that obtained from the standard, sample ions 

can be identified and quantified. The DX-80 is preconfigured to perform a four-level 

calibration. Table 6.2 lists the standard concentrations for a four-level anion calibration.

Analyte STD I (mg/1) STD II (mg/1) STD III (mg/1) STD IV (mg/1)
F 0.02 0.2 2 20
Cl 0.1 1 10 100

n o 2 0.1 1 10 100
Br 0.1 1 10 100

n o 3 0.1 1 10 100
P 0 4 0.2 2 20 200
S 0 4 0.1 1 10 100

Table 6.2 Standard concentrations for a four-level anion calibration. From Dionex 

Corporation (2001).

6.2.2.2 Sample Preparation

Once defrosted the samples were kept chilled (4 °C) while they were waiting to be 

prepared and analysed.

Samples were filtered through a 0.45 pm filter. The samples were diluted to a 50 times 

dilution using 1 ml of sample in a 50 ml volumetric flask made up with Type I 

(18-megohm) deionised water. The samples were diluted so that the concentrations in the 

samples were in the middle o f the range o f the calibration for the machine.

Type I (18-megohm) deionised water was run through the IC every 10 samples. This was 

used to check that the IC was not drifting or that the column was not having anions
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passing through slower than they should be and appearing on the next analysis. The water 

analysis results can also be used to calculate detection limits (Section 6.2.2.3).

Sample bottles washed and rinsed with deionised water before reuse.

6.2.2.3 Detection Lim its

There are a number o f different ways o f calculating detection limits. The lowest 

calibration sample concentrations can be used since they represent the bottom of the 

calibration curve (Table 6.2).

The detection limits can be calculated using the analysis of blank solutions (deionised 

water). The mean and standard deviation o f each element are calculated. 2 standard 

deviations give the limit at which something can be detected. 10 standard deviations give 

the limit at which something can be detected and its concentration given with some 

certainty.

detection limit 
(2SD)

detection limit 
(10SD)

Fluoride 5.4 26.9

Chloride 5.7 28.4

Nitrite 3.0 15.2

Bromide 1.9 9.5

Nitrate 2.4 12.0

Phosphate - -

Sulphate 4.3 21.4

Figure 6.3 Detection limits o f the anions analysed using IC.
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6.2.2.4 Precision

The precision, statistical errors which reflect random fluctuations in the analytical 

procedures, can be calculated by repeated analysis of the same sample. Calibration 

standard 3 (CAL STD III) was run 10 times. The mean and standard deviation of the 

analyses are calculated. The samples are then quoted to 2 standard deviations of the mean 

for each anion (Table 6.4).

result ±

Fluoride 0.052

Chloride 0.230

Nitrite 0.178

Bromide 2.648

Nitrate 1.723

Phosphate 0.580

Sulfate 0.921

Table 6.4 Precision for anions analysed using IC.

6.2.2.5 Errors

Errors in results may occur in a number o f ways, including errors in sampling, errors in 

analysis, and changes in the samples between collection and analysis.

Errors in sampling could arise if atypical samples are collected. It is not anticipated that 

this represents a major source o f error in this case, since small samples of liquid were 

taken from a free flowing source that could be expected to be reasonable uniform at the 

time of collection.

Errors in analysis may occur as a result o f errors in preparation or errors produced by the 

analytical equipment. In order to minimise preparation errors, dilution was undertaken
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with high accuracy pipettes which used disposable elements to reduce the possibility of 

cross contamination.

6.2.2.6 Frozen/Chilled Sam ples

Although freezing samples does not affect the geochemical analysis of the samples using 

IC, several samples were run to confirm this. On two occasions duplicate samples were 

collected at each monitoring point -  LP1 (L) and the Settlement Tank (S). One bottle was 

stored over night in a fridge until it was analysed the following day and the other sample 

bottle was frozen. The frozen sample was then thawed and analysed at a later date (about 

6 weeks later).

Table 6.5 shows the results o f the analysis. There are slight differences between the 

results. These can be accounted for due to errors in sample preparation and the fact that 

the chilled and frozen samples were collected in different bottles. This confirms that for 

IC analysis, freezing the samples does not affect the results.
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Sample Name Fluoride
(mg/1)

Chloride
(mg/1)

Nitrite
(mg/1)

Bromide
(mg/1)

Nitrate
(mg/1)

Phosphate
(mg/1)

Sulphate
(mg/1)

L12-1-04 15:30 Fridge 3.2 525 3.8 11.2 109.7 -15.1 782

L12-1-04 15:30 Frozen 3.5 468 n.a. 9.4 104.9 n.a. 708

L12-1-04 15:30 Frozen Rpt 3.6 480 3.5 9.2 102.8 -14.6 735

L23-2-04 11:30 Fridge 3.5 564 n.a. 9.6 75.4 n.a. 539

L23-2-04 11:30 Fridge Rpt 6 573 n.a. 11 70.1 -14.9 533

L23-2-04 11:30 Frozen 4.8 485 n.a. 15.8 70.7 , n.a. 477

L23-2-04 11:30 Frozen Rpt 3.5 504 n.a. 9.7 75.4 n.a. 481

S12-1-04 15:30 Fridge 1.3 290 n.a. 5.2 52 n.a. 452

S12-1-04 15:30 Frozen 0.9 251 n.a. 3.2 36.4 n.a. 408

S12-1-04 15:30 Frozen Rpt 1.4 272 n.a. 7.2 79.3 n.a. 438

S23-2-04 11:30 Fridge 3.4 448 n.a. 7.2 48.3 -13.8 431

S23-2-04 11:30 Fridge Rpt 1.9 475 n.a. 7.6 56.6 n.a. 457

S23-2-04 11:30 Frozen 2.3 429 n.a. 6.3 53.4 -15.6 400

S23-2-04 11:30 Frozen Rpt 3.9 442 n.a. 7.6 48.4 n.a. 460

Table 6.5 Results of analysis of samples that were analysed after being refrigerated over night and after being frozen and thawed.
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6 .2 .3  R e s u l t s

The samples were analysed for fluoride, chloride, nitrite, bromide, nitrate, phosphate and 

sulphate. Nitrite and phosphate concentrations were around the detection limit, so 

readings were not obtained for them.

6.2.3.1 BSC Pipe (LP1)

6.2.3.1.1 Fluoride

Fluoride values recorded for LP1 vary between 1.0 and 19.9 mg/1 (mean 3.6 mg/1) 

(Table 6.6). Figure 6.14 shows that other than a few outliers the concentration does not 

vary greatly.

6.2.3.1.2 Chloride

Chloride values recorded for LP1 vary between 265.9 and 868.0 mg/1 (mean 633.2 mg/1) 

(Table 6.6). Figure 6.15 shows that chloride varies throughout the recording period in 

such a way that suggests an external influence on the concentration. The most likely such 

influence is discharge and this will be explored in Section 6.4.

Figure 6.16 shows the chloride values measured during this study with the historical data. 

The analyses using IC for this study fit in well with the general long-term trend exhibited 

by the historical data recorded by SVWS.
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6.2.3.1.3 Bromide

Bromide values recorded for LP1 vary between 1.5 and 53.8 mg/1 (mean 10.4 mg/1) 

(Table 6.6). Figure 6.17 shows that bromide varies throughout the recording period, again 

possibly in response to discharge and this will be explored in Section 6.4. There are also a 

number of outlying data points.

6.2.3.1.4 Nitrate

Nitrate values recorded for LP1 vary between 6.9 and 465.5 mg/1 (mean 160.9 mg/1) 

(Table 6.6). Figure 6.18 shows that nitrate varies throughout the recording period, and 

again the possible external influence is discharge, which will be explored in Section 6.4.

Figure 6.19 shows the nitrate values measured during this study with the historical data. 

The analyses using IC for this study are higher than those in the historical data recorded 

by SVWS.

6.2.3.1.5 Sulphate

Sulphate values recorded for LP1 vary between 342.6 and 948.2mg/l (mean 677.3 mg/1) 

(Table 6.6). Figure 6.20 shows that this significant variation in sulphate concentrations 

may also reflect changes in leachate discharge volumes, as discussed in Section 6.4.

Figure 6.21 shows the sulphate values measured during this study with the historical data. 

The analyses using IC for this study agree well with the general long-term trend exhibited 

by the historical data recorded by SVWS.
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Fluoride Chloride Bromide Nitrate Sulphate
Minimum 1.0 265.9 1.5 6.9 342.6
Maximum 19.9 868.0 53.8 465.5 948.2
Mean 3.6 633.2 10.4 160.9 677.3
Standard Deviation 1.5 116.4 4.8 88.4 122.4

Tabic 6.6 Minimum, maximum, mean and standard deviation o f dcterminands in LP1 

analysed using IC.
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Figure 6.14 Graph showing fluoride concentrations measured in LP1 between 22 June 

2002 and 7 July 2004.
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Figure 6.15 Graph showing chloride concentrations measured in LP1 between 22 June 

2002 and 7 July 2004.

1000

900 10 799

800 R- = 0.6485
700 ♦ ♦
600

/—S

E
500

♦♦«# 400■o•E
P 300

♦ ♦ ♦ ♦
. c
U 200

100

9 ©
op  i

<NOomo\

aa
O

Date

Figure 6.16 Graph showing chloride concentrations measured in LP1 between July 

1993 and July 2004.
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Figure 6.17 Graph showing bromide concentrations measured in LP1 between 22 June 

2002 and 7 July 2004.
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Figure 6.18 Graph showing nitrate concentrations measured in LP1 between 22 June 

2002 and 7 July 2004.
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Figure 6.19 Graph showing nitrate concentrations measured in LP1 between July 1993 

and July 2004.
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Figure 6.20 Graph showing sulphate concentrations measured in LP1 between 22 June 

2002 and 7 July 2004.
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Figure 6.21 Graph showing sulphate concentrations measured in LP1 between July 

1993 and July 2004.
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6.2.3.2 Settlement Tank

Values of ion concentration recorded in the Settlement Tank are lower than those recorded 

for LP1. This is as expected since the flow from LP1 goes into the Settlement Tank 

together with other leachate flows and is mixed with much cleaner surface runoff from the 

landfill.

6.2.3.2.1 Fluoride

Fluoride values recorded for the Settlement Tank vary between 0.6 and 6.4 mg/1 (mean 

2.6 mg/1) (Table 6.7). Figure 6.22 shows little consistent variation in fluoride 

concentration, although the wide scatter o f values makes detection of trends difficult.

6.2.3,2.2 Chloride

Chloride values recorded for the Settlement Tank vary between 124.6 and 692.5 mg/1 

(mean 486.1 mg/1) (Table 6.7). Figure 6.23 shows that chloride varies throughout the 

recording period in a similar manner to that recorded for LP1, and the effect o f discharge 

variation will be discussed in Section 6.4.

6.2.3.2.3 Bromide

Bromide values recorded for the Settlement Tank vary between 0.5 and 23.2 mg/1 

(Fig. 6.24) (mean 7.7 mg/1, Table 6.7). Again, the influence of discharge is discussed in 

Section 6.4.
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6.2.3.2.4 Nitrate

Nitrate values recorded for the Settlement Tank vary between 3.0 and 305.3 mg/1 (mean 

118.8 mg/1) (Table 6.7) and this variation in concentration (Fig 6.25) is discussed in 

relation to discharge in Section 6.4.

6.2.3.2.5 Sulphate

Sulphate values recorded for the Settlement Tank vary between 140.4 and 750.7 mg/1 

(mean 513.7 mg/1) (Table 6.7). Figure 6.26 shows that sulphate concentrations are likely 

to vary with discharge (see Section 6.4.)

Fluoride Chloride Bromide Nitrate Sulphate

Minimum 0.6 124.6 0.5 3.0 140.4

Maximum 6.4 692.5 23.2 305.3 750.7

Mean 2.6 486.1 7.7 118.8 513.7

Standard Deviation 0.9 105.5 3.1 57.4 100.3

Table 6.7 Minimum, maximum, mean and standard deviation of determinands in the 

Settlement Tank discharge analysed using IC.
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Figure 6.22 Graph showing 11 uoride concentrations measured in the Settlement Tank 

between 22 June 2002 and 7 July 2004.
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Figure 6.23 Graph showing chloride concentrations measured in the Settlement Tank 

between 22 June 2002 and 7 July 2004.
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Figure 6.24 Graph showing bromide concentrations measured in the Settlement Tank 

between 22 June 2002 and 7 July 2004.
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Figure 6.25 Graph showing nitrate concentrations measured in the Settlement Tank 

between 22 June 2002 and 7 July 2004.
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Figure 6.26 Graph showing sulphate concentrations measured in the Settlement Tank 

between 22 June 2002 and 7 July 2004.
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6.3 C o n d u c t iv it y  M o n it o r in g

6.3.1 C o n d u c t i v i t y  M o n i t o r s

In January 2003 two E53 analysers with 3700E-series encapsulated electrodeless 

conductivity sensors were installed on site (Table 6.8). One was installed in LP1 as the 

leachate exits the BSC Pipe. The other was installed in the Settlement Tank by the 

ultrasonic sensor monitoring the flow over the weir.

The electrodeless sensor induces a low current in a closed loop of solution and then 

measures the magnitude o f this current to determine the solution’s conductivity.

One of the old WJ460 flow monitors was replaced with a new one. The new WJ460 

monitor has 2 channels dedicated to flow readings and 2 channels that can be used for 

other measurements -  in this case conductivity. The sensors continuously monitor the 

conductivity and readings are recorded every 15 minutes, which is the same frequency as 

the flow readings.

Although the analyser and conductivity sensor measures conductivity readings to 2 

decimal places, the datalogger records measurements to the closest value it can allocate a 

reading to. The values that readings can be assigned to are at a spacing o f 0.1 and 

0.2 mS/cm.
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E53 Analyser

Display: Backlit dot matrix LCD

Measurement Units: pS/cm, mS/cm, S/cm, %, or ppm

Temperature compensation: Auto/Manual, -10 to 200 °C

Relays: Electromechanical Standard: Two SPDT
Optional: Two additional SPDT

Analog Outputs: Two isolated 0-20 or 4-20 mA

Communication: Standard: RS-232 
Optional: HART® Protocol

Power: 90-130 or 180-260 VAC, 50-60 Hz

Analyser Performance: Accuracy: 0.5% of span 
Stability: 0.2% of span/24 hrs 
Repeatability: 0.1 % of span

Enclosure: 1/2 DIN, NEMA 4X (IP65) with hardware for surface, 
panel, or pipe mounting

Weight: ~3.5 lbs (1.6 kg)

3700E-Series Electrodeless Conductivity Sensor

Sample Temperature: -10 to 200 °C (14 to 383 °F)

Pressure Range: 200 psig at 302 °F

Accuracy: ±0.01% o f reading, all ranges

Wetted Materials: Polypropylene, PEEK, PFA, Teflon®, or PVDF

Weight: ~1 lb (0.45 kg)

Table 6.8 Table showing the specification of the E53 Analyser and 3700E-Series 

Electrodeless Conductivity Sensor.
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6 .3 .2  R e s u l t s

6.3.2.1 BSC Pipe (LP1)

Conductivity for LP1 varied between 1.9 and 8.5 mS/cm (mean 6.0 mS/cm, Standard 

Deviation ±1.1 mS/cm) between January 2003 and June 2004 (Fig. 6.27). The data 

appears to show rapid increases in conductivity within the time scries, separated by less 

rapid declines.

6 tk
rr 

•  *»V

oooo

Date

Figure 6.27 Graph showing how average daily conductivity varies for LP1 between 

January 2003 and June 2004.

Figure 6.28 shows how the conductivity varies with the BSC Pipe (LP1) discharge. A 

weak correlation (R2 = 0.0284) is obtained for these data (Fig. 6.29). An exponential 

trendline shows a decrease in conductivity with an increase in discharge, which could 

represent dilution, but the degree o f scatter particularly for lower flows suggests that this 

is not a dominant control on conductivity.
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Discharge

C onductivity

Date

Figure 6.28 Graph showing average daily conductivity and discharge for the BSC Pipe 

(LP1) between January 2003 and June 2004.
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Figure 6.29 Graph showing discharge for the BSC Pipe (LP1) against average daily 

conductivity between January 2003 and June 2004.
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6 .3 .2 .2  S e ttlem en t T a n k

Conductivity for the Settlement Tank varied between 2.3 and 6.7 mS/cm (mean 

4.3 mS/cm, Standard Deviation ±1.4 mS/cm) between January 2003 and June 2004 

(Fig. 6.30).

Figure 6.31 shows how the conductivity varies with the Settlement Tank discharge. A 

weak correlation (R2 = 0.0118) is obtained for these data (Fig. 6.32). A power trendline 

shows an increase in conductivity with an increase in discharge. This is not what would 

be expected since increased discharge represents an increase in runoff which would be 

expected to dilute the discharge.

In detail, however, figure 6.31 shows that before September 2003 the conductivity varied 

very little and did not show any response to discharge whereas after September 2003 there 

appears to be a relationship between discharge and conductivity. It is possible that the 

conductivity readings for January to September 2003 are unreliable. Figure 6.33 shows a 

strong (R2 = 0.4614) relationship between conductivity and discharge when data from 

8 September 2003 are used (excluding 4 very high discharge readings between 30 October 

and 2 November 2003). The exponential trendline shows that an increase in discharge is 

associated with a decrease in conductivity, as expected.
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Figure 6.30 Graph showing how average daily conductivity varies for the Settlement 

Tank between January 2003 and June 2004.
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Figure 6.31 Graph showing average daily conductivity and discharge for the Settlement 

Tank between January 2003 and June 2004.
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Figure 6.32 Graph showing discharge for the Settlement Tank against average daily 

conductivity between January 2003 and June 2004.
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Figure 6.33 Graph showing discharge for the Settlement Tank against average daily 

conductivity between 8 September 2003 and June 2004.
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6.4  A n a l y s is  o f  G e o c h e m i c a l  D a t a  

6.4.1 BSC Pipe (L P l)

Figures 6.34 to 6.38 show conductivity plotted against the elements and compounds 

analysed using IC and reported in Section 6.2.3.1. Fluoride, chloride, bromide and nitrate 

increase as conductivity increases as indicated by the trendlines. Sulphate has an almost 

level trendline indicating that there is no correlation between conductivity and sulphate. 

Since conductivity is related to the nature and concentration of ionised substances present 

in the solution, it is expected that conductivity would have correlations with some of its 

constituents.

Bivariate analysis results are given in table 6.9 for LPl. Correlation coefficients and 

significance for the discharge, conductivity and the chemical analysis are compared 

against each other.

The conductivity of LPl shows significant weak correlations with chloride (r = 0.28, 

p = 0.00), bromide (r = 0.25, p = 0.00) and fluoride (r = 0.23, p = 0.00).

The chemical substances within LPl show correlations with each other. A significant 

strong correlation (r = 0.78, p = 0.00) is found between sulphate and nitrate. Moderately 

significant correlations are found between chloride and nitrate (r = 0.55, p = 0.00) and 

between chloride and sulphate (r = 0.55, p = 0.00). A weak significant correlation is 

found between chloride and bromide (r = 0.27, p = 0.00). Bromide and fluoride show a 

significant very weak correlation (r = 0.18, p = 0.00).

Figure 6.39 shows that there are no trends for the BSC Pipe discharge and the chemical 

analysis of LPl using IC. The discharge from the BSC Pipe (LPl) does not have any 

significant correlations with the chemical analysis (Table 6.9). The discharge does not 

influence the patterns o f concentrations o f chloride, bromide, nitrate and sulphate seen in 

Section 6.2.3.1.
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Figure 6.34 Graph showing fluoride concentration for the BSC Pipe (LP1) against 

average daily conductivity between January 2003 and June 2004.
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Figure 6.35 Graph showing chloride concentration for the BSC Pipe (LP1) against 

average daily conductivity between January 2003 and June 2004.
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Figure 6.36 Graph showing bromide concentration for the BSC Pipe (LP1) against 

average daily conductivity between January 2003 and June 2004.
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Figure 6.37 Graph showing nitrate concentration for the BSC Pipe (LP1) against 

average daily conductivity between January 2003 and June 2004.
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Figure 6.38 Graph showing sulphate concentration for the BSC Pipe (LP1) against 

average daily conductivity between January 2003 and June 2004.
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Figure 6.39 Graph showing discharge through the BSC Pipe (LP1) against the IC 

results.
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C. Paris 

Cardiff 
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niversity

BSC Pipe 
discharge

LP1
Conductivity

LP1
fluoride

LP1
chloride

LP1
bromide

LP1 nitrate
LP1

sulphate

Pearson Correlation 1 0.12 0.05 -0.12 0.1 -0.02 -0.08

BSC Pipe discharge Significance 0.07 0.60 0.21 0.32 0.81 0.40

N 472 223 113 113 102 113 113

Pearson Correlation 0.12 1 23** .28** .25** 0.07 -0.07

LP1 Conductivity Significance 0.07 0.00 0.00 0.00 0.27 0.26

N 223 475 256 256 244 256 256

Pearson Correlation 0.05 .23** 1 0.09 .18** - .12* -0.09

LP1 fluoride Significance 0.60 0.00 0.13 0.00 0.03 0.10

N 113 256 308 308 296 308 308

Pearson Correlation -0.12 .28** 0.09 1 .27** .55** .55**

LP1 chloride Significance 0.21 0.00 0.13 0.00 0.00 0.00

N 113 256 308 308 296 308 308

Pearson Correlation 0.1 .25** .18** .27** 1 0.1 0.06

LP1 bromide Significance 0.32 0.00 0.00 0.00 0.10 0.29

N 102 244 296 296 296 296 296

Pearson Correlation -0.02 0.07 - .12* .55** 0.1 1 .78**

LP1 nitrate Significance 0.81 0.27 0.03 0.00 0.10 0.00

N 113 256 308 308 296 308 308

Pearson Correlation -0.08 -0.07 -0.09 .55** 0.06 .78** 1

LP1 sulphate Significance 0.40 0.26 0.10 0.00 0.29 0.00

N 113 256 308 308 296 308 308

** Correlation is significant at the 0.01 level
* Correlation is significant at the 0.05 level

o  Table 6.9 Table of correlations for the BSC Pipe (LP1) discharge and geochemical data.
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6.4 .2  S e t t l e m e n t  T a n k

As discussed in Section 6.3.2.2, it is possible that the conductivity readings for January to 

September 2003 are unreliable. In the following figures (6.40 to 6.44) the conductivity 

data has been split into data that is considered unreliable (3 January to 7 September 2003) 

and reliable (8 September 2003 to 23 June 2004). Trendlines given are for the data 

between 8 September 2003 and 23 June 2004.

Figures 6.40 to 6.44 show conductivity against the elements and compounds analysed in 

Section 6.2.3.2. Fluoride, chloride, bromide, nitrate and sulphate all increase as 

conductivity increases as indicated by the trendlines.

Bivariate analysis results are given in table 6.10 for the Settlement Tank. Correlation 

coefficients and significance for the discharge, conductivity and the chemical analysis are 

compared against each other. The conductivity has been divided into all the data (3 

January to 23 June 2004) and data for 8 September 2003 to 23 June 2004.

The discharge from the Settlement Tank has a significant moderate correlation with 

conductivity for data between 8 September 2003 to 23 June 2004 (r = -0.54, p = 0.00). If 

all the conductivity data are included then there is no correlation between discharge and 

conductivity.

Taking all the conductivity data, significant weak correlations are found between 

conductivity and bromide (r = 0.39, p = 0.00) and chloride (r = 0.25, p = 0.00). 

Significant very weak correlations are found with nitrate (r = 0.16, p = 0.01) and fluoride 

(r = 0.15, p = 0.02).

The conductivity data between 8 September 2003 and 23 June 2004 gives higher 

correlations with the chemical data. A very strong significant correlation is found with 

chloride (r = 0.85, p = 0.00). Moderate correlations are found with bromide (r=0.51, 

p = 0.00) and nitrate (r = 0.40, p = 0.00). Significant weak correlations are found with 

sulphate (r = 0.35, p = 0.00) and fluoride (r = 0.33, p = 0.00).
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W h e n  c o n s id e r in g  th e  d a ta  b e t w e e n  8 S e p te m b e r  2 0 0 3  a n d  2 3  Ju n e 2 0 0 4  in ste a d  o f  a ll the  

data , str o n g e r  c o r r e la t io n s  are  o b ta in e d  (T a b le  6 .1 0 ) ,  w h ic h  su p p o rts  th e  id e a  that  

c o n d u c t iv ity  d a ta  b e t w e e n  3 J a n u a ry  a n d  7  S e p te m b e r  2 0 0 3  is  u n r e lia b le .

F ig u re  6 .4 5  a n d  6 .4 6  s h o w s  h o w  c h lo r id e ,  n itr a te , su lp h a te  an d  b r o m id e  s h o w  a  d e c r e a se  

in  c o n c e n tr a t io n  w ith  an  in c r e a s e  in  d is c h a r g e . T h is  s u g g e s t s  a  d ilu t io n  e f fe c t .  S ig n if ic a n t  

co r r e la t io n s  are o b ta in e d  fo r  th e  d is c h a r g e  a n d  c h lo r id e  (r =  - .5 6 ,  p  =  0 .0 0 ) ,  n itrate  

(r =  - .5 6 ,  p  =  0 .0 0 ) ,  su lp h a te  (r =  - .4 9 ,  p  =  0 .0 0 )  a n d  b r o m id e  (r =  - .1 6 ,  p  =  0 .0 1 )  

(T a b le  6 .1 0 ) .  It is  p o s s ib le  th a t th e  d is c h a r g e  in f lu e n c e s  th e  p a ttern s o f  c o n c e n tr a t io n s  o f  

c h lo r id e , b r o m id e , n itra te  a n d  s u lp h a te  s e e n  in  S e c t io n  6 .2 .3 .2 .

T h e  c h e m ic a l s u b s ta n c e s  w it h in  th e  S e t t le m e n t  T a n k  s h o w  s ig n if ic a n t  c o -v a r ia t io n . A  

s ig n if ic a n t  v e r y  s tr o n g  c o r r e la t io n  (r  =  0 .8 1 ,  p  =  0 .0 0 )  is  fo u n d  b e t w e e n  su lp h a te  and  

n itrate. A  s tr o n g  s ig n i f ic a n t  c o r r e la t io n  i s  fo u n d  b e tw e e n  c h lo r id e  a n d  su lp h a te  (r =  0 .6 3 ,  

p =  0 .0 0 ) .  M o d e r a te  s ig n i f i c a n t  c o r r e la t io n s  are  fo u n d  b e tw e e n  c h lo r id e  an d  n itrate  

(r =  0 .5 3 ,  p  =  0 .0 0 )  a n d  b e t w e e n  c h lo r id e  a n d  b r o m id e  (r =  0 .4 1 ,  p  =  0 .0 0 ) .  W e a k  

s ig n if ic a n t  c o r r e la t io n s  are  fo u n d  b e t w e e n  c h lo r id e  a n d  f lu o r id e  (r =  0 .2 9 ,  p  =  0 .0 0 ) ,  

su lp h a te  an d  b r o m id e  (r  =  0 .2 5 ,  p  =  0 .0 0 ) ,  a n d  n itr a te  a n d  b r o m id e  (r =  0 .2 3 ,  p  =  0 .0 0 ) .
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a v e r a g e  d a i ly  c o n d u c t iv i t y  b e tw e e n  Janu ary  2 0 0 3  and  Ju n e 2 0 0 4 .
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Settlement Settlement Tank Settlement Tank Settlement Settlement Settlement Settlement Settlement
Tank Conductivity (Jan Conductivity Tank Tank Tank lank Tank

discharge 03 to June 04) (Sept 03 to June 04) fluoride chloride bromide nitrate sulphate

Settlement Tank 
discharge

Pearson Correlation 

Significance

1 0 . 0 2

0.70

- 5 4 **

0 . 0 0

-0.09

0.17

-.56**

0 . 0 0

-.16*

0 . 0 1

-.56**

0 . 0 0

-.49**

0 . 0 0

N 1044 400 267 264 265 254 265 265

Settlement Tank Pearson Correlation 0 . 0 2 1 1 .15* .25** .39** .16** -0.03

Conductivity Significance 0.70 0 . 0 2 0 . 0 0 0 . 0 0 0 .0 1 0.64
(Jan 03 to June 04) N 400 458 287 247 248 237 248 248

Settlement Tank Pearson Correlation -0.54** 1 1 .33** .85** .51** .40** .35**

Conductivity Significance 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0

(Sept 03 to June 04) N 267 287 287 157 158 148 158 158

Pearson Correlation -0.09 .15* .33** 1 .29** .14* -0.06 0 . 0 1

Settlement Tank 
fluoride

Significance 0.17 0 . 0 2 0 . 0 0 0 . 0 0 0 . 0 1 0.32 0.82

N 264 247 157 311 311 300 311 311

Settlement Tank 
chloride

Pearson Correlation 

Significance

-.56**

0 . 0 0

.25**

0 . 0 0

.85**

0 . 0 0

.29**

0 . 0 0

1 .41**

0 . 0 0

.53**

0 . 0 0

.63**

0 . 0 0

N 265 248 158 311 312 301 312 312

Settlement Tank 
bromide

Pearson Correlation 

Significance

-.16*

0 . 0 1

3 9 **

0 . 0 0

51**

0 . 0 0

.14*

0 . 0 1

41**

0 . 0 0

1 .23**

0 . 0 0

.25**

0 . 0 0

N 254 237 148 300 301 301 301 301

Settlement Tank 
nitrate

Pearson Correlation 

Significance

-.56**

0 . 0 0

.16**

0 . 0 1

.40**

0 . 0 0

-0.06

0.32

.53**

0 . 0 0

.23**

0 . 0 0

1 .81**

0 . 0 0

N 265 248 158 311 312 301 312 312

Settlement lank  
sulphate

Pearson Correlation 

Significance

_  4 9 **

0 . 0 0

-0.03

0.64

.35**

0 . 0 0

0 . 0 1

0.82

.63**

0 . 0 0

.25**

0 . 0 0

.81**

0 . 0 0

1

N 265 248 158 311 312 301 312 312

4*.
-U.
Os

** Correlation is significant at the 0.01 level
* Correlation is significant at the 0.05 level

Table 6.10 Table of correlations for the Settlement Tank discharge and geochemical data.
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6.5 S u m m a r y

T h e  le a c h a te  p r o d u c e d  at S i le n t  V a l l e y  la n d f i l l  s ite  is  a  w e a k  le a c h a te . T h e  m a jo r ity  o f  th e  

c o n s t itu e n ts  m o n ito r e d  are l o w  in  c o n c e n tr a t io n  w h e n  c o m p a r e d  to  th e  f ig u r e s  q u o ted  b y  

th e  D o E  ( 1 9 9 5 )  fo r  la r g e  a c e t o g e n ic  (T a b le  2 .5 )  a n d  m e th a n o g e n ic  (T a b le  2 .6 )  la n d fill  

s ite s . T h e  le a c h a te  fr o m  th e  B S C  P ip e  (L P 1 )  is  s im ila r  to  th e  le a c h a te  r e c o r d e d  at v a l le y  

la n d fi l ls  w ith  g r o u n d w a te r  in g r e s s  (T a b le  2 .1 6 ) .  T h is  f i t s ,  s in c e  S i le n t  V a l le y  la n d fil l  is  a  

v a l le y  la n d f i l l  w ith  s u s p e c t e d  g r o u n d w a te r  in g r e s s .

N itr a te  a n d  n itr ite  c o n c e n tr a t io n s  a t S i le n t  V a l le y  la n d f i l l  s ite  are b o th  r e la t iv e ly  h ig h ;  

h ig h er  th a n  th o s e  p r e s e n te d  fo r  la r g e  a c e t o g e n ic  (T a b le  2 .5 )  a n d  m e th a n o g e n ic  (T a b le  2 .6 )  

la n d fil l  s i te s .

A n a ly s is  o f  th e  L P 1 le a c h a te  fr o m  th e  S i le n t  V a l le y  la n d f i l l  s ite  r e v e a ls  th at, o v e r  th e  

p e r io d  for  w h ic h  r e s u lt s  w e r e  a v a i la b le ,  s o m e  o f  th e  c o n s t itu e n ts  m o n ito r e d  sh o w e d  

v a r ia t io n s  (T a b le  6 .1 1 ) .  C o n d u c t iv ity  a n d  m a n y  o f  th e  m e ta ls  s h o w  n o  tren d  b e tw e e n  

1 9 9 3  a n d  th e  p r e se n t. S u lp h a te , p H , th e  B O D /C O D  ra tio  a n d  iro n  s h o w  a  g e n e r a l d e c r e a se  

o v e r  th e  11 y e a r s . T e m p e r a tu r e , a m m o n ia c a l  n itr o g e n , a lk a lin ity , C O D , B O D , T O C , 

so d iu m , p o ta s s iu m , m a n g a n e s e  a n d  c h lo r id e  a ll  s h o w  a  g e n e r a l in c r e a se  o v e r  th e  11 y ea rs . 

It is  l ik e ly  th a t s o m e  o f  t h e s e  tr e n d s  w i l l  c o n t in u e  b u t it is  u n k n o w n  fo r  h o w  lo n g . I f  th e  

tren d s d o  c o n t in u e  th e n  th e  le a c h a te  w i l l  b e c o m e  m o r e  c o n ta m in a te d  o v e r a ll  a n d  req u ire  

m o r e  trea tm en t.

W ith  r e fe r e n c e  to  ta b le  6 .1 2 ,  th e  c o n c e n tr a t io n  o f  th e  le a c h a te  d e c r e a s e s  a s  th e  a g e  o f  th e  

w a s te  in c r e a se s . T h e  S i le n t  V a l l e y  le a c h a te  h a s  m a n y  o f  its  c o n s t itu e n ts  in c re a s in g  

s u g g e s t in g  th a t m u c h  o f  th e  le a c h a te  e x i t in g  th r o u g h  th e  B S C  P ip e  is  g e n e r a te d  fro m  

y o u n g e r  w a s te . S in c e  th e  s i z e  o f  th e  la n d f i l l  i s  in c r e a s in g , th ere  is  a lw a y s  y o u n g  w a s te  

b e in g  b r o k e n  d o w n .
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Upward trend with time Downward trend with time No trend

T em p era tu re P H C o n d u c t iv ity
A m m o n ia c a l  n itr o g e n B O D /C O D  ( s l ig h t ) C a lc iu m
A lk a lin ity Ir o n  ( s l ig h t ) M a g n e s iu m
C O D S u lp h a te C o p p e r
B O D  (s l ig h t ) Z in c
T O C N ic k e l
S o d iu m C a d m iu m
P o ta ss iu m  ( s l ig h t ) L e a d
M a n g a n e se  ( s l ig h t )  

C h lo r id e
C h r o m iu m

T a b le  6 .1 1  L o n g -te r m  tr e n d s  fo r  d e te r m in a n d s  m e a s u r e d  in  L P 1.

Parameter
Age Category

0 to 5 years 5 to 10 years 10 to 20 years >20 years
B O D 1 0 0 0 0 - 2 5 0 0 0 1 0 0 0 - 4 0 0 0 5 0 - 1 0 0 < 5 0

C O D 1 5 0 0 0 - 4 0 0 0 0 1 0 0 0 0 - 2 0 0 0 0 1 0 0 0 - 5 0 0 0 < 1 0 0 0

T o ta l K je ld a h l n itr o g e n 1 0 0 0 - 3 0 0 0 4 0 0  - 6 0 0 7 5  - 3 0 0 < 5 0

A m m o n ia  n itr o g e n 5 0 -  1 5 0 0 3 0 0  - 5 0 0 5 0  - 2 0 0 < 3 0

A lk a lin ity 1 0 0 0 0 -  1 5 0 0 0 1 0 0 0 - 6 0 0 0 5 0 0  - 2 0 0 0 < 5 0 0

T D S 1 0 0 0 0 - 2 5 0 0 0 5 0 0 0 -  1 0 0 0 0 2 0 0 0  - 5 0 0 0 < 1 0 0 0

p H 5 - 6 6 - 7 7 - 7 . 5 7 .5

C a lc iu m 2 0 0 0  - 4 0 0 0 5 0 0  - 2 0 0 0 3 0 0  - 5 0 0 < 5 0 0

S o d iu m  an d  P o ta s s iu m 2 0 0 0  - 4 0 0 0 5 0 0 -  1 5 0 0 1 0 0 - 5 0 0 < 1 0 0

M a g n e s iu m  a n d  Iron 5 0 0  - 1 5 0 0 5 0 0 -  1 0 0 0 1 0 0 - 5 0 0 < 1 0 0

Z in c  an d  A lu m in iu m 1 0 0 - 2 0 0 5 0 - 1 0 0 1 0 - 5 0 < 1 0

C h lo r id e 1 0 0 0 - 3 0 0 0 5 0 0  - 2 0 0 0 1 0 0 - 5 0 0 < 1 0 0

S u lp h a te 5 0 0  - 2 0 0 0 2 0 0  - 1 0 0 0 5 0  - 2 0 0 < 5 0

T o ta l p h o sp h o r u s 1 0 0 - 3 0 0 1 0 - 1 0 0 < 1 0
U n its  in  m g/1 e x c e p t  fo r  p H

T a b le  6 . 1 2  C h a n g e s  in  c o n c e n tr a t io n  o f  le a c h a te  p a ra m eters  w ith  a g e  o f  th e  w a ste . 

F r o m  B ir k s  &  E y le s  ( 1 9 9 7 ) .
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R e a d in g s  fr o m  th e  c o n d u c t iv i t y  s e n s o r s  in s ta l le d  in  L P 1 an d  th e  S e tt le m e n t  T a n k  h a v e

b e e n  c o m p a r ed  w ith  d is c h a r g e . A  w e a k  n e g a t iv e  c o r r e la t io n  (R 2 =  0 .0 2 8 4 )  is  o b ta in e d  for

c o n d u c t iv ity  w ith  th e  B S C  P ip e  (L P 1 )  d isc h a r g e . A  str o n g  n e g a t iv e  c o rr e la tio n  
2 •(R  =  0 .4 6 1 4 )  is  o b ta in e d  b e t w e e n  c o n d u c t iv i ty  a n d  d isc h a r g e  fr o m  th e  S e tt le m e n t  T an k  

w h e n  o n ly  d ata  c o n s id e r e d  r e l ia b le  i s  u s e d . A n  in c r e a se  in  d isc h a r g e  is  a s s o c ia te d  w ith  a 

d e c r e a se  in  c o n d u c t iv ity , r e p r e s e n t in g  d ilu t io n .

C o n d u c t iv ity  r e a d in g s  are  c o m p a r e d  w it h  th e  IC  a n a ly s is  r e su lts  fo r  L P 1 and  th e  

S e tt le m e n t T an k . F o r  L P 1 ,  f lu o r id e , c h lo r id e , b r o m id e  a n d  n itra te  in c r e a se  a s  c o n d u c t iv ity  

in c r e a se s , w ith  su lp h a te  r e m a in in g  a b o u t  th e  s a m e . T h e  c o n d u c t iv ity  o f  L P1 s h o w s  

s ig n if ic a n t  w e a k  c o r r e la t io n s  w it h  c h lo r id e  (r  =  0 .2 8 ,  p  =  0 .0 0 ) ,  b r o m id e  (r =  0 .2 5 ,  

p =  0 .0 0 )  and  f lu o r id e  (r =  0 .2 3 ,  p  =  0 .0 0 ) .

F or  th e  S e tt le m e n t T a n k , f lu o r id e , c h lo r id e , b r o m id e , n itra te  a n d  su lp h a te  a ll  in c r e a se  as  

c o n d u c t iv ity  in c r e a se s . A  v e r y  s tr o n g  s ig n i f ic a n t  c o r r e la t io n  is  fo u n d  fo r  c h lo r id e  w ith  

c o n d u c t iv ity  (r =  0 .8 5 ,  p  =  0 .0 0 ) .  M o d e r a te  s ig n if ic a n t  c o r r e la t io n s  are fo u n d  w ith  

b r o m id e  (r =  0 . 5 1 ,  p  =  0 .0 0 )  a n d  n itr a te  (r =  0 .4 0 ,  p  =  0 .0 0 ) .  S ig n if ic a n t  w e a k  c o rr e la tio n s  

are fo u n d  w ith  su lp h a te  (r  =  0 . 3 5 ,  p  =  0 .0 0 )  a n d  f lu o r id e  (r =  0 .3 3 ,  p  =  0 .0 0 ) .

T h e  c h e m ic a l s u b s ta n c e s  w ith in  L P 1  a n d  th e  S e t t le m e n t  T a n k  d isc h a r g e  s h o w  c o r r e la t io n s  

w ith  e a c h  o th er . S in c e  c o n d u c t iv i t y  i s  r e la te d  to  th e  n a tu re  a n d  c o n c e n tr a t io n  o f  io n is e d  

su b s ta n c e s  p r e se n t in  th e  s o lu t io n ,  it  i s  e x p e c t e d  th a t c o n d u c t iv ity  w o u ld  b e  c o rr e la ted  

w ith  s o m e  o f  its  c o n s t itu e n ts .

T h e  d isc h a r g e  fr o m  th e  B S C  P ip e  (L P 1 )  d o e s  n o t  h a v e  a n y  s ig n if ic a n t  c o r r e la t io n s  w ith  

th e  IC  a n a ly s is . F o r  th e  S e t t le m e n t  T a n k  c h lo r id e , n itra te , su lp h a te  a n d  b r o m id e  s h o w  a 

d e c r e a se  in  c o n c e n tr a t io n  w it h  a n  in c r e a s e  in  d isc h a r g e  s u g g e s t in g  a  d ilu t io n  e f fe c t .  

S ig n if ic a n t  c o r r e la t io n s  are  o b ta in e d  fo r  th e  d isc h a r g e  a n d  c h lo r id e  (r =  - .5 6 ,  p  =  0 .0 0 ) ,  

nitrate  (r =  - .5 6 ,  p  =  0 .0 0 ) ,  s u lp h a te  (r =  - .4 9 ,  p  =  0 .0 0 )  a n d  b r o m id e  (r =  - . 1 6 ,  p  =  0 .0 1 ) .

M a n y  o f  th e  o b s e r v a t io n s  o f  th e  S i le n t  V a l le y  le a c h a te  s u g g e s t  th e  cu rren t p h a se s  o f  

a c t iv ity  w ith in  th e  s ite . S o m e  are c o n s is t e n t  w ith  P h a se  III, a c to g e n ic , c o n d it io n s . T h e se  

in c lu d e  d e c r e a s in g  s u lp h a te , in c r e a s in g  a lk a lin ity , an d  n itra te  c o n c e n tr a tio n s  c lo s e s t  to
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th o s e  rep orted  fo r  a c e t o g e n ic  s i t e s .  O th er  o b s e r v a t io n s  are c o n s is te n t  w ith  P h a se  IV , 

m e th a n o g e n ic , c o n d it io n s . T h e s e  in c lu d e  s l ig h t ly  a lk a lin e  p H  h e a d in g  to w a r d s  n eutra l, 

d e c r e a s in g  B O D /C O D  r a tio , in c r e a s in g  a m m o n ia c a l n itr o g e n , an d  T O C , C O D , B O D  

le v e ls  c lo s e s t  to  th o s e  r e p o r te d  fo r  m e th a n o g e n ic  s ite s . A s  a ll s ta g e s  o f  d e g r a d a tio n  m a y  

o c cu r  at d iffe r e n t  ra tes at a n y  o n e  t im e  w ith in  a  s in g le  s ite , it  is  n o t  in c o n s is te n t  to  record  

in d ic a to rs  o f  b o th  P h a se  III a n d  P h a s e  IV  c o -e x is t in g .

Emma C. Paris Cardiff University 450



Chapter 7 -  The use o f  Artificial Neural Networks to Predict Discharge at Silent Valley.

Ch a p t e r  7

T h e  u s e  o f  A r t ific ia l  N e u r a l  

N e t w o r k s  t o  P r e d ic t  D isc h a r g e  a t

S il e n t  V a l l e y

T h e  c la s s ic  s ta t is t ic a l a p p r o a c h  to  b u i ld in g  m o d e ls  in v o lv e s  lin ea r  r e g r e s s io n , w h ic h  is  

s u f f ic ie n t  to  d e sc r ib e  t h o s e  s y s t e m s  th a t b e h a v e  l in e a r ly  or  a p p r o x im a te ly  lin e a r ly , or  ca n  

b e  a p p ro p r ia te ly  tr a n s fo r m e d  to  c r e a te  a  l in e a r  r e la t io n sh ip . L in e a r  m o d e ls  h a v e  

a d v a n ta g e s  in  th a t th e y  c a n  b e  u n d e r s to o d  a n d  a n a ly s e d  in  g rea t d e ta il, a n d  th e y  are e a s y  to  

e x p la in  and  im p le m e n t . H o w e v e r ,  t h e y  m a y  b e  to ta l ly  in a p p ro p r ia te  i f  th e  u n d e r ly in g  

m e c h a n ism  is  n o n -lin e a r .

A r tif ic ia l N e u r a l N e t w o r k s  p r o v id e  a  c o m p u ta t io n a l  or  m a th e m a tic a l te c h n iq u e  for  

m o d e llin g  s y s t e m s  a n d  c a n  b e  u s e d  w h e r e  th e  fo r m  o f  th e  r e la t io n sh ip  b e tw e e n  th e  

v a r ia b le s  in v o lv e d  is  u n k n o w n .
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7 .1  A r t i f i c i a l  N e u r a l  N e t w o r k s  (A N N )

A r tif ic ia l  N e u r a l N e tw o r k s  ( A N N s )  w e r e  o r ig in a l ly  d e v e lo p e d  to  m im ic  b a s ic  b io lo g ic a l  

n eu ra l s y s te m s , th e  h u m a n  b r a in  in  p a r ticu la r . T h e y  are c o m p o s e d  o f  a  n u m b er  o f  

in te r c o n n e c te d  s im p le  p r o c e s s in g  e le m e n t s  c a l le d  n e u r o n s  or  n o d e s . E a c h  n o d e  r e c e iv e s  

an  in p u t s ig n a l w h ic h  is  th e  to ta l  “ in fo r m a t io n ”  fr o m  o th e r  n o d e s  or  e x ter n a l s t im u li,  

p r o c e s s e s  it lo c a l ly  th r o u g h  a n  a c t iv a t io n  o r  tr a n s fe r  fu n c t io n  an d  p r o d u c e s  a  tr a n sfo r m ed  

o u tp u t s ig n a l to  o th e r  n o d e s  o r  e x te r n a l  o u tp u ts . A lth o u g h  e a c h  in d iv id u a l n eu ro n  

im p le m e n ts  its  fu n c t io n  ra th er  s l o w l y  a n d  im p e r f e c t ly ,  c o l l e c t iv e ly  a  n e tw o r k  c a n  p er fo rm  

a su rp r isin g  n u m b e r  o f  ta s k s  q u ite  e f f i c ie n t ly .  T h is  in fo r m a tio n  p r o c e s s in g  c h a r a c te r ist ic  

m a k e s  A N N s  a  p o w e r fu l  c o m p u ta t io n a l  d e v ic e  a n d  a b le  to  learn  fr o m  e x a m p le s  a n d  th e n  

to  g e n e r a lis e  to  e x a m p le s  n e v e r  b e fo r e  s e e n  (Z h a n g  et al., 1 9 9 8 ) .

A r tif ic ia l  N e u r a l N e tw o r k s  are  a b le  to  le a r n  fr o m  a n d  g e n e r a lis e  fr o m  e x p e r ie n c e .  

C u rren tly , A N N s  are b e in g  u s e d  fo r  a  w id e  v a r ie ty  o f  ta sk s  in  m a n y  d iffe r e n t  f ie ld s  o f  

b u s in e s s , in d u stry  a n d  s c ie n c e .  O n e  m a jo r  a p p l ic a t io n  a rea  o f  A N N s  is  fo r e c a s t in g . T h ere  

are se v e r a l fe a tu re s  th a t m a k e  A N N s  v a lu a b le  fo r  fo r e c a s t in g  ta sk s:

•  T h e y  are d a ta -d r iv e n  s e l f - a d a p t iv e  m e th o d s  th a t lea r n  fr o m  e x a m p le s  a n d  cap tu re

fu n c tio n a l r e la t io n s h ip s  a m o n g  th e  d a ta  e v e n  i f  th e  u n d e r ly in g  r e la t io n sh ip s  are  

u n k n o w n  or h ard  to  d e s c r ib e .

•  T h e y  c a n  g e n e r a lis e . A f t e r  le a r n in g  th e  d a ta  p r e se n te d  to  th e m  (a  sa m p le ) , th e y  c a n  

o fte n  c o r r e c t ly  in fe r  th e  u n s e e n  p a r t o f  a  p o p u la t io n .

•  T h e y  are u n iv e r sa l  f u n c t io n a l  a p p r o x im a to r s . A  n e tw o r k  c a n  a p p r o x im a te  a n y  

c o n t in u o u s  fu n c t io n  to  a n y  d e s ir e d  a c c u r a c y  -  tr a d it io n a l s ta t is t ic a l fo r e c a s t in g  m o d e ls  

fr e q u e n tly  h a v e  l im it a t io n s  in  e s t im a t in g  u n d e r ly in g  fu n c t io n s  d u e  to  th e  c o m p le x ity  o f  

real s y s te m s .

•  T h e y  are n o n - lin e a r . R e a l  w o r ld  s y s t e m s  are o f t e n  n o n -lin e a r , a n d  A N N s  are ca p a b le

o f  p e r fo r m in g  n o n - l in e a r  m o d e l l in g  w ith o u t  a  p r io r i k n o w le d g e  a b o u t th e  r e la t io n sh ip s

b e tw e e n  in p u t a n d  o u tp u t  v a r ia b le s  (Z h a n g  et al., 1 9 9 8 ) .
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7 .1 .1  T h e  M u l t i -L a y e r  P e r c e p t r o n s  (M L P )

M a n y  d iffe r e n t  A N N  m o d e ls  h a v e  b e e n  p r o p o s e d  w ith  p e r h a p s th e  m o s t  in f lu e n tia l  m o d e ls  

b e in g  th e  m u lt i- la y e r  p e r c e p tr o n s  ( M L P ) , H o p f ie ld  n e tw o r k s , an d  K o h o n e n ’s s e l f  

o r g a n is in g  n e tw o r k s . T h e  m u lt i - la y e r  p e r c e p tr o n s  are d e sc r ib e d  h ere .

T h e  M L P  n e tw o r k s  are u s e d  in  a  v a r ie ty  o f  p r o b le m s  e s p e c ia l ly  in  fo r e c a s t in g  b e c a u se  o f  

th e ir  in h eren t c a p a b il ity  o f  a rb itrary  in p u t -o u t p u t  m a p p in g .

A n  M L P  is  ty p ic a lly  c o m p o s e d  o f  s e v e r a l  la y e r s  o f  n e u r o n s  or  n o d e s  (F ig . 7 . 1 ) .  T h e  first  

la y er  is  an  in p u t la y e r  w h e r e  e x te r n a l  in fo r m a t io n  is  r e c e iv e d . T h e  la s t  la y e r  is  an  ou tp u t  

la y er  w h e r e  th e  p r o b le m  s o lu t io n  is  o b ta in e d . T h e  in p u t la y e r  a n d  o u tp u t la y er  are  

sep a ra ted  b y  o n e  or m o r e  in te r m e d ia te  la y e r s  c a l le d  th e  h id d e n  la y e r s . T h e  n o d e s  in  

a d ja cen t la y e r s  are u s u a l ly  f u l ly  c o n n e c t e d  b y  a c y c l ic  a r cs  b e tw e e n  la y er s .

H id d e n  la y e r ( s )

A c tu a l  O u tp u t D e s ir e d  O u tp u t

F ig u re  7 .1  A  s im p le  M u lt i-L a y e r e d  P e r c e p t io n  n e tw o r k

T h e  n u m b er  o f  n o d e s  in  th e  in p u t  la y e r  i s  e q u a l to  th e  n u m b er  o f  in d e p e n d e n t v a r ia b le s  

w h ile  th e  o u tp u t n o d e  r e p r e s e n ts  th e  d e p e n d e n t  v a r ia b le . T h e  w e ig h ts  a s s o c ia te d  w ith  

e a c h  p r o c e s s in g  n o d e  a r e  a d ju s te d  u s in g  th e  error, w h ic h  is  o b ta in e d  b y  c o m p a r in g  th e  

a c tu a l o u tp u t w ith  th e  d e s ir e d  o u tp u t .
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B a c k p r o p a g a tio n  (B P )  n e u r a l n e tw o r k s , in  a d d it io n  to  th e  p r o c e s s in g  n e u r o n s , c o n ta in  a  

b ia s  n eu ro n  c o n n e c te d  to  e a c h  p r o c e s s in g  u n it  in  th e  h id d e n  a n d  o u tp u t la y e r s . T h e  b ia s  

n o d e  h a s a v a lu e  o f + 1  a n d  s e r v e s  a  s im ila r  p u r p o se  a s  th e  in te rc ep t in  r e g r e s s io n  m o d e ls .

B P  n e tw o r k s  are a  c la s s  o f  f e e d fo r w a r d  n e u r a l n e tw o r k s  w ith  su p e r v ise d  le a r n in g  ru les . 

F ee d fo r w a r d  r e fe rs  to  th e  d ir e c t io n  o f  in fo r m a t io n  f l o w  fr o m  th e  in p u t to  o u tp u t layer . 

In p u ts are p a s se d  th r o u g h  th e  n e u r a l n e tw o r k  o n c e  to  d e te r m in e  th e  o u tp u t. S u p e r v ise d  

lea r n in g  is  th e  p r o c e s s  o f  c o m p a r in g  e a c h  o f  th e  n e tw o r k ’s fo r e c a s ts  w ith  th e  k n o w n  

c o rrec t a n sw e r  a n d  a d ju s t in g  th e  w e ig h t s  b a s e d  o n  th e  r e s u lt in g  fo r e c a s t  error to  m in im is e  

th e  error fu n c t io n  (K a a str a  &  B o y d ,  1 9 9 6 ) .

B e fo r e  an  A N N  c a n  b e  u s e d  to  p e r fo r m  a n y  d e s ir e d  ta sk , it  m u s t  b e  tr a in ed  to  d o  so . 

B a s ic a lly , tr a in in g  is  th e  p r o c e s s  o f  d e te r m in in g  th e  arc w e ig h ts  w h ic h  are th e  k e y  

e le m e n ts  o f  an  A N N . T h e  k n o w le d g e  le a r n e d  b y  a  n e tw o r k  is  s to r ed  in  th e  arcs an d  n o d e s  

in  th e  fo rm  o f  arc w e ig h t s  a n d  n o d e  b ia s e s .  It is  th r o u g h  th e  l in k in g  a rcs th a t an  A N N  can  

carry o u t c o m p le x  n o n - lin e a r  m a p p in g s  fr o m  it s  in p u t  n o d e s  to  its  o u tp u t n o d e s . A n  M L P  

tra in in g  is  a  s u p e r v is e d  o n e  in  th a t th e  d e s ir e d  r e s p o n s e  o f  th e  n e tw o r k  (ta rg e t v a lu e )  for  

e a c h  in p u t p attern  ( e x a m p le )  i s  a lw a y s  a v a i la b le  (Z h a n g  et al., 1 9 9 8 ) .

W h a te v e r  th e  d im e n s io n , th e  in p u t  v e c t o r  fo r  a  t im e  s e r ie s  fo r e c a s t in g  p r o b le m  w i l l  b e  

a lm o s t  a lw a y s  c o m p o s e d  o f  a  m o v in g  w in d o w  o f  f ix e d  le n g th  a lo n g  th e  se r ie s . T h e  to ta l 

a v a ila b le  d ata  are u s u a l ly  d iv id e d  in to  a  tr a in in g  s e t  ( in -s a m p le  d a ta ) an d  a  te s t  s e t  (o u t -o f -  

sa m p le  or  h o ld -o u t  s a m p le ) .  T h e  tr a in in g  s e t  i s  u s e d  fo r  e s t im a tin g  th e  arc w e ig h ts  w h ile  

th e  te s t  se t  is  u s e d  fo r  m e a s u r in g  th e  g e n e r a l is a t io n  a b il ity  o f  th e  n e tw o r k  (Z h a n g  e t  a l., 

1 9 9 8 ) . G e n e r a lis a t io n  i s  th e  a b i l i t y  to  d r a w  c o n c lu s io n s  a b o u t h ig h ly  c o m p le x  n e w  

s itu a tio n s  b y  m a k in g  a s s o c ia t io n s  w ith  p r e v io u s  e x p e r ie n c e  o f  s im ila r  s itu a tio n s  

(S te g e m a n n  &  B u e n fe ld , 1 9 9 9 ) .
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7 .1 .2  A p p l ic a t i o n s  o f  A N N s  a s  F o r e c a s t i n g  T o o l s

A r tif ic ia l  n eu ra l n e tw o r k s  h a v e  b e e n  u s e d  e x t e n s iv e ly  fo r  f in a n c ia l a p p lic a t io n s . M a n y  

o th er  fo r e c a s t in g  p r o b le m s  h a v e  b e e n  s o lv e d  b y  A N N s  in c lu d in g  a irb orn e  p o lle n ,  

c o m m o d ity  p r ic e s , e n v ir o n m e n ta l  te m p e r a tu r e , h e l ic o p te r  c o m p o n e n t  lo a d s , in tern a tio n a l  

a ir lin e  p a s se n g e r  tr a ff ic , m a c r o e c o n o m ic  in d ic e s ,  o z o n e ,  p e r so n n e l in v e n to r y , ra in fa ll, 

r iver  f lo w , stu d e n t g r a d e  p o in t  a v e r a g e s ,  t o o l  l i f e ,  to ta l in d u str ia l p r o d u c tio n , tra jec tory , 

tran sp orta tion , w a te r  d e m a n d , a n d  w in d  p r e s s u r e  p r o f i le  (Z h a n g  et al., 1 9 9 8 ) .

7.1.2.1 Rainfall-Runoff Modelling

S h a m se ld in  ( 1 9 9 7 )  lo o k e d  a t th e  a p p l ic a t io n  o f  a  n e u r a l n e tw o r k  te c h n iq u e  in  th e  c o n te x t  

o f  r a in fa ll-r u n o ff  m o d e l l in g .  T h e  p e r fo r m a n c e  o f  th e  t e c h n iq u e  w a s  c o m p a r e d  w ith  th o se  

o f  m o d e ls  th at u t i l is e  s im ila r  in p u t  in fo r m a t io n , n a m e ly , th e  s im p le  lin e a r  m o d e l  (S L M ),  

th e  s e a s o n a lly  b a s e d  l in e a r  p e r tu r b a t io n  m o d e l  (L P M ) a n d  th e  n e a r e s t  n e ig h b o u r  lin ea r  

p ertu rb ation  m o d e l  ( N N L P M ) . T h e  r e s u lt s  s u g g e s t e d  th a t th e  n eu ra l n e tw o r k  s h o w s  

c o n s id e r a b le  p r o m ise  in  th e  c o n t e x t  o f  r a in fa l l - r u n o f f  m o d e l lin g .

L a n g e  ( 1 9 9 9 )  s h o w e d  th a t a n  a r t if ic ia l  n e u r a l n e tw o r k  i s  a b le  to  r ep re se n t th e  ra in fa ll-  

r u n o ff  p r o c e s s  o f  a  c a tc h m e n t .  A f te r  a  p h a s e  o f  tr a in in g  th e  n eu ra l n e tw o r k  is  a b le  to  

c a lc u la te  th e  c o r r e s p o n d in g  h y d r o g r a p h  fo r  a n y  p r e c ip ita t io n  d is tr ib u tio n . L a n g e  a lso  

p r o d u ce d  a  h y d r o g r a p h  s im ila r  to  a  u n it  h y d r o g r a p h  u s in g  th e  tra in ed  n e tw o r k .

S a jik u m a r  &  T h a n d a v e s w a r a  ( 1 9 9 9 )  u s e d  a n  a r t if ic ia l  n eu ra l n e tw o r k  p a r a d ig m , k n o w n  as  

th e  tem p o ra l b a c k  p r o p a g a t io n  n e u r a l n e tw o r k  ( T B P - N N )  fo r  a  m o n th ly  r a in fa ll - r u n o f f  

m o d e l. T h e  p e r fo r m a n c e  o f  th e ir  m o d e l  in  a  “ sc a r c e  d a ta ”  sc e n a r io  ( i .e . ,  th e  e f fe c t s  o f  

u s in g  r ed u c ed  c a lib r a t io n  p e r io d s  o n  th e  p e r fo r m a n c e )  w a s  c o m p a r e d  w ith  V o lte rr a ty p e  

F u n c tio n a l S e r ie s  M o d e ls  ( F S M ) ,  u t i l i s in g  th e  d a ta  o f  th e  R iv e r  L e e  ( in  th e  U K )  an d  th e  

T h u th a p u z h a  R iv e r  ( in  K e r a la , In d ia ) . T h e  r e s u lts  c o n f ir m e d  th e  T B P -N N  m o d e l  a s  b e in g  

th e  m o s t  e f f ic ie n t  o f  th e  b la c k - b o x  m o d e ls  te s te d  fo r  c a lib r a t io n  p e r io d s  a s  sh ort as s ix  

y ea rs .
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A n c til  et al. ( 2 0 0 4 )  s tu d ie d  th e  im p a c t  o f  th e  le n g th  o f  o b s e r v e d  r ec o rd s  o n  th e  

p e r fo rm a n c e  o f  m u lt ip le - la y e r  p e r c e p tr o n s  (M L P s ) ,  an d  c o m p a r e d  th e ir  r e su lts  w ith  th o se  

o f  a p a r s im o n io u s  c o n c e p tu a l  m o d e l  e q u ip p e d  w ith  a n  u p d a tin g  s c h e m e . T h e  resu lts  

r e v e a le d  that M L P  str e a m  f l o w  m a p p in g  w a s  e f f ic ie n t  a s  lo n g  a s w e t  w e a th e r  d a ta  w e r e  

a v a ila b le  for  th e  tr a in in g ; th e  lo n g e r  s e r ie s  im p l ic i t ly  g u a r a n te e  th a t th e  d a ta  c o n ta in  

v a lu a b le  in fo r m a tio n  o f  th e  h y d r o lo g ic a l  b e h a v io u r ;  th e  r e su lts  w e r e  c o n s is te n t  w ith  th o s e  

rep orted  for  c o n c e p tu a l r a in f a l l - r u n o f f  m o d e ls .  T h e  p h y s ic a l  k n o w le d g e  in  th e  c o n c e p tu a l  

m o d e ls  a l lo w e d  th e m  to  m a k e  m u c h  b e tte r  u s e  o f  1 -y e a r  tr a in in g  s e t s  th a n  th e  M L P s . 

H o w e v e r , lo n g e r  tr a in in g  s e t s  w e r e  m o r e  b e n e f ic ia l  to  th e  M L P s  th a n  to  th e  c o n c e p tu a l  

m o d e l. B o th  ty p e s  sh a r e d  b e s t  p e r fo r m a n c e  a b o u t  e v e n ly  fo r  3 -  a n d  5 -y e a r  tr a in in g  se ts ,  

bu t M L P s d id  b e tter  w h e n e v e r  th e  tr a in in g  s e t  w a s  d o m in a te d  b y  w e t  w e a th e r . T h e  M L P s  

c o n tin u e d  to  im p r o v e  fo r  in p u t v e c t o r s  o f  9  y e a r s  a n d  m o r e , w h ic h  w a s  n o t  th e  c a s e  o f  th e  

c o n c e p tu a l m o d e l.

7.1.2.2 River Flow Forecasting

D ib ik e  &  S o lo m a t in e  ( 2 0 0 1 )  in v e s t ig a t e d  th e  a p p l ic a b i l ity  o f  A N N s  fo r  d o w n s tr e a m  f lo w  

fo r e c a s t in g  in  th e  A p u r e  r iv e r  b a s in  ( V e n e z u e la ) .  T w o  ty p e s  o f  A N N  a r ch ite c tu re s , 

n a m e ly  m u lt i- la y e r  p e r c e p tr o n  n e tw o r k  (M L P )  a n d  a  r a d ia l b a s is  fu n c t io n  n e tw o r k  (R B F )  

w e r e  im p le m e n te d . T h e  p e r fo r m a n c e s  o f  th e s e  n e tw o r k s  w e r e  c o m p a r e d  w ith  a  

c o n c e p tu a l r a in fa ll-r u n o f f  m o d e l  a n d  th e y  w e r e  fo u n d  to  b e  s l ig h t ly  b e tter  fo r  th is  r iver  

f lo w -fo r e c a s t in g  p r o b le m .

7.1.2.3 Rainfall-Runoff Model for Real-Time Flash-Flood Forecasting

T o th  et al. ( 2 0 0 0 )  u n d e r to o k  a  c o m p a r is o n  o f  t im e -s e r ie s  a n a ly s is  te c h n iq u e s  fo r  sh o rt

term  r a in fa ll f o r e c a s t in g  to  b e  u s e d  a s  in p u t  in  a  d e te r m in is t ic  r a in fa l l - r u n o f f  m o d e l  for  

r e a l-t im e  f la s h - f lo o d  f o r e c a s t in g .  D if f e r e n t  s tru c tu res o f  A R M A  ( lin e a r  s to c h a s t ic  a u to 

r e g r e s s iv e  m o v in g  a v e r a g e )  m o d e ls ,  A N N s  a n d  n e a r e s t-n e ig h b o u r  a p p ro a c h e s  w e r e
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a p p lie d  for  fo r e c a s t in g  s to r m  r a in fa lls  th a t o c c u r r e d  in  th e  S ie v e  R iv e r  b a s in , Ita ly , in  th e  

p e r io d  1 9 9 2 - 1 9 9 6 .

T h e  fo r e c a s t  p e r fo r m a n c e s  o f  e a c h  t e c h n iq u e  w e r e  e v a lu a te d  b y  c o m p a r in g  o b s e r v e d  and  

p r e d ic te d  ra in fa ll d a ta  a n d  a ls o  b y  c o m p a r in g  th e  r iv e r  d isc h a r g e  p r e d ic t io n s  p r o v id e d  b y  a  

c o n c e p tu a l r a in fa l l - r u n o f f  m o d e l  u s in g  o b s e r v e d  a n d  p r e d ic te d  r a in fa ll a s  in p u t. T h e ir  

r esu lts  in d ic a te  h o w  th e  c o n s id e r e d  t im e - s e r ie s  a n a ly s is  te c h n iq u e s , an d  e s p e c ia l ly  th o s e  

b a se d  o n  th e  u s e  o f  A N N ,  p r o v id e  a  s ig n i f ic a n t  im p r o v e m e n t  in  th e  f lo o d  fo r e c a s t in g  

a c c u r a c y  in  c o m p a r is o n  to  th e  u s e  o f  s im p le  r a in fa ll  p r e d ic t io n  a p p r o a c h e s  o f  h e u r is tic  

ty p e , w h ic h  are o f te n  a p p lie d  in  h y d r o lo g ic a l  p r a c t ic e .

Emma C. Paris Cardiff University 457



Chapter 7 -  The use o f  Artificial Neural Networks to Predict Discharge at Silent Valley.

7 .2  B u i l d i n g  a  M o d e l

D e s ig n in g  a n eu ra l n e tw o r k  c a n  b e  s p li t  in to  e ig h t  s te p s  (T a b le  7 . 1 ) .  T h e  p r o c ed u r e  m a y  

req u ire  v is it in g  p r e v io u s  s t e p s  e s p e c ia l ly  b e t w e e n  tr a in in g  an d  v a r ia b le  s e le c t io n .

S te p  1: V a r ia b le  s e le c t io n  

S tep  2: D a ta  c o l le c t io n  

S tep  3: D a ta  p r e -p r o c e s s in g  

S te p  4: T ra in in g , t e s t in g  a n d  v a l id a t io n  s e t s  

S te p  5: N e u r a l n e tw o r k  p a r a d ig m s  

N u m b e r  o f  in p u t n o d e s  

N u m b e r  o f  h id d e n  la y e r s  

N u m b e r  o f  h id d e n  n o d e s  

N u m b e r  o f  o u tp u t  n o d e s  

T ran sfer  fu n c t io n s  

S te p  6: E v a lu a tio n  c r ite r ia  

S te p  7: N e u r a l n e tw o r k  tr a in in g  

N u m b e r  o f  tr a in in g  i te r a t io n s  

L e a rn in g  rate a n d  m o m e n tu m  

S te p  8: I m p le m e n ta t io n

T a b le  7 .1  S te p s  in  d e s ig n in g  a  n e u r a l n e tw o r k  fo r e c a s t in g  m o d e l . A d a p te d  fro m  

K a a stra  &  B o y d  ( 1 9 9 6 ) .

7 .2 .1  S te p  1: V a r i a b l e  S e l e c t i o n

A s  in  a n y  p r e d ic t io n /fo r e c a s t in g  m o d e l ,  th e  s e le c t io n  o f  ap p rop ria te  m o d e l  in p u ts  is  

e x tr e m e ly  im p o rta n t.
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7 .2 .2  S te p  2: D a t a  C o l l e c t i o n

A ll  data  sh o u ld  b e  c h e c k e d  fo r  e rr o rs  b y  e x a m in in g  d a y  to  d a y  c h a n g e s , r a n g e s , lo g ic a l  

c o n s is te n c y  an d  m is s in g  o b s e r v a t io n s .

7 .2 .3  S te p  3: D a t a  P r e - P r o c e s s i n g

D a ta  p r e p r o c e s s in g  r e fe r s  to  a n a ly s in g  a n d  tr a n s fo r m in g  th e  in p u t an d  o u tp u t v a r ia b le s  to  

m in im is e  n o is e ,  h ig h lig h t  im p o r ta n t  r e la t io n s h ip s ,  d e te c t  tr en d s , a n d  f la tte n  th e  d istr ib u tio n  

o f  th e  v a r ia b le  to  a s s is t  th e  n e u r a l n e tw o r k  in  le a r n in g  th e  r e le v a n t  p a ttern s (K aastra  &  

B o y d , 1 9 9 6 ) . D a ta  p r e - p r o c e s s in g  c a n  h a v e  a  s ig n if ic a n t  e f f e c t  o n  m o d e l  p e r fo rm a n c e  

(M a ie r  &  D a n d y , 2 0 0 0 ) .

D a ta  n o r m a lisa t io n  i s  th e  p r o c e s s  o f  s ta n d a r d is in g  th e  p o s s ib le  n u m e r ic a l r a n g e  th a t th e  

in p u t data  v e c to r s  c a n  ta k e  in  o r d e r  to  e n su r e  th a t a ll  v a r ia b le s  r e c e iv e  e q u a l a tten tio n  

d u rin g  th e  tr a in in g  p r o c e s s .  It i s  p a r t ic u la r ly  r e le v a n t  in  c a s e s  w h e r e  in p u t v a r ia b le s  are o f  

d iffe r e n t ra n g e  - w ith o u t  n o r m a lis a t io n , th e  e f f e c t s  o f  a  c h a n g e  in  o n e  c a n  c o m p le te ly  

o u tw e ig h  th e  e f fe c t s  o f  c h a n g e s  in  o th e r  v a r ia b le s .

In a d d itio n , th e  v a r ia b le s  h a v e  to  b e  s c a le d  in  s u c h  a  w a y  a s  to  b e  e q u a te d  w ith  th e  l im its  

o f  th e  a c t iv a tio n  fu n c t io n s  u s e d  in  th e  o u tp u t  la y er . N o n - lin e a r  tra n sfer  fu n c t io n s  w il l  

sq u a sh  th e  p o s s ib le  o u tp u t  fr o m  a  n o d e  in to , t y p ic a l ly ,  [0 ,1 ]  fo r  lo g is t ic  fu n c t io n  an d  [ -1 ,1 ]  

for  h y p e r b o lic  ta n g e n t  fu n c t io n . F o r  e x a m p le ,  i f  th e  o u tp u ts  o f  th e  lo g is t ic  tran sfer  

fu n c tio n  are b e tw e e n  0  a n d  1, th e  d a ta  are  g e n e r a l ly  s c a le d  in  th e  r a n g e  0 .1 —0 .9  or  0 .2 - 0 .8 .  

T h is  is  b a se d  o n  th e  fa c t  th a t th e  n o n l in e a r  a c t iv a t io n  fu n c t io n s  u s u a lly  h a v e  a sy m p to tic  

l im its  (th e y  r ea c h  th e  l im it s  o n ly  fo r  in f in it e  in p u t v a lu e s )  (Z h a n g  et al., 1 9 9 8 ) .

It sh o u ld  b e  n o te d  th a t, a s  a  r e s u lt  o f  n o r m a lis in g  th e  ta rg et v a lu e s , th e  o b s e r v e d  o u tp u t o f  

th e  n e tw o r k  w i l l  c o r r e s p o n d  to  th e  n o r m a lis e d  ra n g e . T h u s , to  in terp ret th e  resu lts  

o b ta in e d  fr o m  th e  n e tw o r k , th e  o u tp u ts  m u s t  b e  r e s c a le d  to  th e  o r ig in a l ra n g e  and  th e
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a c cu ra c y  o b ta in e d  b y  th e  A N N s  s h o u ld  a ls o  b e  b a s e d  o n  th e  r e s c a le d  d a ta  se t  (Z h a n g  et 

al., 1 9 9 8 ) .

7 .2 .4  S t e p  4: T r a i n i n g , T e s t i n g  a n d  V a l i d a t i o n  S e t s

It is  c o m m o n  p r a c tic e  to  s p li t  th e  a v a i la b le  d a ta  in to  tw o  or  th ree  su b -se ts ;  a  tr a in in g  se t , a  

te s t  se t  and  s o m e t im e s  a n  in d e p e n d e n t  v a l id a t io n  se t . In  th e  litera tu re , th e  te s t  s e t  an d  

v a lid a t io n  se t  are s o m e t im e s  in te r c h a n g e d . T h e  t e s t  s e t  i s  a  s e t  o f  d a ta  w h ic h  th e  neu ra l 

n e tw o r k  h a s  n o t  p r e v io u s ly  s e e n ,  w h ic h  i s  u s e d  to  t e s t  h o w  w e l l  th e  n eu ra l n e tw o r k  h as  

lea rn ed  to  g e n e r a lis e . T h e  v a l id a t io n  s e t  i s  a  s e t  o f  d a ta  u s e d  to  te s t  th e  p e r fo r m a n c e  o f  th e  

n e tw o r k  d u rin g  tr a in in g , b u t n o t  u s e d  fo r  m o d i f y in g  th e  w e ig h ts  o f  th e  n e tw o rk  

(S te g e m a n n  &  B u e n fe ld , 1 9 9 9 ) .

T y p ic a lly , A N N s  are u n a b le  to  e x tr a p o la te  b e y o n d  th e  r a n g e  o f  th e  d a ta  u s e d  fo r  tra in in g . 

C o n se q u e n t ly , p o o r  fo r e c a s t s /p r e d ic t io n s  c a n  b e  e x p e c te d  w h e n  th e  v a lid a t io n  d ata  c o n ta in  

v a lu e s  o u ts id e  o f  th e  r a n g e  o f  th o s e  u s e d  fo r  tr a in in g . It is  a ls o  im p e r a tiv e  th a t th e  tra in in g  

an d  v a lid a t io n  s e ts  are r e p r e s e n ta t iv e  o f  th e  s a m e  p o p u la t io n  (M a ie r  &  D a n d y , 2 0 0 0 ) .

7 .2 .5  S t e p  5: N e u r a l  N e t w o r k  P a r a d i g m s

7.2.5.1 Number of Input Nodes

E a c h  in d e p e n d e n t v a r ia b le  is  r e p r e s e n te d  b y  its  o w n  in p u t n o d e . T o o  f e w  or to o  m a n y  

in p u t n o d e s  c a n  a f fe c t  e ith e r  th e  le a r n in g  o r  p r e d ic t io n  c a p a b ility  o f  th e  n e tw o r k .

In a  t im e  se r ie s  f o r e c a s t in g  p r o b le m , th e  n u m b e r  o f  in p u t n o d e s  c o r r e sp o n d s  to  th e  n u m b er  

o f  la g g e d  o b s e r v a t io n s  u s e d . A  s e r ie s  o f  la g g e d  o b s e r v a t io n s  (a  w in d o w )  is  u se d , o n  th e  

a ss u m p tio n  th a t fu tu re  v a lu e s  are  r e la te d  in  s o m e  w a y  to  th e  s e r ie s  th at p r e c e d e s  th em .
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G e ttin g  th e  n u m b e r  o f  in p u t  n o d e s  r ig h t  is  e x tr e m e ly  im p o rta n t, s in c e  it  la r g e ly  d e te r m in e s  

th e  su b se q u e n t  n e tw o r k  d e s ig n  a n d  it s  a b il ity  to  fo r e c a s t . A  n e tw o r k  sh o u ld  h a v e  

s u ff ic ie n t  n o d e s  to  a l lo w  th e  le a r n in g  o f  th e  fe a tu r e s  e m b e d d e d  in  th e  data , w ith o u t so  

la rg e  a  n u m b er  th a t its  p r e d ic t io n  c a p a b il i ty  i s  a d v e r s e ly  a f fe c te d  -  a  n e tw o r k  w ith  a  large  

n u m b er  o f  in p u ts  m a y  b e  u n a b le  to  g e n e r a l is e  s u f f ic ie n t ly  to  p r o d u c e  a  m e a n in g fu l  

p r e d ic tio n .

Z h a n g  et al. ( 1 9 9 8 )  e x p r e s s  th e  o p in io n  th a t “ the number o f  input nodes is probably the 

most critical decision variable fo r  a time series forecasting problem since it contains the 

important information about the complex (linear and/or nonlinear) autocorrelation 

structure in the data”.

7.2.5,2 Number of Hidden Layers

T h e  h id d e n  la y e r (s )  p r o v id e  th e  n e tw o r k  w it h  its  a b il ity  to  g e n e r a lis e . A  n e tw o r k  n e v e r  

n e e d s  m o re  th a n  tw o  h id d e n  la y e r s  to  s o l v e  m o s t  p r o b le m s  in c lu d in g  fo r e c a s t in g  an d  o n e  

h id d e n  la y er  m a y  b e  e n o u g h  fo r  m o s t  fo r e c a s t in g  p r o b le m s . H o w e v e r , u s in g  tw o  h id d e n  

la y er s  m a y  g iv e  b e tter  r e s u lt s  fo r  s o m e  s p e c i f ic  p r o b le m s , e s p e c ia l ly  w h e n  o n e  h id d e n  

la y er  n e tw o r k  is  o v e r la d e n  w ith  t o o  m a n y  h id d e n  n o d e s  to  g iv e  sa t is fa c to r y  r e su lts  (Z h a n g  

et al., 1 9 9 8 ) .

In c r e a s in g  th e  n u m b e r  o f  h id d e n  la y e r s  in c r e a s e s  c o m p u ta t io n  t im e  an d  th e  d a n g er  o f  

o v e r f it t in g  w h ic h  le a d s  to  p o o r  o u t - o f - s a m p le  fo r e c a s t in g  p e r fo r m a n c e s  (K a a stra  &  B o y d ,  

1 9 9 6 ) .

7.2.5.3 Number of Hidden Nodes

T h e  is s u e  o f  d e te r m in in g  th e  o p t im a l  n u m b e r  o f  h id d e n  n o d e s  is  a  c ru c ia l y e t  c o m p lic a te d  

o n e . In g e n e r a l, n e tw o r k s  w it h  f e w e r  h id d e n  n o d e s  are p r e fer a b le  a s  th e y  u s u a lly  h a v e
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b etter  g e n e r a lis a t io n  a b i l i t y  a n d  l e s s  o v e r f i t t in g  p r o b le m  (c o n s tr u c t io n  o f  a  n e tw o r k  to  fit  

th e  d e ta ils  o f  th e  tr a in in g  p a tte r n s  ra th er  th a n  g e n e r a lis e  w e l l  fo r  n e w  d a ta ). H o w e v e r ,  

n e tw o r k s  w ith  to o  f e w  h id d e n  n o d e s  m a y  n o t  h a v e  e n o u g h  p o w e r  to  m o d e l  a n d  learn  th e  

data.

T h e  m o s t  c o m m o n  w a y  in  d e te r m in in g  th e  n u m b e r  o f  h id d e n  n o d e s  is  v ia  e x p e r im e n ts  or  

b y  tr ia l-an d -error .

7.2.5.4 Number of Output Nodes

T h e  n u m b er  o f  o u tp u t n o d e s  is  r e la t iv e ly  e a s y  to  s p e c i f y  a s  it  is  d ir e c t ly  r e la ted  to  the  

p r o b le m  u n d er  stu d y . F o r  a  t im e  s e r ie s  fo r e c a s t in g  p r o b le m , th e  n u m b e r  o f  o u tp u t n o d e s  

o fte n  c o r r e sp o n d s  to  th e  fo r e c a s t in g  h o r iz o n . T h e r e  are tw o  ty p e s  o f  fo r ec a stin g :  

o n e -s te p -a h e a d  (w h ic h  u s e s  o n e  o u tp u t  n o d e )  a n d  m u lt i- s te p -a h e a d  fo r e c a s t in g  (Z h a n g  et 

al., 1 9 9 8 ) . H o w e v e r , n e u r a l n e tw o r k s  w it h  m u lt ip le  o u tp u ts , e s p e c ia l ly  i f  th e s e  o u tp u ts  are  

w id e ly  sp a c e d , w i l l  p r o d u c e  in fe r io r  r e s u lt s  a s  c o m p a r e d  to  a  n e tw o r k  w ith  a  s in g le  o u tp u t  

(K aastra  &  B o y d , 1 9 9 6 ) .  T h e  s o lu t io n  i s  to  h a v e  th e  n eu ra l n e tw o r k s  s p e c ia l is e  b y  u s in g  

sep ara te  n e tw o r k s  fo r  e a c h  fo r e c a s t .

7.2.5.5 Transfer Functions

T ra n sfer  fu n c t io n s  are m a th e m a t ic a l  fo r m u la s  th a t d e te r m in e  th e  o u tp u t o f  a  p r o c e s s in g  

n o d e . T h e y  are a ls o  r e fe r r e d  to  a s  tr a n s fo r m a tio n , sq u a s h in g , a c t iv a t io n , or  th resh o ld  

fu n c tio n s . T h e y  d e te r m in e  th e  r e la t io n s h ip  b e t w e e n  in p u ts  an d  o u tp u ts  o f  a  n o d e  an d  a  

n e tw o rk . T h e  p u r p o se  o f  a  tr a n s fe r  fu n c t io n  i s  to  p r e v e n t  o u tp u ts  fr o m  r e a c h in g  v e r y  large  

v a lu e s  that c a n  ‘p a r a ly s e ’ th e  n e u r a l n e tw o r k  a n d  th e r e b y  in h ib it  tra in in g . It a lso  

in tr o d u c e s  a  d e g r e e  o f  n o n l in e a r ity  th a t  i s  v a lu a b le  fo r  m o s t  A N N  a p p lic a t io n s .
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7 .2 .6  S t e p  6: E v a l u a t i o n  C r i t e r i a

A t th e  b e g in n in g  o f  th e  m o d e l  b u i ld in g  p r o c e s s ,  it  is  im p o rta n t to  c le a r ly  d e f in e  th e  criter ia  

b y  w h ic h  th e  p e r fo r m a n c e  o f  th e  m o d e l  w i l l  b e  ju d g e d , a s  th e y  c a n  h a v e  a  s ig n if ic a n t  

im p a c t o n  th e  m o d e l a r c h ite c tu r e  a n d  w e ig h t  o p t im is a t io n  te c h n iq u e s  c h o s e n . In  m o s t  

a p p lic a t io n s , p e r fo r m a n c e  c r ite r ia  in c lu d e  o n e  or  m o r e  o f  th e  fo l lo w in g :  p r e d ic t io n  

a c cu ra c y , tra in in g  s p e e d  a n d  th e  t im e  d e la y  b e tw e e n  th e  p r e se n ta t io n  o f  in p u ts  an d  th e  

r e c e p tio n  o f  o u tp u ts  fo r  a  tr a in e d  n e tw o r k .

7 .2 .7  S t e p  7: N e u r a l  N e t w o r k  T r a i n in g

T ra in in g  a neural n e tw o r k  to  le a r n  p a tte r n s  in  th e  d a ta  in v o lv e s  i te r a t iv e ly  p r e se n tin g  it 

w ith  e x a m p le s  o f  th e  c o r r e c t  k n o w n  a n s w e r s . T h e  o b je c t iv e  o f  tr a in in g  is  to  f in d  th e  se t  o f  

w e ig h ts  b e tw e e n  th e  n o d e s  th a t d e te r m in e  th e  g lo b a l  m in im u m  o f  th e  error fu n c t io n . T h e  

B P  n e tw o r k  u s e s  a  g r a d ie n t  d e s c e n t  tr a in in g  a lg o r ith m  w h ic h  a d ju sts  th e  w e ig h ts  to  m o v e  

d o w n  th e  s te e p e s t  s lo p e  o f  a n  error  s u r fa c e  (K a a str a  &  B o y d , 1 9 9 6 ) .

7.2.7.1 Number of Training Iterations

K aastra  &  B o y d  ( 1 9 9 6 )  d e ta il  th e  tw o  s c h o o ls  o f  th o u g h t r eg a r d in g  th e  p o in t  at w h ic h  

tra in in g  sh o u ld  b e  s to p p e d . B o th  m e th o d s  a g r e e  th a t g e n e r a lis a t io n  o f  th e  v a lid a t io n  se t  is  

th e  u ltim a te  g o a l an d  b o th  u s e  t e s t in g  s e t s  to  e v a lu a te  a  la rg e  n u m b er  o f  n e tw o r k s .

T h e  first sa y s  th at th e  r e se a r c h e r  s h o u ld  o n ly  s to p  tr a in in g  w h e n  th ere  is  n o  im p r o v e m e n t  

in  th e  error fu n c t io n . T h e  p o in t  at w h ic h  th e  n e tw o r k  d o e s  n o t  im p r o v e  is  c a lle d  

c o n v e r g e n c e . In  th is  a p p r o a c h  th e r e  i s  n o  s u c h  th in g  a s o v e r tr a in in g  o n ly  o v e r f it t in g  

w h ic h  is  a  sy m p to m  o f  a  n e tw o r k  th a t h a s  to o  m a n y  w e ig h ts .  T h e  so lu t io n  is  to  r ed u c e  th e
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n u m b er  o f  h id d e n  n o d e s  (o r  h id d e n  la y e r s  i f  th e r e  is  m o r e  th an  o n e )  a n d /o r  in c r e a se  th e  

s iz e  o f  th e  tr a in in g  se t.

T h e  se c o n d  v i e w  s u g g e s t s  a  s e r ie s  o f  tr a in -te s t  in te rr u p tio n s . T r a in in g  is  s to p p e d  a fter  a 

p r e d e ter m in ed  n u m b e r  o f  i t e r a t io n s  a n d  th e  n e tw o r k ’s  a b il ity  to  g e n e r a lis e  o n  th e  

v a lid a t io n  se t  is  e v a lu a te d  th e n  tr a in in g  is  r e s u m e d . T h e  p r o b le m  w ith  th is  is  th at th e  

r esea rch er  h a s  n o  w a y  o f  k n o w in g  i f  a d d it io n a l  tr a in in g  c o u ld  im p r o v e  th e  g e n e r a lis a t io n  

a b ility  o f  th e  n e tw o r k . T h e  te s t - tr a in  a p p r o a c h  a tte m p ts  to  gu ard  a g a in s t  o v e r f it t in g  b y  

s to p p in g  tr a in in g  b a s e d  o n  th e  a b i l i t y  o f  th e  n e tw o r k  to  g e n e r a lis e .

O n e  m e th o d  to  d e te r m in e  a  r e a s o n a b le  v a lu e  o f  th e  m a x im u m  n u m b e r  o f  ru n s is  to  p lo t  th e  

su m  o f  sq u ared  errors (o r  R o o t  M e a n  S q u a r e d  E rror (R M S E ))  fo r  e a c h  iter a tio n  or  at 

p r e d e ter m in ed  in te r v a ls  u p  to  th e  p o in t  w h e r e  im p r o v e m e n t  is  n e g l ig ib le .

1,2.12  Learning Rate and Momentum

T h e  m o s t  p o p u la r ly  u s e d  tr a in in g  m e th o d  is  th e  b a c k p r o p a g a t io n  a lg o r ith m  w h ic h  is  

e s s e n t ia l ly  a g r a d ien t s t e e p e s t  d e s c e n t  m e th o d , w h ic h  f o l lo w s  th e  c o n to u r s  o f  th e  error  

su r fa c e  b y  a lw a y s  m o v in g  d o w n  th e  s t e e p e s t  s lo p e .  F o r  th e  g r a d ien t d e s c e n t  a lg o r ith m , a 

s te p  s iz e ,  c a lle d  th e  le a r n in g  r a te , m u s t  b e  s p e c i f ie d .

T h e  lea r n in g  rate is  c r u c ia l  fo r  b a c k p r o p a g a t io n  le a r n in g  a lg o r ith m  s in c e  it  d e te r m in e s  th e  

m a g n itu d e  o f  w e ig h t  c h a n g e s .  T h e  le a r n in g  ra te  is  d ir e c t ly  p r o p o r tio n a l to  th e  s iz e  o f  the  

s te p s  ta k e n  in  w e ig h t  s p a c e . S m a lle r  le a r n in g  r a te s  te n d  to  s lo w  th e  le a r n in g  p r o c e s s  w h ile  

larger  lea r n in g  ra tes  m a y  c a u s e  n e tw o r k  o s c i l la t io n  in  th e  w e ig h t  sp a c e .

T h e  m o m e n tu m  term  s u p p r e s s e s  s id e  to  s id e  o s c i l la t io n s  b y  f i lte r in g  o u t  h ig h -fr e q u e n c y  

v a r ia tio n s  a l lo w in g  la rg e r  le a r n in g  r a te s  to  b e  u s e d . M o m e n tu m  v a lu e s  th at are to o  great  

w il l  p r e v en t th e  a lg o r ith m  fr o m  f o l lo w in g  th e  tw is t s  a n d  tu rn s in  w e ig h t  sp a c e . It sh o u ld  

b e  n o te d  th a t th e  m o m e n tu m  te r m  m u s t  b e  l e s s  th a n  1 .0  fo r  c o n v e r g e n c e  (M a ie r  &  D a n d y , 

2000).
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7.2.8 S te p  8: I m p l e m e n t a t io n

A lth o u g h  th e  im p le m e n ta t io n  s te p  i s  l is t e d  a s  th e  la s t  o n e , it  r eq u ires  c a r e fu l c o n s id e r a tio n  

b e fo r e  c o l le c t in g  data . T h e r e  are  a  n u m b e r  o f  n eu ra l n e tw o r k  so ftw a r e  p a c k a g e s  that 

p r o v id e  a  m e a n s  b y  w h ic h  tr a in e d  n e tw o r k s  c a n  b e  im p le m e n te d  or  a  tr a in ed  n e tw o r k  ca n  

b e  crea ted  in  a  sp r e a d s h e e t  b y  k n o w in g  it s  a r c h ite c tu r e , tra n sfer  fu n c t io n s  a n d  w e ig h ts .
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7 .3  S i l e n t  V a l l e y  M o d e l

T h e  o b je c t iv e  o f  u s in g  a r t if ic ia l  n e u r a l n e tw o r k s  fo r  th e  S i le n t  V a l le y  d a ta  w a s  to  p r o d u ce  

a fo r e c a s t in g  s y s te m  th a t c o u ld  b e  u s e d  to  p r e d ic t  th e  d a ily  d isc h a r g e  fr o m  th e  S e tt le m e n t  

T an k . M u lt ip le  A N N  m o d e ls  w e r e  p r o d u c e d  a n d  th e  r e su lts  a v e ra g e d .

7 .3 .1  N e t w o r k  A r c h i t e c t u r e  a n d  T r a in in g

T h e  S ile n t  V a l le y  m o d e l  w a s  c o n s tr u c te d  u s in g  a  fe e d fo r w a r d  b a c k p r o p o g a t io n  neu ra l 

n e tw o r k 1. T h e  m o d e l  w a s  c o n s tr u c te d  u s in g  a  s in g le  o u tp u t n o d e  to  p r o d u ce  a  

o n e -s te p -a h e a d  p r e d ic t io n  o f  d a i ly  d is c h a r g e  fo r  th e  S e t t le m e n t  T an k .

T h e  n u m b er  o f  n o d e s  in  th e  h id d e n  la y e r s  w a s  a r r iv ed  at u s in g  a n  in it ia l  se r ie s  o f  

e x p e r im e n ts  w ith  tr ia l n e tw o r k s . A  t w o  h id d e n  la y e r  a rch itec tu re  w a s  u s e d  w ith  th e  

n u m b er  o f  in te r c o n n e c t io n s  b e t w e e n  th e  t w o  la y e r s  ly in g  in  th e  r a n g e  o f  15 to  3 0  (w ith  

fe w e r  th an  15 , th e  tr a in in g  error  in c r e a s e d  a n d  th e  n e tw o r k s  a p p ea r e d  to  b e  u n a b le  to  

m o d e l th e  c o m p le x it ie s  o f  th e  r e la t io n s h ip s  a d e q u a te ly ;  w ith  m o r e  th a n  3 0 , th e  n e tw o r k s  

a p p ea red  to  b e  o v e r f it t in g  to  th e  d a ta  a n d  lo s in g  th e  a b il ity  to  g e n e r a lis e ) .

T h e  n u m b er  o f  in p u t n o d e s  w a s  d e te r m in e d  b y  th e  d a ta  u s e d  in  th e  tr a in in g  p r o c e s s .

T h e  data  w e r e  sp lit  in to  tw o  s e t s ,  a  tr a in in g  s e t  a n d  a  t e s t in g  se t. T h e  tr a in in g  p r o c e s s  d id  

n o t u se  a  v a lid a t io n  se t , b u t w a s  a n  e x t e n s io n  o f  th e  fir st p r o c e s s  d e sc r ib e d  in  

S e c t io n  7 . 2 . 7 . 1 .  T r a in in g  w a s  s to p p e d  o n c e  a  p r e d e te r m in e d  v a lu e  o f  th e  error fu n c tio n  

(G a m m a  v a lu e )  w a s  r e a c h e d  o r  w h e n  th e r e  w a s  n o  fu rth er  im p r o v e m e n t  in  th e  error  

fu n c tio n .

1 Neural networks for Silent V a lley  landfill w ere built by Stuart Paris using data supplied by the author.
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T h e  G a m m a  (n ea r  n e ig h b o u r )  t e s t  i s  a  d a ta  a n a ly s is  a lg o r ith m  th a t e s t im a te s  th e  m e a n  

sq u ared  error (M S E )  th a t c a n  b e  a c h ie v e d  b y  a  m o d e l  c o n s tr u c te d  u s in g  a  d a ta  s e t  (W ils o n  

et al., 2 0 0 2 ) .  T h e  tr a in in g  p r o c e s s  i s  s to p p e d  o n c e  th e  M S E  r e a c h e s  th e  G a m m a  v a lu e , a s  

further r ed u c tio n  in  th e  M S E  is  l ik e ly  to  b e  th e  r e su lt  o f  o v e r f it t in g  to  n o is e  w ith in  th e  

data.

7 .3 .2  T h e  D a t a

T h e  d ata  u s e d  fo r  c o n s tr u c t in g  m o d e ls  w e r e  r a in fa ll , te m p era tu re , w in d  s p e e d  an d  

d isc h a r g e . W h ils t  o th e r  m e a s u r e m e n ts ,  fo r  in s ta n c e  h u m id ity , m ig h t  a ls o  h a v e  b e e n  

e x p e c te d  to  in f lu e n c e  th e  m o d e l ,  th e  d a ta  a v a i la b le  w a s  n o t  c o n s id e r e d  to  b e  r e lia b le  

(S e c t io n  5 . 1 . 1 . 4 ) .  E f f e c t iv e  R a in fa l l  w a s  n o t  u s e d , a lth o u g h  it  w a s  s h o w n  to  b e  s ig n if ic a n t  

(T a b le  5 . 1 6 ) ,  b e c a u s e  th e  a v a i la b le  d a ta  o n ly  w e n t  b a c k  to  A p r il 2 0 0 0  an d  w e r e  r ec o rd ed  

a s d a ily  to ta ls  o n ly . H o w e v e r ,  it  i s  l ik e ly  th a t e v a p o r a t iv e  lo s s  w i l l  at le a s t  in  part b e  

cap tu red  b y  th e  te m p er a tu r e  a n d  w in d  s p e e d  d a ta  s e ts .

R a in fa ll, tem p era tu re  a n d  w in d  s p e e d  w e r e  s h o w n  to  b e  s ig n if ic a n t  b y  s t e p w is e  m u lt ip le  

r e g r e s s io n  a n a ly s is  ( S e c t io n  5 . 5 . 1 . 4 . 2 . 2 ) .

D isc h a r g e  w a s  u s e d  b o th  a s  a n  in p u t  a n d  a n  o u tp u t  fo r  th e  m o d e l . T h e  r a t io n a le  b e h in d  

th is  w a s  th at u s in g  d is c h a r g e  a s  a n  in p u t  d e f in e s  th e  in it ia l  c o n d it io n s  at th e  b e g in n in g  o f  

th e  fo r e c a s t in g  p e r io d . T h e  e f f e c t  o n  d is c h a r g e  o f  r a in fa ll e n te r in g  a  ‘w e t ’ s y s te m  (h ig h  

d isc h a r g e )  is  l ik e ly  to  b e  d i f f e r e n t  to  th a t o f  r a in fa ll  e n te r in g  a  ‘d r y ’ s y s te m  ( lo w  

d isc h a r g e ) . T h is  w a s  b o r n e  o u t  b y  c o m p a r is o n  b e t w e e n  tria l n e tw o r k s , s o m e  o f  w h ic h  

in c lu d e d  d isc h a r g e  a s  a n  in p u t  a n d  s o m e  o f  w h ic h  e x c lu d e d  it.

M o d e ls  w e r e  p r o d u c e d  in  w h ic h  th e  v a lu e s  fo r  d isc h a r g e  u s e d  w e r e  th e  in it ia l m e a su r ed  

v a lu e s . A  further s e r ie s  o f  m o d e ls  w e r e  p r o d u c e d  in  w h ic h  th e  v a lu e s  fo r  d isc h a r g e  w e r e  

th e  d e tr en d e d  v a lu e s .  In  th e  fo r m e r  s e r ie s ,  it  w a s  n e c e s s a r y  to  in c lu d e  d a te  a s  a  s p e c if ic  

v a r ia b le  in  ord er  to  a l lo w  th e  n e tw o r k  to  d e te r m in e  th e  tren d .
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It w a s  a n tic ip a ted  th a t th e  e f f e c t s  o n  th e  s y s te m  w o u ld  b e  c u m u la t iv e  rather than  

in sta n ta n e o u s . F or  in s ta n c e , th e  e f f e c t s  o f  r a in fa ll o n to  c o ld , w e t  g r o u n d  ( f o l lo w in g  a  f e w  

c o ld  ra in y  d a y s )  is  l ik e ly  to  b e  d if f e r e n t  to  th a t o f  r a in fa ll o n to  w a r m , d ry  g ro u n d  

( fo l lo w in g  a f e w  w a r m  su n n y  d a y s ) .  F o r  th is  r e a so n , th e  n e tw o r k s  w e r e  tra in ed  u s in g  a  

w in d o w  o f  data  fr o m  th e  p r e c e d in g  f e w  d a y s .

T w o  m e th o d s  o f  u t i l is in g  d a ta  fr o m  th e  p r e c e d in g  f e w  d a y s  w e r e  a d o p te d . O n e  m e th o d  

w a s  to  in co rp o ra te  a  w in d o w  o f  u p  to  te n  2 4  h o u r  a v e r a g e /c u m u la t iv e  v a lu e s  fo r  e a c h  o f  

th e  fo u r  v a r ia b le s . T h e  o th e r  m e th o d  w a s  to  in c o r p o r a te  a  w in d o w  o f  a v e r a g e /c u m u la t iv e  

v a lu e s  c o v e r in g  p e r io d s  o f  2 4 ,  4 8 ,  7 2 ,  9 6 ,  1 2 0  a n d  1 6 8  h o u rs  fo r  e a c h  o f  th e  v a r ia b le s . 

B o th  m e th o d s  g a v e  b r o a d ly  s im ila r  r e s u lts .

T h e  d ata  a v a ila b le  fo r  th e  s it e  c o v e r e d  a  p e r io d  o f  a p p r o x im a te ly  f iv e  a n d  a  h a l f  y ea rs  

(O cto b er  1 9 9 8  to  M a y  2 0 0 4 ) .  H o w e v e r ,  b e c a u s e  o f  e q u ip m e n t  fa ilu r e s , th e  n u m b e r  o f  

d a y s  for  w h ic h  a  w in d o w  o f  a l l  fo u r  v a r ia b le s  w a s  a v a ila b le  w a s  c o n s id e r a b ly  l e s s  than  

th is  (a p p r o x im a te ly  7 0 0  d a y s ) .  T h e  d a ta  s e t  w a s  d is c o n t in u o u s .

T h e  d ata  w e r e  n o r m a lis e d  ( s e e  S e c t io n  7 . 2 . 3 )  s o  th a t th e  v a lu e s  fo r  e a c h  v a r ia b le  la y  

w ith in  th e  ran ge  + 0 .9  to  - 0 . 9 .

T h e  d ata  se t  w a s  p a r t it io n e d  to  a l lo w  t w o  d if fe r e n t  te s t in g  p e r io d s  to  b e  u se d . It w a s  

p a rtitio n ed  to  p r o v id e  te s t  s e t s  c o v e r in g  th e  p e r io d  5 A u g u s t  to  10  O c to b e r  2 0 0 1  an d  th e  

p e r io d  12 A p ril to  19  M a y  2 0 0 4 .  T h e s e  w e r e  c h o s e n  a s  c o n t in u o u s  p e r io d s  o f  d a ta  o f  

r e a so n a b le  len g th , r e p r e se n t in g  d if f e r e n t  s e a s o n s  a n d  w e l l  sp a c e d  s e c t io n s  o f  th e  to ta l data  

se t. T h e  w h o le  o f  th e  r e m a in d e r  o f  th e  d a ta  s e t  n o t  in c lu d e d  in  e a c h  te s t  se t  w a s  u se d  as  

th e  c o r r e sp o n d in g  tr a in in g  se t .
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7 .3 .3  R e s u l t s

A  n u m b er  o f  n e tw o r k  m o d e ls  w e r e  tr a in e d  fo r  b o th  o f  th e  p a r tit io n e d  d a ta  se ts . In e a c h  

c a se  th e  m o d e ls  w e r e  u s e d  to  p r o d u c e  a  fo r e c a s t  o f  d a ily  d is c h a r g e  o v e r  th e  p e r io d  c o v e r e d  

b y  th e  te s t  se t. T h e  d a ta  p r e s e n te d  to  th e  n e tw o r k s  c o n s is te d  o f  w in d o w s  o f  th e  ac tu a l 

ra in fa ll, tem p era tu re  an d  w in d  s p e e d . T h e  in it ia l  d is c h a r g e  w in d o w  c o n s is t e d  o f  actu a l 

v a lu e s . T h erea fter , th e  f o r e c a s t  fo r  th e  d a i ly  d is c h a r g e  w a s  in c o rp o ra te d  in  th e  in p u t for  

th e  n e x t  p r e d ic tio n .

T h e  m o d e ls  w e r e  tr a in ed  u n t il  th e  ta r g e t  M S E  ( th e  G a m m a  v a lu e )  w a s  r e a c h e d  an d  th e n  

sto p p e d . F ig u re  7 .2  s h o w s  a  t y p ic a l  g r a p h  fo r  th e  tr a in in g  o f  a  m o d e l . T h e  h o r iz o n ta l red  

l in e  rep re se n ts  th e  ta r g e t M S E  a n d  th e  b lu e  l in e  r e p r e se n ts  th e  M S E  a s  tr a in in g  p r o g r e s se s .  

T h e  M S E  o n  th e  grap h  i s  th e  M S E  o f  th e  n o r m a lis e d  f lo w  d a ta  ( i .e . ,  th e  d a ta  r e d u c e d  to  

th e  ra n g e  + 0 .9  to  - 0 .9 ) ,  n o t  th e  M S E  o f  a c tu a l f l o w  data . C y c le s  r e p r e se n t th e  n u m b e r  o f  

t im e s  that th e  w h o le  tr a in in g  d a ta s e t  h a s  b e e n  p r e se n te d  to  th e  n e tw o r k  (e a c h  c y c le  

fo l lo w e d  b y  error b a c k p r o p o g a t io n ) .

W ith in  th e  tw o  se r ie s  o f  m o d e ls ,  th e  in d iv id u a l  m o d e l  p r e d ic t io n s  w e r e  a v e r a g e d  to  

p r o v id e  a  s in g le  fo r e c a s t  fo r  e a c h  o f  th e  t e s t  p e r io d s . T h is  a p p ro a c h  w a s  a d o p te d  a s it  w a s  

n o t p o s s ib le  to  s e le c t  th e  b e s t  m o d e l ( s )  w ith o u t  b ia s in g  th e  r e su lts  o f  th e  e x p e r im e n ts . I f  

n e tw o r k s  are te s te d  u s in g  th e  t e s t  s e t  a n d  o n ly  th o s e  w h ic h  p e r fo r m  w e l l  are u s e d  for  

fo r e c a s t in g , b ia s  h a s  o c c u r r e d . T h e  p r o c e s s  h a s  e s s e n t ia l ly  u s e d  th e  te s t  s e t  a s  part o f  th e  

tra in in g  p r o c e s s  (M a s te r s , 1 9 9 3 ) .

F ig u re  7 .3  s h o w s  th e  fo r e c a s t  o f  d a i ly  d is c h a r g e  fo r  th e  p e r io d  2  A u g u s t  to  9  O cto b er  

2 0 0 1 .  F ig u re  7 .4  s h o w s  th e  fo r e c a s t  fo r  th e  p e r io d  11 A p r il to  18 M a y  2 0 0 4 .  T h e  

p r e d ic te d  d isc h a r g e  u s in g  s im u lt a n e o u s  a n d  s t e p w is e  r e g r e s s io n  a n a ly s is  are a ls o  in c lu d e d  

for  c o m p a r iso n .

B o th  grap h s s h o w  r e a s o n a b ly  c lo s e  n e u r a l n e tw o r k  fo r e c a s ts  c o m p a r e d  to  th e  a c tu a l, w ith  

m a n y  o f  th e  tu r n in g  p o in ts  c a p tu r e d . T h e  fo r e c a s t  u s in g  n eu ra l n e tw o r k s  g iv e s  a  c lo s e r  

p r e d ic te d  f lo w  to  th e  a c tu a l c o m p a r e d  w it h  th e  s im u lta n e o u s  an d  s te p w is e  r e g r e s s io n
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a n a ly s is . T h e  R o o t  M e a n  S q u a r e d  E rror (R M S E )  fo r  th e  n eu ra l n e tw o r k  fo r e c a s ts  is  lo w e r  

th an  th at for  th e  s im u lta n e o u s  a n d  s t e p w is e  r e g r e s s io n  a n a ly s is  (T a b le  7 .2 ) .

T im e  P er io d P r e d ic t io n  M e th o d
R o o t  M e a n  

S q u a red  E rror  
(R M S E )

2  A u g u s t  to  9  O c to b e r  2 0 0 1  
(F ig u re  1)

N e u r a l  n e tw o r k 185

S im u lt a n e o u s  r e g r e s s io n 2 6 0

S t e p w is e  r e g r e s s io n 2 4 6

11 A p ril to  18 M a y  2 0 0 4  
(F ig u re  2 )

N e u r a l  n e tw o r k 1 88

S im u lta n e o u s  r e g r e s s io n 3 2 5

S t e p w is e  r e g r e s s io n 3 2 2

T a b le  7 .2  R o o t  M e a n  S q u a r e  E rro rs  fo r  th e  p r e d ic te d  d isc h a r g e  o v e r  e a c h  p e r io d .

H o w e v e r , n o t a ll th e  fe a tu r e s  o f  th e  a c tu a l d is c h a r g e  h a v e  b e e n  fo r e c a s t . W h ils t  w e  ca n  

n o t b e  cer ta in  th at th e  a c tu a l f l o w  r e c o r d e d  i s  c o m p le t e ly  a c cu ra te  ( e x a m in a t io n  o f  th e  

quarter h ou r d a ta  s h o w s  a  n o i s y  s e r ie s ) ,  th e  fa ilu r e  to  p r e d ic t  th e s e  fe a tu r e s  s u g g e s t s  that 

th ere  are o th er  v a r ia b le s  w h ic h  h a v e  n o t  b e e n  in c lu d e d  in  th e  m o d e ls .  T h e  m o s t  o b v io u s  

o f  th e se  is  h u m id ity  a n d  so la r  r a d ia t io n . E v a p o tr a n sp ir a t io n  is  a f fe c te d  b y  th e  w e a th e r  

p a ra m eters so la r  r a d ia t io n  (a m o u n t  o f  s u n s h in e ) ,  w in d  sp e e d , h u m id ity  a n d  tem p era tu re . 

W in d  sp e e d  an d  te m p e r a tu r e  h a v e  b e e n  in c o r p o r a te d  in to  th e  m o d e l  b u t th ere  i s  n o  data  

a v a ila b le  for  h u m id ity  o r  s o la r  r a d ia t io n . W h e n  c a lc u la t in g  th e  w a te r  b a la n c e  o v e r  a  

la n d fill  s ite , th e  m o n th ly  d u r a tio n  o f  s u n l ig h t  (S e c t io n  5 . 6 . 2 . 1 . 4 )  w a s  n e e d e d  to  e s t im a te  

th e  p o te n tia l e v a p o tr a n sp ir a t io n . R o d e r ic k  &  F arq u h ar ( 2 0 0 2 )  a ls o  s tr e s s  th e  im p o r ta n c e  

o f  so la r  irrad ian ce  in  p a n  e v a p o r a t io n .

T h e  d isc o n t in u o u s  n a tu re  o f  th e  d a ta  s e t  m a y  a ls o  h a v e  h a d  an  a f fe c t  o n  th e  a c c u r a c y  o f  

th e  fo reca st; th is  p a r ticu la r  s e t  o f  c ir c u m s ta n c e s  m a y  n o t  h a v e  b e e n  r e p r e se n te d  in  th e  

tra in in g  se t. I f  th e  d a ta  a t h a n d  w e r e  fo u n d  to  b e  d u r in g  d ry  y e a r s , it i s  e x p e c te d  th at su c h  

tra in ed  A N N  m o d e ls  w o u ld  n o t  p e r fo r m  w e l l  d u r in g  w e t  y e a r s  (A n c t i l  et a l , 2 0 0 4 ) .
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If further work is to be carried out at site involving neural network modelling, it would be 

worth installing a reliable humidity sensor and a solar radiation detector on site. Further 

work would also involve continued monitoring so that the network can be trained using a 

longer continuous set of data. A longer training set should improve the network’s ability 

to generalise since it will have seen more data covering more situations. Anctil et al. 

(2004) found that for forecasting rainfall-runoff their MLPs continued to improve for 

input vectors of 9 years and more.
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F igure 7.2 Graph showing the training Mean Squared Error o f a model using the normalised data.
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Figure 7.3 Graph showing the observed discharge in the Settlement Tank with predicted discharge using neural networks, simultaneous 

regression analysis and stepwise regression analysis between 2 August and 9 October 2001.
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Figure 7.4 Graph showing the observed discharge in the Settlement Tank with predicted discharge using neural networks, simultaneous 

regression analysis and stepwise regression analysis between 11 April and 18 May 2004.
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Chapter 7 -  The use of Artificial Neural Networks to Predict Discharge at Silent Valley.

7.4 Su m m a r y

Feedforward backpropogation neural networks were constructed for Silent Valley1 using a 

single output node to produce a one-step-ahead prediction of daily discharge for the 

Settlement Tank. The data used for constructing models were rainfall, temperature, wind 

speed and discharge.

The forecast using neural networks gives a closer predicted flow to the actual compared 

with the simultaneous and stepwise regression analysis carries out in Chapter 5.

The data set available for Silent Valley was discontinuous with only about 700 days where 

a window of all four variables was available. A longer training set should improve the 

network’s ability to generalise since it will have seen more data covering more situations.

This was a preliminary study of how neural networks can be used to model the discharge 

in the Settlement Tank at Silent Valley. Blaenau Gwent County Borough Council has 

agreed to fund the author to continue monitoring the discharge for the next two years. It is 

hoped that at the end of these two years a continuous data set will be available to combine 

with the data already available. This could then be used to train new networks. It is 

hoped that with more data available for training, a better forecasting model will be 

obtained. Information on humidity and solar radiation at Silent Valley would be useful 

since they are likely to influence the discharge. It would be worth installing a reliable 

humidity sensor and a solar radiation detector on site.

1 Neural networks for Silent Valley landfill were built by Stuart Paris using data supplied by the author.
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C h a p t e r  8

D is c u s s io n

8.1 In t r o d u c t io n

Silent Valley landfill is an active unlined landfill site that is evolving over time. The site 

works on a dilute and attenuate principal. The clay rich deposits covering the valley floor,
o

which met the NRA guideline of <1 x 10' m/s for an acceptable lining material, act as a 

relatively impermeable layer.

Chapter 4 presented a Conceptual Site Model of Silent Valley landfill site (Section 4.3, 

Figures 4.27 to 4.30). The figures showed the original valley bottom, the area of slag and 

the area of landfill. Resistivity surveys confirmed the location of the slag and landfill, and 

have shown that the saturation of the landfill does not vary significantly over a year.
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8.2 W a t e r  B a l a n c e  A n a l y sis

With reference to the drainage map of the site (Figure 3.33), it appears that the area within 

the drainage ditches is approximately 25 ha. Assuming a catchment size of 25 ha, the 

percentage of discharge accounted for by rainfall input is 88% and the percentage of 

discharge accounted for by Effective Rainfall input is 60%. This suggests that 

groundwater is entering the landfill site. For the data available, this equates to something
3 3between 46000 m and 156000 m a year entering the site as groundwater, representing 

between 12% and 40% of the discharge. The actual value is likely to be somewhere 

between the two values. Groundwater entering the site implies that the landfill will have 

less of an environmental impact on the surrounding area, since groundwater flows are 

likely to be towards the landfill rather than away from it (at least in the area lying up 

gradient with respect to piezometric head) but it also means that the landfill operator needs 

to dispose of a greater volume of leachate with higher costs.

Using monthly averages the water balance on the capped Southern Slope has been 

calculated. The actual evaporation calculated for the model (25%) compares well with the 

actual evaporation of the MORECS data for Cwm (23%) supplied by the Met Office. The 

average percolation over a year is 593 mm, which represents 33% of the precipitation. 

The percolation occurred over January, February, March, April, October, November and 

December. This corresponds with the increase in predicted leachate discharge obtained 

from the multiple regression models for both the BSC Pipe and the Settlement Tank.
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8.3 BSC P ip e D is c h a r g e

Analysis of the leachate data from the BSC Pipe showed that there is a weak correlation 

(0.22) between daily discharge and rainfall with a lag of 5 days. No significant correlation 

was found for daily discharge in the BSC Pipe with Effective Rainfall. Recharge of 

leachate, leachate storage, possibly flows from higher perched water tables to the main 

leachate water table in the base of the landfill, and groundwater entering the site would all 

attenuate the rainfall signal.

The strongest correlation with the discharge through the BSC Pipe was found with average 

daily temperature (r = -0.26, p = 0.00).

BSC Pipe discharge was considered as the dependant variable with meteorological data as 

the independent variables for multiple regression analysis. Both the simultaneous and the 

stepwise multiple regression analysis gave stronger correlations than the strongest single 

correlation. Using average daily temperature and daily rainfall (with the 5 day lag) the 

stepwise regression analysis had a correlation of 0.32 compared to 0.33 with the 

simultaneous regression analysis using all the variables (average daily temperature, 

average wind speed, daily rainfall (with the 5 day lag) and pressure). This shows the lack 

of predictive power of pressure and average wind speed.

The resulting models both show seasonal fluctuations in leachate discharge, with high 

flows in winter and low flows in summer. The predicted flows varied between around 

500 m3/day in the winter to around 260 m3/day in the summer. The actual data shows 

significant short-term fluctuations that cannot be modelled using this simple multiple 

regression based approach. The multiple regression analysis has however highlighted 

average daily temperature as the strongest predictive variable for discharge for the BSC 

Pipe.
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8.4 Se t t l e m e n t  T a n k  D isc h a r g e

The discharge from the Settlement Tank was shown to have a long-term upward trend 

(Section 5.4.2). Due to the gaps in the data it was not possible to say whether there is an 

overall increase in discharge or whether this increase simply reflects the available data. 

The rainfall data showed no significant trend suggesting that the trend in the flow data 

reflects other factors, for instance changes in the size of the landfill site itself.

The landfill operator has indicated that the Settlement Tank does not get full as frequently 

as it used to since the engineering works were carried out in 2001. This could be due to a 

lower flow rate exiting the Settlement Tank in the past (rate could have been altered when 

the flume was installed in July 2001) or these higher discharges (anecdotal evidence only) 

were not recorded accurately or at all by the flow monitoring equipment.

Assuming the long-term increasing trend in discharge is correct, discharges to the sewer 

have increased over the monitoring period. If this trend continues, then while the landfill 

is active and increasing in area, the discharge is likely to continue to increase. The 

discharge through the Settlement Tank between July 2003 and June 2004 was 

approximately 430000 m3. The regression line for the trend in discharge is 

y = 0.1353x - 4054.5, indicating that with each year the daily discharge increases by about 

49 m3. Over a year the discharge would increase by approximately 18000 m3, which 

represents about 4% of the July 2003 to June 2004 discharge. If the trend were to 

continue for the next 5 years, based on the July 2003 to June 2004 discharge, the discharge
‘i

in 5 years would be approximately 520000 m representing a 21% increase. When the 

landfill is restored the discharge will decrease, although if groundwater is still entering the 

site there will remain a significant discharge.

Chapter 5 (Sections 5.5.2.2, 5.5.2.3) illustrated the effect rainfall and Effective Rainfall 

have on the volumes of leachate at the site. Increases in discharge for the Settlement Tank 

correspond to rainfall events. There is a weak correlation (0.291) between daily discharge 

and rainfall with a lag of 0 days. Using data for every 30 minutes, the best correlation 

(0.189) of half hourly discharge and rainfall occurs with a lag of 3 intervals - one and a 

half hours. This implies that the discharge shows a rapid response to rainfall events. It is
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likely that the rapid response is derived largely from surface runoff across the landfill that 

is collected by drainage ditches and enters the Settlement Tank.

Slightly stronger correlations are obtained for daily discharge through the Settlement Tank 

and daily Effective Rainfall for a lag of 1 day (0.307) and a lag of 0 days (0.294).

The strongest correlation with the unadjusted discharge through the Settlement Tank is 

with daily rainfall (r = 0.29, p = 0.00) and daily effective rainfall (r = 0.29, p = 0.00). 

Slightly higher correlations are obtained with all the meteorological data when using the 

discharge values with the long-term trend removed. This suggests that the trend observed 

is not driven by these external variables, but most probably reflects an increase in the 

catchment area supplying water to the settlement tank.

Settlement Tank discharge was considered as the dependant variable with meteorological 

data as the independent variables for multiple regression analysis. Analysis was 

performed on unadjusted discharge data and discharge data that had had the long-term 

trend removed. Both the simultaneous and the stepwise multiple regression analyses gave 

stronger correlations than the strongest single correlation. For both simultaneous and 

stepwise regression analysis, the results were slightly better when using the discharge data 

with the long-term trend removed.

The best regression method for the data was using stepwise regression on the discharge 

data with the trend removed, with the highest R (0.51) and R square values (0.26) and the 

lowest RMSE (448).

The resulting models show seasonal fluctuations in leachate discharge, with high flows in 

winter and low flows in summer. The predicted flows varied between around 

1500 m3/day in the winter to around 900 m3/day in the summer. The actual data shows 

significant short-term fluctuations that cannot be modeled using this simple multiple 

regression based approach. The multiple regression analysis has however highlighted 

average daily temperature as the most important variable with the greatest predictive 

power in determining discharge for the Settlement Tank.
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Settlement Tank discharge data in the winter (October to March) and summer (April to 

September) were analysed separately. Although higher correlations are obtained for 

simple regression of the summer data rather than all the data, when using multiple 

regression analysis the best correlations are obtained when using all the data set. This 

could be due to the increased size of the data set when using all the data.
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8.5 B S C  P i p e  L e a c h a t e  G e o c h e m i s t r y

Data from the monitoring programmes of Blaenau Gwent County Borough Council and 

later Silent Valley Waste Services are available for the leachate exiting the BSC Pipe. 

These data are used together with the analysis results from this study.

Analysis of the LP1 leachate reveals that, over the period for which results were available, 

some of the constituents monitored showed variations. Conductivity and many of the 

metals show no trend between 1993 and the present. Sulphate, pH, the BOD/COD ratio 

and iron show a general decrease over the 11 years. Temperature, ammoniacal nitrogen, 

alkalinity, COD, BOD, TOC, sodium, potassium, manganese and chloride all show a 

general increase over the 11 years. It is likely that some of these trends will continue but 

it is unknown for how long. If the trends do continue then the leachate is going to become 

more contaminated overall and require more intensive treatment. Assuming that all of the 

trends continue unchanged, then the concentrations of some of the constituents of LP1 will 

change as indicated in table 8.1. Although sulphate has shown a decrease over time, the 

trend is levelling off, so there is not significant change in sulphate concentrations in 

5 years. The rest of the constituents in the table show an increase.

Constituent Approximate 
mid 2004 level

Predicted level 5 
years on (mid 2009)

Percentage 
increase (%)

Temperature (°C) 35 50 42
Ammoniacal nitrogen (mg/1) 85 185 117
Alkalinity (mg/1) 1050 1800 71

BOD (mg/1) 8 12 50

COD (mg/1) 425 850 100

Chloride (mg/1) 560 575 3

Manganese (mg/1) 95 160 68

Potassium (mg/1) 375 580 55

Sodium (mg/1) 730 1230 68

Sulphate (mg/1) 750 750 0

TOC (mg/1) 110 210 91

Table 8.1 Table showing present and predicted levels of constituents within LP1

based on trends seen between 1993 and the present.
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Readings from the conductivity sensors installed in LP1 were compared with the 

discharge. A weak negative correlation (R2 = 0.0284) was obtained for conductivity with 

the BSC Pipe (LP1) discharge. Observed conductivity values ranged from 1.9 to 

8.5 mS/cm.

Conductivity readings were compared with the IC analysis results. For LP1, fluoride, 

chloride, bromide and nitrate increase as conductivity increases, with sulphate remaining 

about the same. The conductivity of LP1 shows significant weak correlations with 

chloride (r = 0.28, p = 0.00), bromide (r = 0.25, p = 0.00) and fluoride (r = 0.23, p = 0.00).

The discharge from the BSC Pipe (LP1) does not have any significant correlations with 

the IC analysis.

Many of the observations of the Silent Valley leachate suggest the current phases of 

activity within the site. Some are consistent with Phase III, actogenic, conditions. These 

include decreasing sulphate, increasing alkalinity, and nitrate concentrations closest to 

those reported for acetogenic sites. Other observations are consistent with Phase IV, 

methanogenic, conditions. These include slightly alkaline pH heading towards neutral, 

decreasing BOD/COD ratio, increasing ammoniacal nitrogen, and TOC, COD, BOD 

levels closest to those reported for methanogenic sites. As all stages of degradation may 

occur at different rates at any one time within a single site, it is not inconsistent to record 

indicators of both Phase III and Phase IV co-existing.

At this time there is no UK guidance on groundwater quality for the protection of human 

health, so the Dutch Intervention Values are commonly used in assessment. The Dutch 

guidelines (Table 8.2) consider toxicity effects on natural ecosystems. The ‘Optimum’ 

value is that below which the site can be considered to be uncontaminated. The ‘Action’ 

trigger level is the concentration above which the contamination is considered to be 

unacceptable and some form of further investigation and/or remedial works are necessary. 

Only those constituents of the guidelines for which comparison data are available for the 

Silent Valley site have been included in the table.
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A comparison of the LP1 concentrations reveals that the mean values for chromium and 

mercury exceed the Dutch 'Action' trigger level. The maximum recorded values in LP1 of 

arsenic, chromium, lead, nickel and mercury lie above the ‘Action’ trigger level. The 

mean values for lead and zinc lie below the Dutch 'Optimum' level.

Contaminant
Dutch Standards (pg/1) LP1 Values (pg/1)

Optimum Action Max Mean
Arsenic 10 60 116.3 27.43*
Cadmium 0.4 6 2 0.41*
Chromium 1 30 264 39.95*
Copper 15 75 53 22.58*
Lead 15 75 174 8.47*

Nickel 15 75 90 43.27*
Mercury 0.05 0.3 21 18*
Zinc 65 800 328 50.62*

* <values not included in mean calculation

Table 8.2 Dutch guidelines on water standards compared with LP1. Dutch Standards 

adapted from Layla Resources Ltd (2001).
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8.6 Se t t l e m e n t  T a n k  L e a c h a t e  G e o c h em istr y

A strong negative correlation (R2 = 0.4614) was obtained between conductivity and 

discharge from the Settlement Tank when only data considered reliable was used. An 

increase in discharge was associated with a decrease in conductivity, representing dilution.

Conductivity readings were compared with the IC analysis results. For the Settlement 

Tank, fluoride, chloride, bromide, nitrate and sulphate all increase as conductivity 

increases. A very strong significant correlation was found for chloride with conductivity 

(r = 0.85, p = 0.00). Moderate significant correlations were found with bromide (r = 0.51, 

p = 0.00) and nitrate (r = 0.40, p = 0.00). Significant weak correlations were found with 

sulphate (r = 0.35, p = 0.00) and fluoride (r = 0.33, p = 0.00).

For the Settlement Tank chloride, nitrate, sulphate and bromide show a decrease in 

concentration with an increase in discharge suggesting a dilution effect. Significant 

correlations were obtained for the discharge and chloride (r = -.56, p = 0.00), nitrate 

(r = -.56, p = 0.00), sulphate (r = -.49, p = 0.00) and bromide (r = -.16, p = 0.01).
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8.7 F o r e c a s t i n g  u s in g  A N N s

Feedforward backpropogation neural networks were constructed for Silent Valley1 to 

produce a one-step-ahead prediction of daily discharge for the Settlement Tank. The 

forecast using neural networks gave a closer predicted flow to the actual compared with 

the simultaneous and stepwise regression analysis. Root Mean Squared Error (RMSE) for 

the periods 2 August to 9 October 2001 and 11 April to 18 May 2004 were 185 and 188 

respectively, which represent about 20% and 14% of the discharge. For the same time 

periods multiple regression analysis had RMSE representing about 27% and 25% of the 

discharge.

Not all the features of the actual discharge were forecast. Whilst we cannot be certain that 

the actual flow recorded is completely accurate (examination of the quarter hour data 

shows a noisy series), the failure to predict these features suggests that there are other 

variables which were not included in the models. The most obvious of these is humidity 

and solar radiation. The discontinuous nature of the data set may also have had an affect 

on the accuracy of the forecast; this particular set of circumstances may not have been 

represented in the training set. For instance it is unlikely that extreme rainfall events with 

recurrence intervals of hundreds of years are included in the training data set making it 

impossible for the ANN forecast to include system response to such extremes. Clearly 

there may be thresholds within the system that lead to a change in discharge response to 

extreme rainfall inputs. If events exceeding such thresholds are not included within the 

training data set then the model is unlikely to be able to predict resulting discharge with 

accuracy.

This preliminary study showed how neural networks can successfully be used to model the 

discharge in the Settlement Tank at Silent Valley. The forecasts are better than the results 

using multiple regression analysis. Once more data has been collected, new networks can 

be built that should be able to generalise better.

1 Neural networks for Silent Valley landfill were built by Stuart Paris using data supplied by the author.
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For the Settlement Tank, chloride, nitrate, sulphate and bromide showed a decrease in 

concentration with an increase in discharge. Trendlines of the data can be used to obtain 

regression equations. The discharge can be predicted using weather data (rainfall, 

temperature, wind speed and previous predicted discharge) that are fed through the neural 

networks. The predicted discharge can then be used to predict the concentrations of 

chloride, nitrate, sulphate and bromide (Fig. 8.1). The predicted chloride measurements 

are lower than the measured concentrations. Sulphate and nitrate predicted measurements 

are generally about the same or a bit higher then the measured concentrations. The 

measured bromide concentrations are close to the predicted measurements; within the 

limits of precision for the measured concentrations.

This research can be used as a management tool for Silent Valley. By monitoring the 

rainfall, temperature and wind speed, and knowing the discharge the day before, the 

discharge for the following days and weeks can be predicted, which can then in turn be 

used to predict the chloride, nitrate, sulphate and bromide concentrations.
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Figure 8.1 Graph showing the observed concentrations of chloride, bromide, nitrate and sulphate in the Settlement Tank with the predicted 

concentrations based on the predicted discharge using neural networks between 11 April and 18 May 2004.
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Chapter 9 -  Conclusions & Recommendations.

Ch a p t e r  9

Co n c l u s io n s  &  R e c o m m e n d a t io n s

Silent Valley landfill is an active unlined landfill that originally received steelworks 

wastes and subsequently domestic and municipal wastes. Like all landfills, Silent Valley 

leachate production, both in terms of volumes and composition, have changed through 

time, and continue to do so. The information generated by this research has allowed the 

initial Conceptual Site Model of the site presented at the end of Chapter 4 to be refined 

and improved. It is hoped that research outcomes will provide a firm basis for the 

management of Silent Valley landfill site.
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9.1 C o n c l u sio n s

The major conclusions of the project will be presented sequentially, commencing with 

results of the hydrological assessment, then detailing the leachate chemical analysis and 

finally considering the interrelationships found between discharge and leachate 

composition.

Hydrology and H ydrogeology

• Water balance analysis has demonstrated that groundwater is entering the site since 

rainfall landing on the landfill site catchment (25 ha) does not account for all of the 

discharge. It is calculated that between 12% and 40% of the discharge recorded 

through the Settlement Tank is accounted for by groundwater input.

• The discharge through the Settlement Tank shows a rapid response to rainfall events. 

Regression analysis has indicated a lag of approximately 1 Vi hours. This rapid 

response is likely to be derived largely from surface runoff across the landfill that is 

collected by drainage ditches and enters the Settlement Tank.

• The strongest correlation between rainfall and discharge through the BSC Pipe was 

found to have a lag of 5 days.

• Discharges through the BSC Pipe and the Settlement Tank vary. Data recorded 

between October 1998 and July 2004 show that:

-  the minimum discharge recorded in 24 hours for the BSC Pipe was 109 m3, the 

maximum was 2589 m3 and the mean was 440 m3.

-  the minimum discharge recorded in 24 hours for the Settlement Tank was 51 m3, 

the maximum was 5604 m3 and the mean was 975 m3.

• The discharge from the Settlement Tank was shown to have a long-term upward trend. 

This upward long-term trend of Settlement Tank discharge is not mirrored by the 

rainfall recorded at the site. The trend was modelled through curve fitting to the
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discharge data set from 1993 to the present day. The resulting model shows a linear 

regression curve with equation y = 0.1353x - 4054.5. Year on year the discharge 

would increase by approximately 18000 m3, which represents about 4% of the July 

2003 to June 2004 discharge. In ten years a discharge increase of 42% could be 

expected if the trend continued unaltered.

• From the Settlement Tank discharge results it does not appear that there has been a 

significant reduction in leachate since the engineering works on the drainage ditches 

and southern slope were carried out in 2001.

• Regression analysis was performed on the discharge data and the meteorological data 

for the BSC Pipe and the Settlement Tank.

-  The strongest correlation (r = -.26, p = 0.00) for the BSC Pipe discharge was 

found with average daily temperature.

-  For the Settlement Tank discharge the strongest correlations were found with 

daily rainfall (r = .29, p = 0.00) and daily Effective Rainfall (r = .29, p = 0.00).

• Multiple regression analysis was used to model discharge on the basis of 

discontinuous data set from October 1998 to the present. Discharge was considered as 

the dependant variable with meteorological data as the independent variables.

• Multiple regression analysis for the BSC Pipe found that:

-  Using average daily temperature and daily rainfall (with the 5 day lag) the 

stepwise regression analysis had a correlation of 0.32 with the equation:

BSC’= 517.47 + -\5.55(temp) + 4A4(rain)

-  Simultaneous regression analysis using all the variables (average daily 

temperature, average wind speed, daily rainfall (with the 5 day lag) and pressure) 

had a correlation of 0.33 with the equation:

BSC’ = -1230.71 + -\4A2(temp) + 1.97 (wind) + 4.42 (rain) + \ .16(mb)

-  The slight increase in correlation when using all the variables shows the lack of 

predictive power of pressure and average wind speed.
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-  The resulting models both show seasonal fluctuations in leachate discharge, with 

high flows in winter and low flows in summer. The predicted flows varied 

between around 500 m3/day in the winter to around 260 m3/day in the summer.

• Multiple regression analysis for the Settlement Tank was performed on unadjusted 

discharge data and on discharge data with the long-term trend removed. It was found 

that:

-  Simultaneous regression analysis for the unadjusted discharge, using all the 

variables (average daily temperature, average wind speed, daily Effective Rainfall 

and pressure) had a correlation of 0.47 with the equation:

ST ’ = 3129.38 + -4 \M (tem p) + -5.75 (wind) + -1.67(mb) + \3M (ER)

-  Simultaneous regression analysis for the discharge with the long-term trend 

removed, using all the variables (average daily temperature, average wind speed, 

daily Effective Rainfall and pressure) had a correlation of 0.48 with the equation: 

ST ’ = 6422.27 + -39.63(temp) + -5.87 (wind) + -4.96(mb) + 12.34(£R)

-  Stepwise regression analysis for the unadjusted discharge, using average daily 

temperature, daily rainfall and average wind speed had a correlation of 0.51 with 

the equation:

ST ’ = 1454.95 + -40.87(temp) + 23.82(rain) + -6.19(wind)

-  Stepwise regression analysis for the discharge with the long-term trend removed, 

using average daily temperature and daily rainfall had a correlation of 0.51 with 

the equation:

ST ’ = 1454.95 + -40.87(temp) + 23.82(rain)

-  The slight increase in correlation when using all the variables shows the lack of 

predictive power of pressure and average wind speed.

-  The resulting models show seasonal fluctuations in leachate discharge, with high 

flows in winter and low flows in summer. The predicted flows varied between 

around 1500 m3/day in the winter to around 900 m3/day in the summer.

• Multiple regression analysis for the BSC Pipe and the Settlement Tank show seasonal 

fluctuations in leachate discharge, with high flows in winter and low flows in 

summer. The actual data shows significant short-term fluctuations that cannot be 

modeled using this simple multiple regression based approach. The multiple
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regression analysis has however highlighted average daily temperature as the 

strongest predictive variable for discharge.

• A preliminary study was undertaken to investigate the effectiveness of neural networks 

in modelling the discharge in the Settlement Tank. Feedforward backpropogation 

neural networks were constructed1 to produce a one-step-ahead prediction of daily 

discharge for the Settlement Tank.

-  The input data used were rainfall, temperature, wind speed and previous days 

discharge (or predicted discharge after the first day).

-  The networks were trained using the majority of the available data (training set) 

between October 1998 and May 2004. The unseen data (testing set) between 

2 August to 9 October 2001 and 11 April to 18 May 2004 were then used to 

evaluate the networks ability to generalise.

-  The forecast using neural networks gave closer predicted flow to the actual than 

simultaneous and stepwise regression analysis, with many of the turning points 

captured. However, not all the features of the actual discharge were forecast.

L e a c h a t e  C h e m i s t r y

• The leachate produced at Silent Valley landfill site is a weak leachate.

-  The majority of the constituents monitored are low in concentration when 

compared to the figures quoted by the DoE (1995). However, nitrate and nitrite 

concentrations are higher than those quoted.

• LP1, the leachate from the BSC Pipe shows variations in many of the constituents 

since monitoring began in 1993. The following are the main findings:

-  No trend in conductivity and concentration of many of the metals.

-  Decrease over time in sulphate, pH, the BOD/COD ratio and iron.

1 Neural networks for Silent Valley landfill were built by Stuart Paris using data supplied by the author.
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-  Increase over time in temperature, ammoniacal nitrogen, alkalinity, COD, BOD, 

TOC, sodium, potassium, manganese and chloride.

It is concluded that these trends indicate increased significance of biodegradation of 

domestic waste in leachate production over the period for which data are available 

(1990 to 2004).

• Dilution effects can be seen in the Settlement Tank, indicated by a strong negative
y

correlation (R = 0.4614) between conductivity and discharge.

• Conductivity readings showed correlations with the leachate geochemistry.

-  For LP1, fluoride, chloride, bromide and nitrate increase as conductivity increases, 

with sulphate remaining about the same. The conductivity shows significant weak 

correlations with chloride (r = 0.28, p = 0.00), bromide (r = 0.25, p = 0.00) and 

fluoride (r = 0.23, p = 0.00).

-  For the Settlement Tank, fluoride, chloride, bromide, nitrate and sulphate all 

increase as conductivity increases. A very strong significant correlation was found 

for chloride with conductivity (r = 0.85, p = 0.00). Moderate significant 

correlations were found with bromide (r = 0.51, p = 0.00) and nitrate (r = 0.40, 

p = 0.00). Significant weak correlations were found with sulphate (r = 0.35, 

p = 0.00) and fluoride (r = 0.33, p = 0.00).

• The discharge from the BSC Pipe (LP1) does not have any significant correlations 

with the IC analysis.

• Significant correlations between discharge and the IC analysis were found for the 

Settlement Tank and suggest a dilution effect.

-  Significant correlations were obtained for the discharge and chloride (r = -.56, 

p = 0.00), nitrate (r = -.56, p = 0.00), sulphate (r = -.49, p = 0.00) and bromide 

(r = -.16, p = 0.01).

• If the long-term leachate concentration trends continue then the leachate will become 

more contaminated overall and require more intensive treatment. If the trends in 

concentration seen continue unchanged, then many of the constituents (ammoniacal
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nitrogen, alkalinity, COD, BOD, TOC, sodium, potassium, manganese and chloride) 

will increase with time. In 5 years time it is possible that ammoniacal nitrogen, COD 

and TOC will be approximately twice the concentration that they are at the present.

• The cost of leachate treatment in the future is likely to increase since many of the 

leachate constituents are increasing in concentration with time and the discharge 

shows an upward trend.

R e l e v a n c e  t o  o t h e r  L a n d f i l l  S it e s

All unlined landfills are unique. This research has demonstrated the need for an accurate 

and detailed understanding o f the site geology and hydrogeology. Landfills that have been 

active for decades will have seen changes in the waste stream. The fill will therefore vary 

through time as well as between landfills. At Silent Valley landfill for example there is a 

strong influence of steel works waste. Therefore understanding the leachate geochemistry 

of a site requires an equally detailed knowledge of the waste stream composition. The 

meteorological inputs will also vary between sites and these strongly influence leachate 

quality and quantity by controlling rainfall inputs and evaporative losses.

The approaches that have been developed in this research to model leachate generation on 

the basis of meteorological inputs provide a novel methodology that may be applied to 

other unlined landfills (active and closed) to provide a better understanding of leachate 

generation. The ANN methodology appears to offer a promising approach to landfill 

leachate modelling because given sufficient data it provides a more robust methodology 

than simple regression based modelling, which may be influenced by data characteristics. 

This project was of three years duration and data were available for a limited time period. 

Continued monitoring will provide larger data sets, improving the ANN training, and it is 

hoped will lead to significant improvements in the predictive capability of the model.
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9.2 R e c o m m e n d a t io n s

The results of the present project were limited by the three-year time period of the

research and the discontinuous nature of the data available. It is therefore recommended

that efforts should be made to:

• Continue to collect continuous data for the weather, flow and conductivity. Blaenau 

Gwent County Borough Council has agreed to fund the author to continue monitoring 

the discharge for the next two years. It is hoped that at the end of these two years a 

continuous data set will be available to combine with the data already available. This 

could then be used to train new neural networks. It is hoped that with more data 

available for training, a better forecasting model will be obtained.

• Install a reliable humidity sensor and a solar radiation detector on site. Information on 

humidity and solar radiation at Silent Valley would be useful in determining more 

accurately the effective rainfall term in water budget analysis.

• Undertake an analysis of rainfall depth-frequency-duration for the Silent Valley site. 

The parameters of the depth-duration-frequency model are provided on the Flood 

Estimation Handbook CD-ROM as a 1 km grid and as catchment average values. The 

CD-ROM includes software that allows estimates of design rainfall or event rarity to 

be calculated for any point on the grid or for any catchment that has a drainage area of 

at least 0.5 km2.

• Undertake more detailed leachate sampling through observation boreholes across the 

site. This would enable in-situ leachate chemistry to be investigated, possible source 

areas for particular contaminants to be identified (e.g. steelworks slag) and the 

influence of groundwater ingress in leachate concentrations to be assessed.

• Perform ANN modelling at another landfill site with several years of continuous data 

for discharge and meteorological conditions.
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Appendix A - Mean possible monthly duration o f sunlight in the Northern Hemisphere.

Mean possible monthly duration o f sunlight in the Northern Hemisphere. Expressed in 

units of 12 hours. From Koemer & Daniel, 1997 (who took it from Thomthwaite & 

Mather, 1957).

Degrees J F M A M J J A S O N D

0 31.2 28.2 31.2 30.3 31.2 30.3 31.2 31.2 30.3 31.2 30.3 31.2
1 31.2 28.2 31.2 30.3 31.2 30.3 31.2 31.2 30.3 31.2 30.3 31.2
2 31.2 28.2 31.2 30.3 31.5 30.6 31.2 31.2 30.3 31.2 30.0 30.9
3 30.9 28.2 30.9 30.3 31.5 30.6 31.2 31.2 30.3 31.2 30.0 30.9
4 30.9 27.9 30.9 30.6 31.8 30.9 31.5 31.5 30.3 30.9 30.0 30.6

5 30.6 27.9 30.9 30.6 31.8 30.9 31.8 31.5 30.3 30.9 29.7 30.6
6 30.6 27.9 30.9 30.6 31.8 31.2 31.8 31.5 30.3 30.9 29.7 30.3
7 30.3 27.6 30.9 30.6 32.1 31.2 32.1 31.8 30.3 30.9 29.7 30.3
8 30.3 27.6 30.9 30.9 32.1 31.5 32.1 31.8 30.6 30.6 29.4 30.0
9 30.0 27.6 30.9 30.9 32.4 31.5 32.4 31.8 30.6 30.6 29.4 30.0

10 30.0 27.3 30.9 30.9 32.4 31.8 32.4 32.1 30.6 30.6 29.4 29.7
11 29.7 27.3 30.9 30.9 32.7 31.8 32.7 32.1 30.6 30.6 29.1 29.7
12 29.7 27.3 30.9 31.2 32.7 32.1 33.0 32.1 30.6 30.3 29.1 29.4
13 29.4 27.3 30.9 31.2 33.0 32.1 33.0 32.4 30.6 30.3 28.8 29.4
14 29.4 27.3 30.9 31.2 33.0 32.4 33.3 32.4 30.6 30.3 28.8 29.1

15 29.1 27.3 30.9 31.2 33.3 32.4 33.6 32.4 30.6 30.3 28.5 29.1
16 29.1 27.3 30.9 31.2 33.3 32.7 33.6 32.7 30.6 30.3 28.5 28.8
17 28.8 27.3 30.9 31.5 33.6 32.7 33.9 32.7 30.6 30.0 28.2 28.8
18 28.8 27.0 30.9 31.5 33.6 33.0 33.9 33.0 30.6 30.0 28.2 28.5
19 28.5 27.0 30.9 31.5 33.9 33.0 34.2 33.0 30.6 30.0 27.9 28.5

20 28.5 27.0 30.9 31.5 33.9 33.3 34.2 33.3 30.6 30.0 27.9 28.2
21 28.2 27.0 30.9 31.5 33.9 33.3 34.5 33.3 30.6 30.0 27.6 28.2
22 28.2 26.7 30.9 31.8 34.2 33.6 34.5 33.3 30.6 29.7 27.6 27.9
23 27.9 26.7 30.9 31.8 34.2 33.9 34.8 33.6 30.6 29.7 27.6 27.6
24 27.9 26.7 30.9 31.8 34.5 34.2 34.8 33.6 30.6 29.7 27.3 27.6

25 27.9 26.7 30.9 13.8 34.5 34.2 35.1 33.6 30.6 29.7 27.3 27.3
26 27.6 26.4 30.9 32.1 34.8 34.5 35.1 33.6 30.6 29.7 27.3 27.3
27 27.6 26.4 30.9 32.1 34.8 34.5 35.4 33.9 30.6 29.7 27.0 27.0
28 27.3 26.4 30.9 32.1 35.1 34.8 35.4 33.9 30.9 29.4 27.0 27.0
29 27.3 26.1 30.9 32.1 35.1 34.8 35.7 33.9 30.9 29.4 26.7 26.7

30 27.0 26.1 30.9 32.4 35.4 35.1 36.0 34.2 30.9 29.4 26.7 26.4
31 27.0 26.1 30.9 32.4 35.4 35.1 36.0 34.2 30.9 29.4 26.4 26.4
32 26.7 25.8 30.9 32.4 35.7 35.4 36.3 34.5 30.9 29.4 26.4 26.1
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33 26.4 25.8 30.9 32.7 35.7 35.7 36.3 34.5 30.9 29.1 26.1 25.8
34 26.4 25.8 30.9 32.7 36.0 36.0 36.6 34.8 30.9 29.1 26.1 25.8

35 26.1 25.5 30.9 32.7 36.3 36.3 36.9 34.8 30.9 29.1 25.8 25.5
36 26.1 25.5 30.9 33.0 36.3 36.6 37.2 34.8 30.9 19.1 25.8 25.2
37 25.8 25.5 30.9 33.0 36.6 36.9 37.5 35.1 30.9 29.1 25.5 24.9
38 25.5 25.2 30.9 33.0 36.9 37.2 37.5 35.1 31.2 28.8 25.2 24.9
39 25.5 25.2 30.9 33.3 36.9 37.2 37.8 35.4 31.2 28.8 25.2 24.6

40 25.2 21.9 30.9 33.3 37.2 37.5 38.1 35.4 31.2 28.8 24.9 24.3
41 24.9 24.9 30.9 33.3 37.2 37.8 38.1 35.7 31.2 28.8 24.6 24.0
42 24.6 24.6 30.9 33.6 37.8 38.1 38.4 35.7 31.2 28.5 24.6 23.7
43 24.3 24.6 30.6 33.6 37.8 38.4 38.7 36.0 31.2 28.5 24.3 23.1
44 24.3 24.3 30.6 33.6 38.1 38.7 39.0 36.0 31.2 28.5 24.0 22.8

45 24.0 24.3 30.6 33.9 38.4 38.7 39.3 36.3 31.2 28.2 23.7 22.5
46 23.7 24.0 30.6 33.9 38.7 39.0 39.6 36.6 31.2 28.2 23.7 22.2
47 23.1 24.0 30.6 34.2 39.0 39.6 39.9 36.6 31.5 27.9 23.1 21.6
48 22.8 23.7 30.6 34.2 39.3 39.9 40.2 36.9 31.5 27.9 23.1 21.6
49 22.5 23.7 30.6 34.5 39.6 40.2 40.5 37.2 31.5 27.6 22.8 21.3
50 22.2 23.4 30.6 34.5 39.9 40.8 41.1 37.5 31.8 27.6 22.8 21.0
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Appendix C - Pearson’s level o f significance.

Critical values of Pearson’s r

Level of significance for a one-tailed test
0.05 0.025 0.005 0.0005

df Level of significance for a two-tailed test
(N-2) 0.10___________ 0 0 5 ___________ O01__________ 0.001

2 0.9000 0.9500 0.9900 0.9999
3 0.805 0.878 0.9587 0.9911
4 0.729 0.811 0.9172 0.9741
5 0.669 0.754 0.875 0.9509
6 0.621 0.707 0.834 0.9241
7 0.582 0.666 0.798 0.898
8 0.549 0.632 0.765 0.872
9 0.521 0.602 0.735 0.847
10 0.497 0.576 0.708 0.823
11 0.476 0.553 0.684 0.801
12 0.475 0.532 0.661 0.780
13 0.441 0.514 0.641 0.760
14 0.426 0.497 0.623 0.742
15 0.412 0.482 0.606 0.725
16 0.400 0.468 0.590 0.708
17 0.389 0.456 0.575 0.693
18 0.378 0.444 0.561 0.679
19 0.369 0.433 0.549 0.665
20 0.360 0.423 0.537 0.652
25 0.323 0.381 0.487 0.597
30 0.296 0.349 0.449 0.554
35 0.275 0.325 0.418 0.519
40 0.257 0.304 0.393 0.490
45 0.243 0.288 0.372 0.465
50 0.231 0.273 0.354 0.443
60 0.211 0.250 0.325 0.408
70 0.195 0.232 0.302 0.380
80 0.183 0.217 0.283 0.357
90 0.173 0.205 0.267 0.338
100 0.164 0.195 0.254 0.321
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