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Summary Development of Geoelectrical Techniques for Investigation and Monitoring of Landfills

Summary

A review of geophysical applications to investigation and monitoring of landfills
identified that the geoelectrical methods, such as ERT, SP and EM, are ideally suited
because much information can be inferred from the electrical characteristics of
landfill waste. The review identified scope for further development due to constraints
of geophysical surveying along the ground surface. In particular, the ERT method
suffers a loss of data accuracy and resolution with increasing depth of investigation.
These constraints have provided the main focus for interest during this research
project. A field test site was examined on a reconnaissance basis using a multi-
method geophysical approach to obtain the best possible sub-surface characterisation
and interpretation in the absence of intrusive calibration data. On the basis of results
obtained a model was produced showing combined geoelectrical response, which may
be used to plan further detailed investigations including conventional intrusive site
examination. It is further demonstrated that the effectiveness of ERT in a landfill
setting lies with the arrangement of measurement electrodes and application of
specialised electrode address configurations. In an active landfill setting, basal
electrodes installed within the cell drainage medium prior to waste emplacement were
used in conjunction with ground surface electrodes and the address configuration
applied across the array pair. Delineation of basal leachate accumulation and
differentiation from perched tables within the waste profile was possible. In a closed
landfill setting, where restorative capping and leachate extraction was scheduled, a
system for ERT monitoring was established by installing vertical electrode arrays
during routine drilling and emplacement of gas wells. In this setting, baseline sub-
surface geoelectrical characteristics were identified against which the effects of
landfill capping and leachate extraction were assessed through variance in model
resistivities and percentage resistivity change.  This research has provided
recommendations for geophysical monitoring best practice, which may help site
stakeholders to achieve a more effective management of leachate control systems, to
assess the effectiveness of restorative strategies, and to demonstrate legislative

compliance with a greater degree of certainty.
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Section 1 Introduction

(1)

Introduction

1.1. Research Aims and Objectives

The aim of this study is to provide new applications of geoelectrical sub-surface
characterisation techniques for the investigation and monitoring of active and closed
landfill sites. Applicable geoelectrical ground survey methods will be identified by
undertaking a review of published case studies and research literature indicating the
scientific mechanisms, limitations and scope for development of the techniques.
Adaptations of geoelectrical methods will be applied to suitable test sites that are
typical of the nature of landfills encountered in the UK. The effectiveness of adapted
geoelectrical ground characterisation methodologies will be assessed by comparison
with conventional investigation and monitoring techniques. It is anticipated that the
research outcomes will provide a firm basis for recommendations of geophysical best

practice aimed at landfill development stakeholders and geophysical consultants.

1.2. Context of Research

Geophysical survey techniques are increasingly being applied to environmental
ground investigations, in particular the characterisation of landfill sites and
contaminated land. Through the deployment of geophysics, large-scale
reconnaissance surveys may be performed ahead of a more detailed intrusive site
investigation. Alternatively, geoelectrical acquisition equipment may be installed into
the sub-surface, as with borehole geophysics, to enable regular detailed monitoring of

a specific environmental problem.

Most of the geophysical survey methods being applied to environmental ground

investigations have their origins in mineral and groundwater exploration. Techniques
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such as electrical resistivity tomography, electromagnetics and self-potential may be
utilised during landfill characterisation studies to provide information on the
occurrence and distribution of electrically-conductive leachates, the performance of
engineered barrier systems, occurrence of rainwater ingress, and migration of

contaminant plumes.

Conventional geophysical surveys deployed along the ground surface have the
advantage of being non-destructive. However, limitations arise mainly regarding the
use of non-invasive electrical resistivity surveys whereby data resolution and accuracy
is rapidly decreased with increasing depth of investigation. These limitations mean
that important aspects of landfill design and function, such as the permitted
accumulation of leachate above an engineered barrier system, would not be reliably
assessed with non-invasive geophysics. Therefore, there is a requirement for
adaptation and development of existing geoelectrical techniques to enhance data

reliability through a landfill waste-mass.

A further constraint exists with the investigation of closed and restored landfills when
it is not desirable initially to deploy widespread conventional intrusive drilling, trial
pitting and sampling due to disruption of clay capping systems and risk of exposure to
contaminants. In this situation, reconnaissance-scale non-invasive geophysical
surveying is frequently required; however, only one or two methods may be deployed
often resulting in an inadequate understanding of site conditions. A non-invasive
landfill characterisation would be greatly enhanced through the use of multi-method

geophysical surveys providing an optimal site interpretation.

There is no legislative requirement for the implementation of geophysical surveying
and monitoring during the stages of a landfill development. However, from the
perspective of the environmental regulatory bodies, geophysical monitoring may
provide additional assurance that a landfill is performing as designed. This is
particularly relevant to special wastes sites, whereby geophysical monitoring of
leachate accumulation, barrier performance, etc, may be recommended as an extra

compliment to conventional monitoring.
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1.3. Thesis Qutline

Following the introduction, Chapter 2 provides a review of applicable geoelectrical
ground survey techniques for the investigation and monitoring of active and closed
landfills. The known geoelectrical characteristics of landfill waste and leachate are
also examined. Three landfill test sites are described in Chapter 3, which includes a
review of the geology, hydrogeology, historical land use, nature of wastes, monitoring
measures to date, and environmental concerns for each site. Chapter 4 describes a
multi-method geoelectrical approach to the non-invasive characterisation of a lined
hydrocarbon disposal cell constructed within a restored landfill. Chapter 5 provides a
methodology for geoelectrical waste-mass characterisation during development of an
active disposal cell. In Chapter 6, a methodology is provided for assessing the
variation in geoelectrical sub-surface characteristics resulting from restoration at a
closed landfill. Chapter 7 provides recommendations for geophysical best practice
aimed at landfill development stakeholders and geophysicists. Research conclusions

and potential for further work are presented in Chapter 8.
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2)
A Review of Geoelectrical Applications to the

Investigation and Monitoring of Landfills

2.1. Background and Objectives of the Review

At an early stage in the research project it was necessary to review the current
available geoelectrical technologies, with particular regard to the selection of
appropriate methods for practical application to field test sites. Of the various
geophysical technologies currently used both for research and commercial projects,
the geoelectrical methods are ideally suited to sub-surface characterisation and regular
monitoring of landfill and contaminated land. By reviewing published research and
discussing current methodologies with practicing professional geophysicists, it is
apparent that a number of geoelectrical methods are particularly relevant to

environmental ground investigation and include the following:

Electrical Resistivity Tomography (ERT)

Borehole ERT

Self-Potential (SP)

Electromagnetic Induction (EM)

There exists a wealth of published information on these techniques and much has
been written about the scientific theory and practical application to ground
investigation. It was therefore anticipated that the above methods could be utilised for
this research project, whereby they would be applied in combination and/or further

advanced in landfill and contaminated land settings. Accordingly, a review of
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available literature and published case studies has been compiled in this section of the

thesis and is based on the following objectives:

e Provide an account of the geoelectrical characteristics of landfill waste, leachate

and typical landfill contaminants.

e Identify relevant modern geoelectrical techniques, with particular regard to those
methods that could be combined, adapted, improved or advanced through the

application to environmental ground investigation and monitoring.

e Outline the scientific principles of each method and the available modern

equipment developed to utilise these mechanisms for sub-surface characterisation.

e For each geophysical technique, provide an account of the accepted and
conventional field survey protocol and the capabilities for data handling and

presentation of results.

e Demonstrate, with reference to case studies, the requirement for geophysical data

calibration by integration with conventional site investigation means.

o Identify, within the context of this research, the accepted limitations and scope for

further development of the techniques selected.

2.2. Geoelectrical Characteristics of Landfill Waste and

Leachate

Geoelectrical characteristics of landfill waste are increasingly being studied for the
purpose of site delineation and detailed investigation. With the advent of automated
electrical resistivity survey equipment and use of multi-electrode arrays, large-scale
ERT surveys are often deployed across old closed landfills to distinguish the waste-
mass from background natural geology on the basis of variation in electrical

resistivity/conductivity. Furthermore, the elevated conductivities encountered within
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landfills enable the use of electromagnetic mapping surveys, particularly for locating

the boundaries of closed sites and to detect migrating leachate plumes.

Elevated conductivity within landfill waste and sometimes observed extending into
background geological deposits is attributed to the presence of leachate. As described
in Christensen et al. (2001), leachate is generated by excess rainwater percolating
through the waste layers of a landfill. Combined physical, chemical and microbial
processes in a landfill waste-mass act to transfer pollutants from the refuse material to
the percolating water. In general, landfill leachates contain very high concentrations
of dissolved organic matter, inorganic macrocomponents, together with heavy metals
and xenobiotic organic compounds (XOC’s), (Christensen et al. 2001). The elevated
ion content, which may be a factor 1000-5000 higher than uncontaminated
groundwater, results in a strong electrical conductivity, or reduced resistivity. Table

2.1 indicates the typical composition of landfill leachate.

With the use of electrical resistivity tomography sub-surface imaging, it is generally
possible to distinguish leachate-saturated wastes from drier material on the basis of
variation in resistivity. With detailed ERT across a typical domestic landfill, a broad
range in resistivities is encountered. It is possible to subdivide a range in resistivity
values according to the conditions in the landfill, mainly attributed to variation in
moisture content and the nature of materials deposited. However, this requires
calibration by comparison to moisture content and hydrogeochemical analysis.
obtained from boreholes, trial pits and observation wells. Typical resistivity values

encountered within domestic and industrial landfills are shown in Table 2.2.

Unsaturated landfill wastes are distinguished from zones of leachate saturation by the
higher resistivity values observed. Landfill waste is typically comprised of rubble,
wood, plastics, rubber, scrap metals, glass, textiles, etc (Ove Arup and Partners,
1995). In its bulk form, this material is electrically non-conducting, so will exhibit a

high to very high resistivity.
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Table 2.1: Typical composition of landfill leachate (Christensen et al. 2001).

A Review of Geoelectrical Applications to the Investigation and Monitoring of Landfills

Parameter Range

pH 45-9
Specific conductivity (uS cm™) 2500 — 35000
Total solids 2000 — 60000
Organic matter

Total organic carbon (TOC) 30 - 29000
Biological oxygen demand (BODs) 20 - 57000
Chemical oxygen demand (COD) 140 — 152000
BODs/COD (ratio) 0.02-0.80
Organic nitrogen 14 — 2500
Inorganic macrocomponents

Total phosphorous 0.1-23
Chloride 150 — 4500
Sulphate 8 7750
Hydrogencarbonate 610 - 7320
Sodium 70 - 7700
Potassium 50 - 3700
Ammonium nitrate 50 — 2200
Calcium 10 - 7200
Magnesium 30 — 15000
Iron 3 -5500
Manganese 0.03 - 1400
Silica 4-70
Inorganic trace elements

Arsenic 0.01-1
Cadmium 0.0001-0.4
Chromium 0.02-1.5
Cobait 0.005-1.5
Copper 0.005-10
Lead 0.001-5
Mercury 0.00005 -0.16
Nickel 0.015-13
Zinc 0.03 — 1000

Note: All values in mg/l except specific conductivity.
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Table 2.2: Typical resistivity values encountered within domestic and industrial
landfills.

Parameter Resistivity (2m)
Leachate saturation * 2-10

Weak / dilute leachates * 10 -20

Surface drainage / ingress 10 - 50

Damp, unsaturated wastes * 20 - 200

Dry wastes * 200 — 2000
Uncontaminated groundwater ° 100 — 200
Free-phase LNAPLs, e.g. fuel oil 400

DNAPLs, e.g. PCE, TCE ¢ 650 — 850

HDPE liners * >2000

The above ranges are based on: * George (2002), ®Reynolds (1997), © Godio and Naldi
(2003), ¢ Goes and Meekes (2004).

Landfill liner and capping membranes, such as high-density polyethylene (HDPE) and
low-density polyethylene (LDPE) act as electrical insulators preventing current flow
through them (George, 2002). This may be problematic for the use of geoelectrical
survey methods, particularly where LDPE capping membranes have been emplaced
during restoration of closed landfills. Otherwise, a basal HDPE liner system may be
identified by the high resistivities observed.

Uncontaminated, non-saline groundwater has a typical resistivity range of 100 — 200
ohm.meter (Godio and Naldi, 2003). As landfill leachate exhibits a much lower
resistivity range (2 — 10 ohm.meter) it is often possible to delineate the spread of
migrating leachate plumes from a waste-mass into natural background geological
deposits. For this purpose, a two-dimensional ERT profiling survey, with spatial EM

conductivity mapping over the ground surface may provide favourable results.

Current landfill regulations do not permit the co-disposal of domestic refuse with

special wastes, which include organic hydrocarbon contaminants. In older landfills,
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organic contaminants are often encountered and may be distinguished from other
waste-types, from leachate, or from uncontaminated groundwater by the resistivity
values exhibited. Oil contamination, such as diesel fuel, kerosene and gasoline are
known as light non-aqueous phase liquids (LNAPLs) and are electrically insulating
where they exist perched above groundwater and leachate bodies. However, when
LNAPL contaminants become dissolved into uncontaminated groundwater during
biodegradation and emulsification, the production of organic acids leads to dissolution
of mineral ions in the groundwater body resulting in an increase in conductivity /
decrease in resistivity (Cassidy et al. 2001), (Godio and Naldi, 2003), (Sauck et al.
1998). Other commonly encountered organic compounds, such as trichloroethylene
(TCE) and perchloroethylene (PCE) occur within groundwater bodies and are known
as dense non-aqueous phase liquids (DNAPLs). These contaminants exhibit a higher
resistivity than the background lower bulk resistivity of a saturated groundwater

aquifer (Goes and Meekes, 2004) or leachate body and may be detected on this basis.

Table 2.3: Applications of geoelectrical ground survey methods to landfill
investigation and monitoring (adapted from Brabham et al. 2005).

Geophysical Technique Potential application to landfill investigation

Electrical Resistivity Tomography Characterise the general composition of landfill material.
(ERT) Differentiate waste-mass from background geology.
Distinguish between dry inert fill and saturated waste.
Monitor the generation and migration of leachate.

Examine the integrity of cap and liner systems.

Cross-Borehole ERT Identification of leachate with depth through waste.
Monitor the distribution of dry and saturated fill.
Assist in the management of leachate re-circulation.
Delineation of leachate flow pathways through waste.

Electromagnetic (EM) Delineation of migrating leachate plumes.

For example: EM31, EM38 Identify buried metal objects, e.g. chemical drums.
Delineation of landfill boundaries.
Spatial mapping of wet & dry areas.

Self Potential (SP) Identify and map secpage problems across a landfill.

Determine the integrity of capping materials.
Identify contamination plumes derived from landfills.
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The electrical characteristics of landfill waste are therefore very responsive to
geoelectrical ground survey techniques, which may be deployed on a large scale to
locate old landfills (for example: Lanz et al. 1998., George, 2002), or on a smaller
scale to monitor specific problems (for example: George, 2002). The applications of
geoelectrical ground survey methods to landfill investigation and monitoring are

indicated in Table 2.3.

2.3. Electrical Resistivity Tomography (ERT)

2.3.1. Background to the Resistivity Method

Electrical resistivity surveying is a commonly used geophysical technique for sub-
surface characterisation of landfills and contaminated land in the UK. Resistivity
surveying has origins in mineral and groundwater exploration, but in recent decades it
has increasingly been applied to environmental and engineering investigations of the
shallow sub-surface. Traditionally resistivity investigations involved the application
of electrical current to the ground across a pair of metal electrodes, whilst the voltage
difference across an adjacent electrode-pair was measured simultaneously, thus giving
a determination of ground resistance, as illustrated in Figure 2.1. In the early stages
of development, these tests were often conducted to investigate soil moisture
properties or clay content. Electrical Resistivity Tomography (ERT) surveying is a
recent development of the resistivity technique, whereby multi-electrode arrays are
used to acquire many data points through the sub-surface. Raw data is subjected to
inversion producing a two-dimensional image or tomogram of sub-surface resistivity
variation with distance and depth beneath a survey traverse. Recent applications of
resistivity surveying to landfill investigations have included the delineation of old
disposal sites (Lanz et al. 1998) and characterisation of leachate saturated zones prior

to remediation (George, 2002).

10
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where e is the electric field (in V/m), j is the current density (in A/m?), ¢ is the
conductivity of the medium (in S/m) and x = (x, y, z) (Keller and Frischknecht, 1966).
The time independent form of the first Maxwell equation, A X e = 0, implies the

existence of a scalar electric potential:

e (x) =-A ® (x) 2.3)
which may be combined with Eq. (2.1) and Eq. (2.2) to give:

Ao (x)-ADX)+0(x)AD(x)=1 & (x-x) (2.9)

Assuming a homogenous half-space Earth model, the first term on the left hand side
of equation (2.4) is not used and the potential caused by a current source located at

x =(0, 0, 0) is given by:
OXx)=pL1/2n[x] (2.5)

where p = 1 / ¢ is the resistivity and [x] is the distance from the origin. So, the

boundary conditions ® = 0 for [x] — oo and ® — oo for x = (0, 0, 0) are applied.

Since potential functions can be added arithmetically, the total potential at one
observation point may be calculated by adding the potential contributions from each
source. The potential difference between two potential electrodes (MN) induced by a

pair of current electrodes (AB) is then given by:
Oy — On=A D =p I,/ 2n (1/AM — 1/BM — 1/AN — 1/BN) (2.6)

where AM denotes the distance between current electrode A and potential electrode
M. So, the minus sign for two of the distance terms arise since one of the current
electrodes in a normal two-electrode current must have a negative sense of current

flow compared to the other.

12
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When ¢ is allowed to vary over a full 2D or 3D half-space Earth model the first term
in Eq. (2.4) does not vanish. Integrating over volume V' and applying Green’s

theorem:
[lso (x)[0® (x)/on]dS=1(x) (2.7)
where n is the unit vector normal to the surface.

Using the finite-difference discretisation of Dey and Morrison (1979) this leads to a

matrix equation of the form:
Go=1 (2.8)

where G is the conductance matrix consisting of the discretised conductivities and @
are the discretised potentials. The generally sparse conductance matrix G can be
inverted using a sparse matrix solver to give the potentials over the whole 2D or 3D

model grid.

During DC resistivity surveys, the quantity that is actually measured is potential
difference between the two potential electrodes (MN). For a homogeneous Earth, Eq.
(2.6) can then be used to calculate the resistivity (p), so the terms can be rearranged to

obtain:
p=KAD/I) (2.9

where K is called the geometric factor combining the effect of electrode separation
distances (Keller and Frishknecht, 1966).

If the sub-surface is non-uniform, the so called apparent resistivity (p,) is determined
from Eq. (2.9).

13
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2.3.3. Electrode Array Geometries

Resistivity ground surveys were primarily developed using the four-electrode system
comprising two current and two potential electrodes. However, modern ERT
acquisition systems utilise multi-electrode arrays, whereby it is possible to use
between 18 and 72 electrodes connected along a single traverse with multi-core
cables. Multi-electrode acquisition systems were developed to minimise the time
spent during field data acquisition and to enable resistivity variations to be determined
over significant distances and depths. A four-electrode configuration can be applied
to a multi-electrode survey traverse by a range of different geometries. The most
widely used electrode array geometries, the Wenner, the Wenner-Schlumberger, and

the Double-Dipole, are described and illustrated in Figure 2.2.

In the Wenner array geometry, current is applied to the outer electrodes with potential
difference being measured across the inner pair. When this geometry is applied to a
multi-electrode array, greater depths and distances are progressed by increasing the
spacing between electrodes, whereby the spacing increase is always a multiple of the
minimum spacing (a in Figure 2.2). If the Wenner array geometry is used during field
data acquisition, the number of readings is relatively small; therefore this array
configuration can minimise the time taken to run a survey. However, the resolution is
only suitable for analysing vertical layered changes and small scale lateral

heterogeneities often remain unresolved.

In the Double-Dipole geometry, two ‘dipoles’ are established comprising the current
pair (AB) on one side of the array and the potential pair (MN) on the other side.
When this array geometry is applied to a multi-electrode traverse, the spacing (a) of
the dipoles remains constant and always equal or less than the spacing between the
dipoles (na). Data acquisition is progressed vertically and horizontally by increasing
the spacing between the dipoles (na). The Double-Dipole configuration results in a
larger number of measurements than the Wenner array and horizontal resolution is

good, however this is at the compromise of decreased depth penetration.

14
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ERT traverses are established by inserting stainless steel electrodes into the ground
surface along a pre-determined traverse, whilst ensuring that the probes are well-
grounded. Electrodes are connected to multi-core cable, which in turn is linked to the
resistivity meter (Figure 2.4). A fixed electrode spacing must be used throughout
each survey line and will be prescribed according to the resolution and/or depth
required. It is generally accepted that the geophysicist must use a wide electrode
spacing to obtain greater depths of investigation, but at the compromise of vertical

and horizontal resolution, which is greater using smaller electrode spacings.

Prior to an ERT survey, an electrode sequence address file is uploaded from PC onto
the resistivity meter. A sequence address file contains a list of configurations
instructing the instrument to apply electrical current and measure potential difference

according to the electrode array geometry used for a given number of electrodes.

Poorly grounded electrodes and/or very dry soil conditions will undoubtedly result in
a low signal to noise ratio and inaccurate readings of resistance and apparent
resistivity. Therefore, care must be taken prior to data acquisition to ensure all
electrodes are well-grounded and to perform a contact resistance test. Modern
resistivity meters have an in-built function to test the contact resistance between
electrode pairs and the ground surface prior to a survey. High contact resistances (>4
kQ) can be rectified by improving the ground contact. In cases where high contact
resistances persist, a suitable contact can be obtained by application of saline water to
the ground immediately around the electrode. It is widely accepted that contact
resistances should be less than 4kQ across all electrodes in a traverse in order to

optimise the signal to noise ratio and obtain accurate readings of apparent resistivity.

On completion of data acquisition the readings are downloaded to PC using interface
software, which will enable the operator to assess the quality of the raw data in the
field, remove erroneous data points, and export the results in a format suitable for

inversion.

18
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2.3.5. Tomographic Inversion — RES2DINV®

Following the acquisition of resistance and/or apparent resistivity data points from the
sub-surface during an ERT survey, an inversion routine must be performed to produce
a two-dimensional image tomogram, which is a model of the difference between

measured and calculated apparent resistivity values.

Apparent resistivity raw data acquired from all field test sites during this research was
subject to inversion using the RES2DINV® software (Geotomo Software, 2002). This
software incorporates a forward modelling sub-routine to calculate the apparent
resistivity values and a non-linear least-squares optimisation technique for the
inversion routine (deGroot-Hedlin and Constable, 1990; Saski, 1992; Loke and
Barker, 1996).

The smoothness-constrained least-squares inversion method used by RES2DINV® is
based on the following equation (Geotomo Software, 2002):

0T+ uF)yd=1"g (4.10)

where  F=ff" +£f]
f; = horizontal flatness filter
f, = vertical flatness filter
J = matrix of partial derivatives
u = damping factor
d = model perturbation vector

g = discrepancy vector

As described in Geotomo Software (2002), RES2DINV® incorporates a new
implementation of the least-squares method based on a quasi-Newton optimisation
technique (Loke and Barker, 1996a). This technique is more than 10 times faster for
large datasets than the conventional least-squares method and requires less processing
memory. A further advantage of this method is that the damping factor and flatness
filters can be adjusted to suit different types of data.

19
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RES2DINV® uses a two-dimensional model to divide the sub-surface into a number
of rectangular blocks, the purpose of which is to determine the resistivity of the
blocks that will produce an apparent resistivity pseudosection that agrees with the
actual measurements. An optimisation method used by the program attempts to
reduce the difference between the calculated and measured apparent resistivity values
by adjusting the resistivity of the model blocks. A measure of this difference is given
by the root-mean-squared (RMS) error. It is important to note that the inversion
model with the lowest RMS error can sometimes show large and unrealistic variations
in the model resistivity values and may not always be the best model from a
geological perspective. In general, the most prudent approach is to choose the model
at the iteration after which the RMS error does not change significantly - usually

between the 3™ and 5 iterations.

The effectiveness of resistivity data inversion and the quality of tomographic
interpretation is highly dependent on accuracy, resolution and equivalence, a
description of which is provided in Hauck (2001). In order to estimate the quality of
the inversion results, the model resolution and accuracy must be analysed. Both
quantities are strongly influenced by the number of model parameters; that is the
number of model blocks in a tomographic inversion. If many model parameters are
selected the accuracy of these parameters may be low, whereas the resolution of the
inversion result is high. If only a few model parameters are selected the accuracy is
high but the resolution is low. In effect, there is a compromise between accuracy and

resolution in choosing the number of model parameters for a given data set.

Non-invasive ERT is restricted to acquisition of measurements from the ground
surface, which usually results in a decrease of the sensitivity of the model parameters
to the data with increasing depth. One possibility is to increase the model block size
with depth leading to fewer model parameters and higher accuracy at larger depths.
At shallow depth, where the sensitivity is usually largest, a higher resolution is often

achievable.

A further problem of uncertainty sometimes arises from the principle of equivalence,
which implies that two highly resistive anomalies with slightly different resistivities

and dimensions may show the same response if the product of their thickness and

20
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resistivity values (z p) is the same. Furthermore, two highly conductive bodies will
give the same response if the ratio between their thickness and resistivity values (z / p)

is the same.

It is essential that non-invasive ERT results must not be relied upon solely and should
be calibrated by comparison to results from conventional site investigation
information, such as moisture content and hydrogeochemical analysis obtained from

boreholes, trail pits and monitoring wells (Section 2.7).

2.3.6. Data Presentation and Interpretation

Tomographic inversion, using a program such as RES2DINV®, produces a two-
dimensional colour-scaled image of resistivity variation with distance and depth
beneath the survey electrode profile. Modelled apparent resistivity data can be
viewed as a numerical block image, or alternatively data points can be contoured, and

in both cases a scale of resistivity in ohm.meter (Qm) from low to high is provided.

Interpretation of modelled apparent resistivity may be qualitative, which involves
visual inspection of resistivity variation and anomalous occurrences. It is advisable to
compare the resistivity image produced with a geological or conceptual model of the
perceived ground characteristics. For example, a landfill site would be expected to
contain leachate within the waste-mass and possible migration into the background
geological deposits and as these liquids are electrically conductive, zones of low
resistivity may be inferred to be characteristic of leachate. This approach may be
adequate for initial reconnaissance ground investigations, but must be calibrated by

comparison to observation well data, geological logs and intrusive sampling.

Occasionally, resistivity surveys are repeated in a temporal sense by acquiring raw
data along a fixed array of electrodes on an hourly, daily, or monthly basis. On this
basis, the acquisition of multiple data sets from the same electrode profile will permit
qualitative interpretation involving timelapse inversion. This can be performed using

the RES2DINV® program. Several apparent resistivity data sets can be inverted
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simultaneously to produce an ERT image of the first data set acquired, followed by
subsequent images of resistivity variation between specified time intervals. A
timelapse processing approach is particularly useful for analysing resistivity changes
within bulk background resistivity values, whereby variations may be caused by
increased saturation, desaturation, or the migration of conductive saline groundwater

or contaminated plumes.

2.4. Borehole ERT Techniques

2.4.1. Background to the Borehole ERT Principle

Borehole electrical resistivity tomography techniques were primarily developed for
near-surface environmental and engineering investigations to overcome problems of
poor accuracy and resolution often encountered with increasing depth when
employing conventional ground surface ERT surveying. Resistivity measurements
using borehole electrode arrays were initially attempted to perform groundwater
investigations and controlled tracer injection experiments in natural geology (Binley
et al. 1995; Slater et al. 1996., 1997). Further applications have since included the
characterisation of DNAPL-contaminated ground (Goes and Meekes, 2004), single-
hole ERT monitoring of landfills (Tsourlos et al. 2003), and monitoring of in-situ

contaminated land remediation (Ramirez et al. 1995; Newmark et al. 1998).

Borehole ERT involves the same underlying theory as conventional ground surface
techniques, however the electrode arrays are emplaced vertically into the sub-surface
after intrusive drilling. Electrical current is introduced to the sub-surface through a
pair of current electrodes (AB), whilst potential difference is measured across
potential electrodes (MN), thus permitting the calculation of resistance and apparent

resistivity values.
Borehole ERT methods are perhaps best suited to detailed investigation and temporal

monitoring following reconnaissance-scale surveying. Anomalous zones or areas of

concern, such as contaminant and leachate plumes, would normally be targeted by
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conventional intrusive investigative methodology, which represents an ideal
opportunity to install borehole ERT equipment for regular monitoring. The main
advantages of borehole ERT are that the measurement electrodes are permanently
installed within the ground allowing frequent repeated measurements to be recorded
with a high level of positional accuracy. Furthermore, borehole electrodes are
installed with increasing depth through the sub-surface, often utilising the entire
length of casing and this permits the recovery of data with consistent accuracy and
resolution with depth. Some constraints are noted, perhaps the most significant being
that the boreholes utilised for ERT cannot be widely-spaced as resolution and

accuracy would be anticipated to decrease with increasing borehole separation.

It is relatively inexpensive to install and operate borehole ERT acquisition systems,
mainly because the technique can be used when boreholes are being drilled routinely

without having to prescribe costly drilling especially for geophysical monitoring.

2.4.2. Borehole ERT Measurement Theory

The arrangement of electrodes in borehole surveys is different from conventional
ground surface investigations because borehole ERT involves emplacement of
vertical electrode arrays into the sub-surface and measurement of resistivity in two-
dimensions across the plane of ground between a pair of arrays. As described in
Geotomo Software (2002), the geometric factor for sub-surface electrodes is different
from that used for ground surface arrays. If the C1, C2 and P1, P2 electrodes are
located at (x1, z1), (X1, Z2), (X1, 3), (X1, 24) respectively, the geometric factor £ is given
by:

k=4p/(1/r; + 1/1y°) (/2 + 1/10°) 4.11)
where ;= sqrt (dx* + dZ?)
r’ = sqrt (dx* + DZ%)

dx =x1—x,

Dz=2z+ 2z,
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dz=2z-2;
= sqrt (dx* + dz%)
r’ = sqrt (dx* + Dz%)

dx =x3— X4
DZ=Z3+Z4
dz=23—24

2.4.3. Electrode Array Geometries

A four-electrode configuration (AB and MN) can be applied to multi-electrode
borehole arrays by a range of various geometries depending on the nature of the
investigation. As discussed in Goes and Meekes (2004), the most commonly used
borehole electrode geometries include the cross-hole dipole-dipole, the circulating
dipole-dipole, and the cross-hole tripole-pole. A further geometry based on the cross-
hole tripole-pole has been developed, known as the “Meekes’ configuration (Goes and
Meekes (2004). These four geometries are discussed and illustrated, with reference to
the work of Goes and Meekes (2004).

In cross-hole dipole-dipole geometries, each borehole contains two electrodes and the
considered configurations of the four-electrode pattern are AB-MN, AM-NB, and
AB-MN (Figure 2.5). In the AB-MN configuration, the potential and current
electrodes are situated in separate boreholes, so compared to the other two
configurations (AM-NB and AB-MN) the distance between the current and potential
electrodes is relatively large. The AB-MN configuration can result in many low or
zero potential readings, which are easily obscured by background noise (Bing and
Greenhalgh, 2000). Furthermore, there is a risk that part of the current flows through
the fluid in the borehole instead of through the subsoil, because both current

electrodes are situated in the same borehole.
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In the AM-BN and AM-NB configurations, the potential electrodes are situated in
different boreholes and near the current electrodes, so the potential differences
measured will be fairly large and less susceptible to background noise. Also, the
current electrodes are situated in separate boreholes, so the current flow has to flow
through the sub-soil between the borehole-pair. According to Bing and Greenhalgh
(2000), the AM-BN and AM-NB configurations lead to comparable results

The circulating dipole-dipole array geometry (Figure 2.6) consists of individual
measurements with 1, 2, 3 and 4 active electrodes in one borehole, so many different
electrode configurations are possible (AMBN, ABMN, ABM-N, AB-MN, etc). With
some of the configurations possible in the circulating dipole-dipole geometry, (AB-
MN), the disadvantages encountered with the cross-hole dipole-dipole patterns may
still apply. Nevertheless, circulating measurement schemes have been recommended
to guarantee completeness of an ERT data set (Xu and Noel, 1993) and in published
case examples it is the most widely used geometry ( e.g., Sullivan and LaBrecque,
1998, Slater et al. 2000, Kemna et al. 2002).

In cross-hole tripole-pole configurations, three electrodes are placed in one borehole
and the fourth is located in the other borehole. In a study by Goes and Meekes (2004)
two configurations of the cross-hole tripole-pole geometry have been tested: the ‘well

log’ configuration and the ‘Meekes’ configuration.

The MNA-B and A-MNB configurations (Figure 2.7) are based on the short-normal
(SN) resistivity well log configuration. The electrical current has to flow through the
sub-soil because the current electrodes are located in different boreholes. Apparent
resistivity values obtained from the SN log are a good indication of the real resistivity
values of the sediment near the borehole. However, the SN log does not provide

information on the resistivities further away from the boreholes.
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Section 2 A Review of Geoelectrical Applications to the Investigation and Monitoring of Landfills

2.4.5. Tomographic Inversion, Data Presentation and Interpretation

Processing techniques for the inversion of electrical resistivity sub-surface
measurements are described in detail in Section 2.3.5. Raw data acquired from
borehole ERT surveys may be inverted using the RES2DINV® programme (Geotomo
Software, 2002). Inversion will sub-divide the sub-surface plane between the
boreholes into quadrilateral blocks defined by the electrode separations.
Tomographic inversion using RES2DINV® produces a two-dimensional colour-scaled
numerical block model of resistivity variation across the plane between the two
boreholes. Data may be contoured for ease of interpretation and a scale of resistivity

in ohm. meter (Qm) from minimum to maximum is provided.

As described in Section 2.3.6, interpretation of ERT data may be qualitative or
quantitative. A significant constraint with the RES2DINV® programme is the lack of
a timelapse inversion method for repeated borehole measurements. Therefore,
quantitative interpretation involves examination of raw data for changes in resistivity,
whereby the difference between two successive data sets must be plotted using a

contouring programme, such as SURFER®.

2.5. Self-Potential (SP)

2.5.1. Background to the SP Method

Self-Potential (SP) surveying involves the measurement of naturally occurring
electrical potentials developed in the near-surface by electrochemical actions between
minerals and fluids, or by electrokinetic processes involving the flow of ionic fluids
(Sharma, 1997). Application of the passive SP technique differs from other active
geoelectrical methods, such as electrical resistivity tomography and electromagnetics,
which require the induction of artificially created currents from the ground surface.
SP has its origins in mineral exploration, whereby significant natural potentials in the
range of a few millivolts (mV) to over 1 Volt are found to occur over base-metal

sulphide deposits in the presence of groundwater (Sato and Mooney, 1960; Kilty,
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1984; Becker and Telford, 1965). Environmental applications have included the
detection of groundwater seepage through earth dams and reservoir floors (Ogilvy et
al. 1969; Butler and Llopis, 1990), and more recently during the investigation of
contaminated land and landfill (Coleman, 1991; Himmann et al. 1997; Sauck et al.

1998; Nyquist and Corry, 2002).

Self-Potential surveys can be deployed rapidly and by using inexpensive measurement
equipment and are generally undertaken to compliment other geophysical techniques.
Field equipment consists of a pair of non-polarising electrodes connected to a high
impedance voltmeter and may be operated by a single person (Figure 2.9). Data
processing may be undertaken rapidly using commercial contouring programmes and
generally involves qualitative assessment, although quantitative analysis of anomaly

source geometries and depth may also be attempted.

2.5.2. Sources of Natural Potentials

Natural potentials are established in the sub-surface through a range of possible

mechanisms. These have been discussed by Sharma (1997) and are listed below:

e Electrofiltration potential. Flow of fluid through a capillary or porous medium
may generate an electric potential in the direction of the flow path. The potential is
generally positive with descending ingress of fluid from the ground surface and

negative with ascending ingress at depth.

e Thermoelectric potential. A potential difference may appear across a unit of
ground where a temperature gradient is maintained and may be measured in areas

of geothermal and volcanic activity.
¢ Electrochemical potential. Potential differences may be established in the sub-

surface due to the mobility of anions and cations of different concentrations in

groundwater.
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e Mineralisation potential. Strong potentials generally occur over base-metal

deposits, particularly where a mineral body straddles the water table.

Generally, the mechanisms of interest during landfill investigations are the
electrofiltration and electrochemical potentials and the two may occur simultaneously,
particularly where conductive leachates migrate through the subsurface
(electrofiltration potential) and mix with groundwater (electrochemical potential),
which has been observed during studies by Coleman (1991). Electrofiltration and
electrochemical potentials have also been observed with the migration of electrically-
conductive dissolved phase LNAPL plumes (Sauck et al. 1998) and with the flow of
leachate derived from organic refuse (Nyquist and Corry, 2002).

As discussed in Sharma (1997), SP data acquired during environmental investigations,
particularly in urban environments, are generally of low amplitude and often affected
by electrical noise. Noise interference tends to be derived from changing soil
conditions and levels of saturation, electrically grounded machinery and buried metal
objects, power lines and reinforced concrete. Modern voltmeters contain filters to
suppress electrical noise; nevertheless recognition of noise potentials is important to

avoid their misinterpretation as anomalies of interest.

2.5.3. Self-Potential Acquisition Equipment and Survey Procedure

Field equipment for recording natural potentials is relatively simple and inexpensive,
consisting of a pair of non-polarising electrodes connected to a voltmeter (Figure 2.9).
A non-polarisable electrode is a metallic probe immersed in a solution of one of its
salts, for example copper in copper sulphate. The electrode and solution is contained
in a receptacle (usually an unglazed ceramic pot) with a porous base allowing very
slow permeation of the liquid onto the ground surface. Non-polarising electrodes
must be used because unlike steel they do not generate electrical fields when placed in

the ground.
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Section 2 A Review of Geoelectrical Applications to the Investigation and Monitoring of Landfilis
2.5.4. Data Processing, Interpretation and Presentation

Processing and interpretation of SP field data has traditionally involved qualitative
inspection of line graphs and contour maps. Data from survey traverses or grids may
be contoured using software such as SURFER® to show spatial variations in the
occurrence of natural potentials. In addition, data from SP traverses may be
represented in line graph format and compared to other geological / geophysical

information.

As described by Himmann et al. (1997), quantitative interpretation would involve
comparison of recorded SP data with synthetic graph profiles computed for simple
geometric models, such as spheres and cylinders, sheets and spheres, and two-
dimensional sheet-like structures. Results of curve modelling could allow the

locations and dimensions of SP sources to be determined.

2.6. Electromagnetic Induction (EM)

2.6.1. Background to the EM Technique

Electromagnetic (EM) surveying is being increasingly utilised during environmental
investigations across landfills and contaminated land and is a rapid non-invasive
technique requiring no physical contact with the ground surface. EM surveys are
deployed to measure the response of the ground to the propagation of induced
electromagnetic fields, in particular to detect natural and artificial conductive bodies.
In the presence of a sub-surface conducting mass, such as a buried steel drum or a
leachate plume, the magnetic component of the primary EM field, induced by current
flow through a wire coil in the survey instrument, causes eddy currents to flow in the
conductor. These eddy currents give rise to a secondary EM field, which are detected

by the receiver coil component of the instrument.
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EM surveys can be operated in the time domain, involving a continuous primary field
source, or in the frequency domain, which involves measurement of the secondary
field in the absence of the primary field being induced. The differences between the
transmitted and received EM fields will reveal the presence of a buried conductor and

provide information of its geometry and electrical properties.

2.6.2. Field Equipment and Survey Procedure

EM survey equipment is designed to be highly portable and can be operated by a
single person (Figures 2.12 and 2.13). EM instrumentation is relatively simple in
construction and consists of a battery powered oscillator supplying an AC current to
the transmitter coil, which generates a primary electromagnetic field. A secondary
EM field is detected by the receiver coil of the same dimensions as the transmitter.
Older EM instruments required manual recording of measurements from an analogue
display, whereas modern equipment is commonly used with a digital data logger and

GPS recorder.

EM survey equipment operates in either frequency-domain (FDEM) or time-domain
(TDEM) format. Frequency-domain techniques operate on the principle that the
secondary EM field is measured in the presence of a continuous primary field, as
illustrated in Figure 2.14 of the thesis. One drawback with FDEM surveying, as
discussed by Keary and Brooks (1991) is that the secondary EM field is measured in
the presence of a stronger primary field with an anticipated decrease in accuracy.
This problem may be overcome by taking field measurements according to the time-
domain principle. During time-domain (TDEM) surveying, the primary field is not
continuous but is switched on and off automatically so that the secondary EM field is
measured in the absence of the primary leading to a greater degree of accuracy. The

principle of time-domain surveying is illustrated in Figure 2.15 of the thesis.
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Section 2 A Review of Geoelectrical Applications to the Investigation and Monitoring of Landfilis
2.6.3. Data Processing, Interpretation and Presentation

During EM ground investigations, raw data is downloaded from a portable data logger
to PC for processing, together with survey grid coordinates usually acquired using a
GPS measurement system. Processing and interpretation of EM measurements from
environmental investigations is usually qualitative involving contouring of raw data
with a suitable programme such as SURFER® to produce a map or plan showing the
distribution of electrical conductivity in milliSiemens per metre (mS/m) within the
survey area covered. The objective of interpretation is to identify anomalous
variations in electrical conductivity from a background bulk conductivity, which may
indicate the presence of buried conductors such as steel drums, saline groundwater or

contaminant plumes.

2.7. Geoelectrical Data Calibration

As increasing use is being made of geophysical ground investigation techniques
during environmental investigations, equal importance has been placed on the
calibration of measurements with actual geological and soil/groundwater geochemical
information. Calibration of geophysical surveys is often performed in retrospect by
intrusive drilling and soil sampling followed by groundwater sampling and hydro-
geochemical analysis. In addition to the sampling of anomalous zones, areas of
background bulk resistivity or conductivity should be sampled to define control

information of uncontaminated zones with which anomalous zones can be compared.

Increasingly, geophysical investigations are being utilised to provide further
information of known contaminated sites by complimenting conventional intrusive
drilling, sampling and monitoring. Godio and Naldi (2003) utilised resistivity
imaging to investigate the extent of dissolved-phase hydrocarbon contamination by
deploying ERT traverses across ground where contamination was previously detected
in groundwater observation boreholes. The authors used ERT to correlate
groundwater conductivity measurements associated with bioactivity in a dissolved

hydrocarbon plume.
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Nyquist and Corry (2002) utilised Self-Potential mapping to delineate the extent of an
organic plume extending from a waste trench, whereby anaerobic zones had
previously been identified in groundwater monitoring wells. The authors reported a
consistent relationship between high SP values and depleted dissolved oxygen in the

groundwater.

By taking a multi-method geophysical approach including the use of SP and EM,
Sauck et al. (1998) successfully delineated a dissolved-phase hydrocarbon plume and
calibrated the geophysical information with groundwater conductivity measurements

taken from observation wells.

During intrusive geoelectrical investigations involving borehole ERT, direct
calibration can be performed in parallel with the geophysics. For example, Goes and
Meekes (2004) developed a system of borehole ERT measurement for the detection of
DNAPL contaminated zones. Calibration was performed by sampling of groundwater
and analysis for various organic pollutants (PCE, TCE, etc), whereby the distribution
of contaminants corresponded to zones of high resistivity (>200 ohm.m) in the overall

intermediate resistivity (20-40 ohm.m) groundwater.

Where possible, geophysical reconnaissance and detailed investigations or temporal
monitoring across active and closed landfills should be calibrated by comparison with
leachate dip levels, leachate/groundwater conductivity and geochemical analysis. An
ERT survey performed across a closed domestic landfill by George (2002) comprised
five resistivity traverses, which were deployed taking into account the distribution of
leachate observation wells. Zones of low resistivity (<10Qm) as delineated by the
ERT corresponded directly to observation well dip levels and leachate conductivity,
whereas zones of higher resistivity (>50 Qm) matched areas where leachate was

absent in observation wells.
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2.8. Summary of Applicable Geoelectrical Methods,

Limitations and Scope for Development

ERT provides a useful tool for non-invasive characterisation of landfills and
contaminated land, whereby the perceived investigation targets are near-surface.
However, problems of reduced accuracy and resolution arise when ERT is used to
locate or investigate sub-surface features at depth. When investigating near-surface
geoelectrical characteristics, a narrow electrode spacing is most effective and will
provide limited depth extent of data recovery with high resolution and accuracy. A
wider electrode spacing must be used to undertake deeper investigations, but at the
compromise of accuracy and resolution, which decreases exponentially with greater
depth. This has particular implications to the investigation of active and closed

landfill sites where non-invasive ERT is attempted.

It may be perceived by landfill engineers and geophysicists that non-invasive ERT
may be utilised to locate leachate bodies within the waste-mass on the basis that
leachate is electrically conductive. This may certainly prove successful in locating
leachate at shallow depth, however a persistent situation is encountered whereby ERT
has been ineffective in delineating perched leachate bodies and liquids lying above a
basal liner at depth. This situation is attributed to the decrease in resolution and
accuracy with depth arising from the use of wide electrode spacings often used during
reconnaissance landfill investigations and monitoring.  Also, the problem of
equivalence arises, whereby several adjacent horizontal or vertical leachate bodies of
a similar electrical conductance may give the same overall response and are not
individually distinguished. Instances of electrical noise often arise from poor
electrode contact at the ground surface and can cause erroneous measurements that
must be deleted from a raw data set, which further reduces the resolution and
accuracy. Therefore, it is important that electrodes are effectively grounded and that a
contact resistance test is performed prior to data recovery, whereby contact values
should be <4kohm.

There appears to be little scope for development to improve the accuracy and

resolution of non-invasive deep ERT surveys. Therefore, caution must be exercised
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to select an optimal electrode spacing to suit the desired depth extent of investigation
and every effort must be made to obtain the best possible data quality. There is
potential, however, for a system of ERT monitoring at active landfills, whereby
electrode arrays are permanently installed along the base of a new cell and used in
conjunction with surface arrays during cell infilling. On this hypothesis, data is
recovered from the ground between a pair of electrode arrays, maintaining resolution
and accuracy through the waste-mass. It may, therefore, be possible to overcome
accuracy, resolution and equivalence problems associated with non-invasive ERT and
so detect and distinguish individual perched leachate bodies and liquids at depth.
Applications of this principle would include the monitoring of leachate generation
within the waste-mass; the delineation of leachate above an engineered liner system
and performance of basal drainage measures; assessing the extent and progression of
waste compaction; and monitoring rainwater ingress and the effectiveness of

temporary/permanent capping.

Borehole ERT provides an effective tool for detailed characterisation of the sub-
surface, whereby accuracy and resolution are maintained with increasing depth. One
of the most significant constraints with this technique is that resolution and accuracy
is expected to decrease with widely spaced boreholes. As detailed in Ramirez et al.
(1995), the distance between boreholes used for ERT should be less than the depth of
the boreholes and ideally half the distance of the borehole length. According to
Ramirez et al. (1995), if the depth / distance ratio is less than 1.5, accuracy is only

optimal in close proximity to the borehole electrodes.

There exists potential for the application of borehole ERT to landfill monitoring
studies enabling the effective characterisation of perched leachates with depth and
assessment of seasonal variation. Borehole ERT systems would be installed within
active and closed landfills during routine gas / leachate well emplacement thus
reducing the cost of electrode installation. A further application may be made to
HDPE-capped landfills, whereby the insulating effects of the plastic membrane cap
would not permit conventional surface ERT measurements. Most significantly,
borehole ERT systems provide a means of repeated data recovery during long term

seasonal monitoring and in-situ site remediation.
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Self-Potential surveying has a number of advantages in that it involves inexpensive
equipment that can be deployed rapidly over large areas. It can be applied to large
scale reconnaissance surveys or smaller scale detailed investigations. There are,
however, several limitations mainly regarding the obscuring of weak signals by
electrical noise and poor understanding of SP mechanisms. There is scope for
development of the SP technique to temporal monitoring at landfill sites using
permanent arrays of non-polarising electrodes, which may be installed internally, or
along the ground surface. Repeated measurement of natural potentials may help to
characterise the generation and migration of leachates and the effectiveness of landfill
drainage. SP surveys could also be used to monitor liquid drawdown around gas and

leachate pumping wells on landfills to assess the effectiveness of such systems.

Electromagnetic ground surveying is a favourable tool for widespread mapping of
conductivity variations across landfills and contaminated land and has the major
advantage of being rapid and non-invasive; therefore the costs of surveying can be
significantly lower than with other geophysical methods which require direct contact
with the ground, such as ERT. The only significant limitation with modern EM
equipment, such as the Geonics EM31 and EM38 is that they operate in the
frequency-domain, which may result in a weak secondary EM response of the ground,
which may be more susceptible to noise. Furthermore, because the distance between
the transmitter and receiver coils is normally fixed, measurements of conductivity
variations with depth can only be obtained by raising or lowering the height of the
instrument above the ground, or by using different instrument polarisations, such as in
the vertical or horizontal mode (Hauck, 2001). This could, however, be overcome by
developing EM monitoring systems for installation in boreholes and observation

wells.
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Section 3 Field Test Sites

3)
Field Test Sites

3.1. Ferry Road, Cardiff Bay

3.1.1. Site Location and Description

Ferry Road landfill, which was closed and restored from 1996 to 1999, is centred on
National Grid reference ST 173 377 and is situated approximately 3.5 km to the
southwest of Cardiff City Centre on the edge of Cardiff Bay (Figure 3.1). A recent
aerial photograph of the study area shown in Figure 3.2 illustrates that the landfill is
bounded to the north by the former Grangetown Gasworks site, to the east by the
Cardiff Bay Retail Park, to the south by the A4232 Peripheral Distributor Road, and
to the west by the River Ely.

Landfill waste disposal commenced at Ferry Road following artificial realignment of
the tidal River Ely in 1969 where the drained river meanders were utilised together
with an expanse of surrounding salt marsh. During the 1980°s the A4232 carriageway
and A4065 Cogan Spur roads were constructed on embankments and piers across part

of the southern end of the site.

In 1998 the tidal estuary where the River Taff and River Ely enter the Bristol Channel
was impounded by construction of the Cardiff Bay Barrage, whereby a freshwater
lake with a stable and constant water level was created. Landfill site operations
continued until 1999, followed by restoratorive works and site capping undertaken by

Cardiff Bay Development Corporation.
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