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Supervisor’s foreword
Monitoring programs at waste disposal sites are routinely carried out by sampling and
analysis of leachate and groundwater. The monitoring programs typically consist of a few
sampling locations downstream the waste site and a reference sample at a position expected to
be unaffected by the site. Due to the heterogeneous conditions of most hydrogeological
systems, characterization of contaminant migration from a few groundwater samples is
associated with considerable uncertainties. However, economical and other constraints put
restrictions on the number of sampling points and the sampling frequency in monitoring
programs.
Geophysical methods may be one way to enhance sampling programs at waste sites in a costefficient way. The geophysical measurement programs must be carefully designed and the
results interpreted in a skilful manner. In addition, the results from the measurements must be
processed so that they can be practically used in the management of the site.
Kevin has worked independently and with great determination in describing the theoretical
background of geophysical resistivity measurements, in designing a measurement program for
the Tagene site, in performing the measurements in the field, and in interpreting the results. In
addition, and perhaps more importantly, Kevin has described the practical handling of the
geophysical measurements through the use of modern GIS technology.
It is a pleasure to congratulate Kevin to this Master’s thesis, which should be of good
practical use for efficient environmental monitoring of waste disposal sites. In addition, It is a
pleasure to congratulate Kevin to this Master’s thesis, which should be of good practical use
for efficient environmental monitoring of waste disposal sites. In addition, credit must be
given to Renova for generously providing a suitable study site and the relevant data needed to
successfully complete the project.
Göteborg 2004-12-06
Lars Rosén
Supervisor
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Preface
This thesis concludes a four-year masters degree at the Department of Earth Sciences,
Gothenburg University, Sweden.
The thesis was undertaken at the Department of Geology at Chalmers University of
Technology, Gothenburg, Sweden, from February to September 2004.
The study site was located at the landfill at Tagene, owned by RENOVA.
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Abstract
Despite the introduction of more stringent environmental policies, pollution arising from
domestic, agricultural and industrial sources is still increasing. One indirect source, which
imposes a continual threat on the environment, is leachate migrating from landfills.
One way of reducing the risk in which operational, future or closed landfills impose on the
environment is to improve the way in which they are monitored.
One possible way to achieve this is to supplement already existing monitoring programs with
geophysical surveys and use a desktop Geographical Information System (GIS) to manage the
program.
In this master’s thesis the landfill at Tagene owned by RENOVA has been used to investigate
whether electrical resistivity surveying techniques and the desktop GIS Arcview created by
ESRI can improve the way in which the landfill’s northern section can be monitored.
The results of the electrical resistivity survey show that the method can be used to
differentiate sewage sludge from clay and spatially extend the information collected from
direct observations. The desktop GIS Arcview has also shown good potential in the
management of landfill related information. Together, both methods show how new
technology can cost-effectively improve already existing and future monitoring programs so
that leachate migrating from landfill can be detected before it pollutes both soil and
groundwater.
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1.

Introduction

As the demand for groundwater increases so does the need to protect it. Once polluted the
consequences can last from months up to decades. In many cases remedial action is
impractical or too costly once pollution has occurred.
It is therefore a better policy to take preventive action to circumvent the risk of pollution
rather than deal with the consequences. In recent years the European Union has passed several
environmental polices, such as the groundwater directive (80/68/EEC) to prevent pollution.
However, despite the introduction of more stringent environmental policies, pollution arising
from domestic, agricultural and industrial sources is still increasing. One indirect source,
which imposes a continual threat on the environment, is leachate migrating from landfills.

1.1

Background

Principles in landfill design

Since the 1970s three major principles in landfill design and management have been
recognised: dilution and attenuation; containment; and entombment.
Dilution and attenuation utilises biological and physico-chemical processes occurring within
the unsaturated zone and groundwater to treat and dilute leachate migrating from the site. The
advantage of this type of landfill is that it does not require an expensive liner or leachate
collection and treatment system.
If the site is allocated in an area with appropriate geology and hydrology the “dilute and
attenuate” philosophy can work without contaminating groundwater intended for drinking
purposes. Clay has a natural inherent attenuation capacity via ion exchange, which can reduce
the migration of heavy metals (Hester & Harrison 1995).
Deeply situated groundwater aquifers facilitates attenuation in the unsaturated strata above, a
high pH also reduces the solubility of many toxic substances (Fetter 1999). If, however, the
water table is very close to the surface (as in countries such as the Netherlands and some parts
of Sweden), the landfill can pose a serious threat to the environment.
The principles of containment require a much higher degree of design, engineering and
management to inhibit the leachate generated within the site from migrating beyond the site
boundary. This, however, can prove to be an almost impossible task and requires good
management to insure that any leachate migrating from the boundary is sufficiently attenuated
that it does not impose an immediate threat to the environment.
Entombment is based on the principles of containment, but attempts to retain the waste in a
dry form, so that it is stored rather than treated. In this way, waste can be kept until new
technologies are available to treat the waste in a more appropriate way than exists today.
Even though containment is the accepted means of waste disposal in the developed world
today, it does not guarantee a safer means of disposal as poor design, engineering and
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management can impose the same environmental threats as the older dilute and attenuate
landfills.
The introduction of the EU directive concerning the landfill of waste (1999/31/EC) will
hopefully force the closure of badly managed or designed landfills within the European
Union, but it will not eradicate their potential as possible sources of pollution. One way of
reducing the risk in which operational, future or closed landfills impose on the environment is
to improve the way in which they are monitored.
Groundwater monitoring

Today most landfill groundwater monitoring programmes consist of collecting and analysing
groundwater samples taken from a number of boreholes positioned up and down the gradient
of the landfill.
The efficiency of the monitoring programme greatly depends on how well the hydrological
conditions within the vicinity of the landfill are understood. This is because leachate often has
preferential flow paths caused by heterogeneities in geology. If the monitoring wells are not
placed within these heterogeneities the possibility of detecting the leachate is greatly reduced.
Increasing the number of boreholes and decreasing the sampling interval would most
probably improve the system’s efficiency, but would also be labour-intensive and costly. A
more cost-effective option can be to supplement the water sampling with geophysical surveys.
The capabilities of a monitoring program can be further improved by using a Geographical
Information System (GIS) to create a spatial data management system.
Electrical resistivity surveying

One geophysical method that has been successfully used in landfill related investigations to
detect, delineate (Bernstone 1998) and monitor (Aaltonen 2001) migrating pollutants is the
electrical resistivity method. The main reason for this is that the resistivity of geological
material is greatly influenced by its porosity and the conductance of its pore fluid. As leachate
from municipal waste is generally associated with high ion concentrations, i.e. very low
resistivities, it can usually be differentiated from the natural geological environment. The
method is also environmentally benign and can map large areas quickly and cost-effectively,
reducing the risk of overlooking key areas. When the results of the resistivity survey are
combined with direct soil and groundwater samples a more comprehensive picture of the local
geological and hydrological environment can be obtained.
GIS-based desktop mapping systems

A landfills monitoring system continually generates large volumes of data from water quality
analyses and groundwater-level monitoring programs. This information together with
geological and hydrological information needs to be managed correctly and efficiently so that
decisions on whether or not a pollutant is present can be quickly and cost-effectively made.
GIS-based desktop mapping systems are ideal for this purpose as they provide a means of
generating an integrated database, which can manage, organise, visualise and analyse the
different types of data associated with landfill monitoring programs. Once generated the
database can be constantly updated and expanded to suit the needs of the monitoring program.
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1.2

Aim

The aim of this master’s thesis is to evaluate the applicability of geoelectrical-imaging
techniques and desktop GIS systems in relation to landfill related site investigations and
monitoring programs.
Geoelectrical-imaging techniques will be evaluated as to their usefulness in:
1. Detecting and delineating the presence of leachate migrating vertically or laterally from a
landfill.
2. Detecting and determining the approximate thickness of natural geological liners (clay,
silty clay or clayey silt), in the absence of an artificial liner.
3. Gathering geological information concerning the stratigraphy and continuity of the
natural geological barrier surrounding a landfill.
The desktop GIS system will be evaluated as to its usefulness in integrating the different types
of data associated with landfill investigations and its ability to present the information in an
easily accessible and comprehensive manner to allow for early detection of possible
pollutants.
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2

Study Area

2.1

Location

The study area is located within the non-hazardous landfill at Tagene, owned by RENOVA.
The landfill is situated ten kilometres (Km) to the north of Gothenburg city centre on the
island of Hisingen. The rural hamlet of Bönered is situated 500m to the south-west. Two large
residential areas are located at Kärra 750m to the north and Backa 1500m to the south-west of
the landfill. The land immediately surrounding the landfill is mainly used for agricultural
purposes except to the east where the boundary abuts a working quarry. The E6 motorway is
located 1km to the east providing good access to the landfill. The motorway is flanked on
both sides by light industrial units, which spread as far as the river Göta (figure1).

Figure 1. The location of the landfill at Tagene.
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The actual study area is situated in the landfills northern section and comprises two sludge
lagoons (IIIa and IIIb) and part of the landfill’s western natural geological barrier (figure 2).

Figure 2. An aerial photo of the landfill’s northern section (courtesy of WSP). The study area
(outlined in black) comprises two sludge lagoons (IIIa and IIIb) and part of the landfill’s
western geological barrier.
2.2

History

Sewage sludge from Gothenburg’s sewage treatment plant at Rya, was deposited in a series of
sludge lagoons from 1972 to the beginning of the 1980s.
The lagoons were built using the principles of “dilution and attenuation”. They have clay
bases and walls that are reinforced. The clay’s thickness and continuity is undocumented. A
leachate collection system consisting of a network of open ditches, leads the generated
leachate and surface waters to a pumping station. The diluted leachate is pumped to the
sewage treatment plant at Rya. Today there are six lagoons covering an area of 7.5 hectares
(ha).
A leachate well1 was placed in lagoon IIIb and two groundwater wells, G6 and G7 (figure 3),
were placed within the geological barrier in 2003 (Fält 2003). The results from the sludge,
leachate and water analyses carried out by AnalyCen showed that the leachate had a
conductivity of 1400 mS/m, a pH of 8,6 and contains high concentrations of cadmium,
copper, mercury, lead and zinc.

1

Leachate well: well installed within the waste area for the monitoring and/or extraction of leachate as opposed
to borehole which is the term used when located outside of the waste deposition area (www.epa.ie, 2004).
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The borehole data showed that the sludge was 4m thick. A sample of bottom material
(polluted clay) at a depth of 4.2m was also analysed. The results showed that it was
moderately polluted with heavy metals. The groundwater from well G7 had a conductivity of
32 mS/m, and a pH of 8. The water analysis showed that concentrations of heavy metals were
very low. No groundwater samples could be analysed from well G6 as it was dry. The
sludge’s thickness was also investigated in 2001 by RENOVA (Edvardsson 2001). The results
showed that the sludge was between 3m and 4m thick in lagoon IIIa and between 2.7m and
4m thick in lagoon IIIb. In another rapport (Edvardsson 2000), which contains of the known
information concerning the sludge lagoons, it is stated that when the lagoons were constructed
the clay bases had an elevation of +55m a.s.l. in lagoon IIIa and +56m a.s.l. in lagoon IIIb.
2.3

Physiography

The surface of the sludge lagoons is relatively flat at an elevation of approximately 60 metres
above sea level (m a.s.l) To the north and east, the lagoons are flanked by steeply outcropping
bedrock, reaching heights of 15-20m above the surface of the lagoons. A ridge of till to the
south divides the southern and northern sections of the landfill. The land to the west slopes off
into a ravine descending to an elevation of 40 m.a.s.l. The vegetation cover to the north and
east is mainly coniferous and deciduous in the ravine to the west.
2.4

Regional geology

The bedrock within the region is made up of one north-south orientated stratigraphic unit. The
oldest rocks are located in the western part of the region and consist of grey, vein rich
supracrustal gneiss, belonging to the Stora Le-Marstrands formation. Foliated and porphyritic
granites formed approximately 1650 million years ago make up the bulk of the region’s
bedrock. The oldest granites are found on the island of Hisingen and to the east of the river
Göta. Major north-south and east-west orientated fracture zones have heavily deformed the
bedrock, especially along the valley of the river Göta (Adrielsson and Fredén 1987).
The oldest Quaternary deposits within the region are thought to be over 30,000 years old and
comprise of till and glaciofluvial sediments deposited during different stadials and
interstadials of the last “Weichsel” glaciation, which reached its maximum approximately
18,000- 20,000 years ago (Adrielsson and Fredén 1987).
The majority of the Quaternary deposits within the region originate from the final stages of
the last glaciation period, during which time most of the land was covered by the sea. As the
ice front retreated it remained stationary for long periods of time forming a series of NNWSSE orientated end moraines. The Gothenburg moraine is one such moraine and is a
prominent glacial feature within the region (Adrielsson and Fredén 1987).
During the last glaciational period the weight of the 2000-3000m thick ice sheet caused a
crustal subsidence. As the ice melted a crustal rebound took place elevating the land out of the
sea faster than the melting ice could raise the sea level. Pauses in the crustal rebound due to
climatic changes are marked throughout the region by raised beaches. The highest,
approximately 100m.a.s.l, is the marine limit. There are very few areas with an elevation
exceeding the marine limit showing that the sea covered almost the entire region during the
deglaciation period (Adrielsson and Fredén 1987).
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Approximately 9000 years ago, the rise in sea level, due to melting ice, exceeded the crustal
rebound. This period is known as the Tapes postglacial transgression. During this period,
which lasted 2000 years, many of the existing sediments were reworked and redeposited as
postglacial gravel, sand, silt and clay throughout the region. The marine limit for the
transgression is approximately 25m.a.s.l. (Adrielsson and Fredén 1987).
The most dominant Quaternary deposit within the region is glacial clay, which is thought to
be over 100m thick in the valley of Göta. The clay is reasonably homogeneous, blue in colour
with average clay content of between 30-40%. The clay has a varying silt content and is
generally found superficially at elevations over 25m.a.s.l. Clay deposited close to a shoreline
can in certain areas contain thin layers of silt, sand and gravel. Postglacial clay overlies the
glacial in coastal regions lower than 25m.a.s.l. The postglacial clay has a slightly higher clay
content and can have a thickness of up to 15m in the valley of the river Göta (Adrielsson and
Fredén 1987).
The occurrence of till is fairly limited within the region. The main deposits consist of end
moraines, which have been covered by postglacial sand and gravel during the Tapes
transgression. The Till is predominantly sandy and in certain places has a thickness of up to
30m. Deposits of gravel, sand, silt and clay can be found within the till. Glaciofluvial deposits
are also very limited within the region and consist mostly of small deposits of sand and grus.
Figure 3 shows a typical stratigraphical cross section of the Quaternary deposits within the
region (Adrielsson and Fredén 1987).

Figure 3. A typical cross section of the Quaternary deposits within the region.
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2.5

Local geology

Bedrock within the study area is predominantly granitic and can in places be highly deformed
due to the presence of two major north-south orientated fracture zones, situated to the west
and east of the landfill. The Quaternary deposits consist of glacial clay and till (figure 4).

Figure 4. The Quaternary map of the study area and the location of the boreholes (adapted
from Golder 2002).
The stratigraphy under the sludge lagoons is thought to be bedrock overlain by a thin layer of
till which is in turn overlain by glacial clay.The stratigraphy of the geological barrier is
partially documented by a series of monitoring wells (Figure 4) and consists of bedrock
overlain by till which is overlain by glacial clay (table1). Grain-size distribution diagrams
(Fält 2003) show that the clay in the vicinity of wells G6 and G7 is not homogeneous, but
laminated with layers of sand, silt and gravel. This type of clay is not uncommon within the
region and can be found superficially at higher levels (Adrielsson and Fredén 1987).
Table 1The stratigraphy of the geological barrier.
Monitoring well G2

Monitoring well G3

Monitoring well G6

Monitoring well G7

m.a.s.l. 41.27
X=36735.054
Y=40022.244
Depth (m)
Sediment

m.a.s.l. 43.67
X= 36797.293
Y= 40087.251
Depth (m)

Sediment

m.a.s.l. 55.83
X= 36766.067
Y= 40153.580
Depth (m) Sediment

m.a.s.l. 47.73
X= 36778.035
Y= 40106.432
Depth (m) Sediment

0,0 – 4,0

Silty clay

0,0 – 5,8

Silty clay

0.0-3.8

Silty Clay

0.0-2.5

4,0 – 4,5

Clayey till

5,8 – 6,2

Clayey till

3,8 – 4,0

Till

2.5-2.8

4,5+

Boulder or
bedrock

6,2+

Boulder or 4,0+
bedrock
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Boulder or 2,8+
bedrock

Sandy
clay
Till
Boulder or
bedrock

2.5

Hydrology

The effective rainfall for the study area is approximately 500mm a year (Golder 2002). Water,
which does not enter the leachate collecting system surrounding the sludge lagoons, drains
naturally to the north-west. The geological barrier consists of two small drainage basins,
which drain naturally into Bönereds creek before flowing into the river Göta. The direction of
groundwater flow is also to the north-east (Golder 2002). Groundwater can be found in the
glacial clay, till and bedrock and is recharged via surficial till deposits and exposed bedrock.
A hydro-geological investigation carried out by Golder Associates in 1998 identified two
possible ways in which leachate can migrate from the northern section during the landfill’s
post-operational phase.
1. Vertically through the clay base and into the underlying till and bedrock.
2. Laterally through the clay in the direction of groundwater flow.

Figure 5. Possible ways in which leachate can migrate from the northern section during the
landfill’s post-operational phase (adapted from Golder 2002).

9

3.

Method

3.1.Resistivity Method
3.1.1.

General principles

The resistivity of a geologic material is greatly dependent upon its grain-size, water content
and the conductivity of its pore fluid. As a general rule of thumb igneous and metamorphic
rocks have higher resistivities than the more porous and conductive sedimentary rocks and
unconsolidated sediments (Figure 6).

Figure 6. The resistivity and conductivity range of some common geological materials
(Palacky1987).
There are three ways in which an electrical current can be conducted through a rock or
sediment:
1. Electrolytic (ionic) conduction: The movement of positive and negative ions present in
the pore fluid form a current. The amount of current is dependent upon the type of
ions present, the ionic concentration and how mobile the ions are. For example a
medium resistivity can be lowered by a decrease in pH, which increases the pore
fluids ionic concentration and an increase in temperature, which can increase the
mobility of the ions.
2. Electronic conduction: Where current is due to the rapid movement of electrons and
occurs in metals and some ores.
3. Dielectric conductance: Where an external alternating current is applied to weakly
conducting materials, causing there atomic electrons to move slightly with respect to
the nuclei. This type of conductance is generally disregarded in resistivity surveying.
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In sedimentary rocks, the conductance of the pore fluid is probably more important than the
host rock. In 1942 Archie developed an empirical formula that describes the relationship
between the electrical conductivity of groundwater and the formation resistivity of porous
clay free water-bearing rocks. By knowing a rocks porosity, water content and the resistivity
of the pore fluid its formation resistivity can be calculated.

ρ = a φ-m s-n ρw Archie’s Law
ρ = rocks formation resistivity
ρw = resistivity of the pore fluid
φ = porosity
s = the volume fraction of pores filled with water
a, m and n = constants where a ranges from 0.5 to 2.5, m ranges from 1.3 to 2.5 and m is
approximately 2.
The ratio ρ/ρw is known as the formation factor (F), (Reynolds 2002).

Electrical resistivity surveying investigates the subsurface, by passing a controlled amount of
current (I) between two grounded electrodes, while the potential or voltage difference (∆V) is
measured between a second pair of grounded electrodes, using a high-impedance voltmeter.
(The two pairs of electrodes are formally known as the electrode array) The resistance (R) can
then be calculated using Ohm’s Law (R= ∆V/I). The resistance (R) is then multiplied with a
geometrical factor (K), which is array specific, to obtain apparent resistivity values for the
subsurface:
resistivity (ρ) = resistance (R) x Geometrical factor (K) (SI units = Ωm)
If the subsurface is uniform then the current paths will diverge from one current electrode and
converge onto the other (Figure 7). The measured resistance is proportional to the path’s
length (electrode spacing) and inversely proportional to the cross-sectional area (propagation)
of the current paths. The resistance value is multiplied by a geometrical factor so that the
resistivity value remains constant, irrespective of the electrode spacing.

Figure 7. The principles of resistivity measurements (Robinson & Coruth 1988)
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If a current is passed through non-uniform ground, the current paths will refract towards the
normal when entering into a medium with a higher resistivity and conversely if the medium
has a lower resistivity. As the current paths refract, the distribution of current within the
layers is altered, changing the ∆V/I ratio within them. The change in the ∆V/I ratio makes it
possible to measure the resistivity of different materials. As the electrode spacing is increased
the current penetrates into deeper layers (Musset & Khan 2000).
Apparent resistivity (ρa) values are obtained in the field, as the subsurface does not conform
to a homogeneous medium. The true resistivity values for the subsurface, which have
geological meaning, are obtained from interpretation techniques (Reynolds 2002).
Resistivity measurements are usually acquired by taking a single 1-D depth sounding, or by
using 2-d electrical imaging techniques. 3D measurements can also be made, but are still too
costly and time consuming to be used commercially.
1-D depth soundings, Vertical electrical Soundings (VES) involve expanding the electrode
separations about a fixed mid-point, to obtain a 1-D geological model of the subsurface. The
method is best suited to a subsurface made up of plane parallel isotropic layers, as the method
does not account for horizontal changes in resistivity or dipping layers. The 1D model
obtained after computer processing can, under suitable geological conditions, give reasonably
accurate information about the depths to each layer interface plus its geology.
2-D electrical imaging, Continual Vertical Electrical Sounding (CVES) involves taking a
series of automated vertical electrical soundings along a straight line. The technique accounts
for vertical and horizontal resistivity variations in subsurface parallel to the survey line, but
not variations perpendicular to it. After computer processing a 2D psuedo-section is produced
which visualises the subsurface in a series of zones. The zones represent a gradual transition
between materials with differing electrical resistivities. For this reason, the zones do not
necessarily coincide with geological boundaries, which are often sharp and distinct. The
gradual transition also complicates depth calculations to different geological interfaces.
Anomalous bodies of high or low resistivity due to a 3D geological environment can also lead
to misinterpretations.
3.1.2.

Field equipment

CVES, resistivity data was acquired by using an ABEM Lund Imaging System using the
Wenner long and Wenner short protocol.The system comprised: an ABEM Signal Averaging
System (SAS) 4000-resistivity meter; an ABEM ES464 switching unit; four multi-core cables
(each cable has 11 red takeouts and 10 black takeouts with a 5m spacing between them);
numerous stainless electrodes and numerous jumpers to connect the electrodes to the cables
(figure 8).
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Figure8. The ABEM Lund imaging system (www.ABEM.se,2004).
3.1.3.

Surveying technique

The Wenner long protocol uses all four cables, which are laid out in a straight line. Electrodes
with a fixed spacing, 41 in total are connected to the red takeouts using jumpers. The Wenner
short protocol uses the two inner cables and the electrode spacing is halved by connecting the
electrodes to the red and black take-outs of each cable. The switching unit (placed between
cables 2 and 3) automatically selects two current electrodes and two potential electrodes for
each measuring cycle (Figure 9).

Figure 9. The field layout of the Lund Imaging System plus the set up for the Wenner long and
short protocols (adapted from Bernstone 1998).
A complete dataset comprises of 277 measuring cycles which, when interpreted produces a
two dimensional (2-D) psuedo-section (figure 10). The figure shows that depth penetration
increases as the electrode “a” spacing increases and resolution decreases as the number of
data points decrease. For example if the smallest electrode spacing is 1m the pseudo-section
will have a high resolution but limited depth penetration and vice-versa if the smallest
electrode spacing is 10m. If a specific resolution and depth penetration is required the “roll
along” surveying technique can be used. After the initial measuring sequence, cable 1 is
joined onto to cable 4 and the resistivity meter (measuring station) is connected between
cables 3 and 4, and new measuring cycle is taken (figure 11). The process is repeated enabling
a profile with a specific resolution and depth penetration to be obtained.
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Figure 10. The electrode arrangement for a 2D electrical survey and the measurement
sequence used to construct a pseudo-section (Loke2001 ).

Figure 11. The principles of the “roll along” surveying technique using the Lund Imaging
System (Adapted from Bernstone 1998).
3.1.4.

Interpretation technique

The RES2DINV (version 3.54s) software package (Geotomo software 2004) was used to
interpret the datasets. The Gauss-Newton least-squares inversion option was chosen, using the
model refinement option, which decreases the model cells to half the unit spacing, i.e. half the
smallest electrode spacing. The finest mesh parameters were used for the forward modeling
sub-routine and where necessary the datasets were corrected for variations in topography
using differential levelling equipment. The locations of the profiles start and finish coordinates were carried out by Markteknik from Gothenburg using a total station manufactured
by Leica.
3.1.5.

Differential levelling technique

Figure 12 below illustrates the principles of differential levelling. A graduated staff is placed
on a benchmark (a permanent object of known elevation) in this case the starting point of each
profile. A backsight is then taken with a levelling instrument followed by a foresight. The
difference in height is then subtracted or added to the known height of the benchmark
depending on whether the elevation increases or decreases along the profile line. The staff is
retained in the position of the last foresight while the levelling instrument is moved and the
process is repeated.
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Figure 12. The principles of differential levelling (www.gov.au, 2004).
3.2.

Measurement of groundwater level

The groundwater level was measured using a battery operated electrical sounder. Such a
sounder consists of an electric cable marked off in centimetres, which is attached to an
electrode. When the electrode touches the water surface the circuit is closed and a bulb lights
indicating the depth to the water level.
3.3.

Monitoring System

The desktop mapping system Arcview (version 3.3) created by Environmental Systems
Research Institute (ESRI) was used to generate a thematic map consisting of views, tables,
charts and diagrams, which were all contained within a main project. Each view was built up
of Geocoded (geographically located) themes.
The thematic map in this project was generated by importing geocoded, computer-aided
drawing (CAD) files and dbf Excel files consisting of a geologic map, profile lines, borehole
co-ordinates, water analysis results and diverse map features into a view as themes.
The different themes were then converted into shape files (standard Arcview format). Each
theme then receives its own attribute data table, which is capable of being edited. In this way
borehole data could be linked directly to the map feature. “Hot links” were also used to link
digital images of the resistivity results to the profiles on the map. An aerial photograph of the
study area was linked to the sludge lagoon theme in the same way. The different themes can
be imported or discarded from the view on an as needed basis.
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4.

Results, Interpretation and Discussion

4.1.

Resistivity Survey

Nine profiles were undertaken in total. Profiles 1-3 are situated within the sludge lagoons and
profiles 4-9 are located within the geological barrier to the west of the lagoons (see figure 13).

Figure 13. The location of the CVES profiles and boreholes within the study area.
4.1.1.

Profile 1

Profile 1 is situated in sludge lagoon IIIb. It is 80m long and is orientated west to east, parallel
to the direction of groundwater flow. The “a” spacing ranges from 1- 24m resulting in a
maximum depth penetration of approximately 12m. The root mean square (RMS) error for the
profile is 12.1 after four iterations. The profile indicates that resistivity increases with depth.
Three zones with differing resistivities can be identified; an upper low resistivity zone, an
intermediate zone and a lower high resistivity zone (see figure 14a).

Figure 14a. The resistivity results of profile 1.
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The low resistivity zone (0.40-< 25 ohm m) has been interpreted as sludge underlain by
bottom material (polluted clay) and corresponds well with the documented stratigraphy. The
areas of high resistivity at the surface can indicate natural materials that have been used to
stabilise the sludge. The intermediate zone has been interpreted as glacial clay (25-100 ohm
m) underlain by a thin layer of till (100-150 ohm m). The lower zone has been interpreted as
bedrock (350+ ohm m). Figure 14b represents a simplified geological interpretation of the
profile. A grey zone has been added to represent the clay-till and/or till-bedrock boundary,
which if present cannot be accurately resolved. The depths to the different interfaces can only
be approximated as geological interfaces are represented by gradual changes in resistivity.

Figure 14b. The simplified geological model for profile 1.
4.1.2.

Profile 2

Profile 2 is situated in lagoon IIIa. It is 80m long and is orientated west to east, parallel to the
direction of groundwater flow. The “a” spacing ranges from 1- 24m resulting in a maximum
depth penetration of approximately 12m. The RMS error for the profile is 8.2 after four
iterations. The profile has been interpreted in the same way as profile 1, with a low resistivity
zone (0.4-<22 ohm m) of sludge and bottom material. An intermediate zone (22-85 ohm m) of
clay underlain by a thin layer of till (85- 150 ohm m) and a high resistivity zone (320+ ohm
m) of bedrock (see figure 15a). Figure 15b represents the simplified geological model.

Figure 15a. The resistivity results for profile 2.
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Figure 15b. The simplified geological model for profile 2.
4.1.3.

Profile 3

Profile 3 is situated in lagoons IIIa and IIIb. It is 80m long and is orientated south to north,
perpendicular to the direction of groundwater flow. The “a” spacing ranges from 1- 24m
resulting in a maximum depth penetration of approximately 12m. The RMS error for the
profile is 5.2 after five iterations. The profile has been interpreted in the same way as profiles
1 and 2 with the exception of the high resistivity zone in the middle of the profile, which
represents the reinforced clay boundary. The upper low resistivity zone (0.43-<19.5 ohm m)
represents sludge and bottom material. The intermediate zone (20-70 ohm m) represents clay
and the lower high resistivity zone (250+ ohm m) represents bedrock, (see figure 16a). Figure
16b represents the simplified geological model.

Figure 16a. The resistivity results of profile 3.
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Figure 16b. The simplified geological model for profile 3.
4.1.4.

Profile 4

Profile 4 is situated in the geological barrier nearest the lagoons (20m from the perimeter
fence). The profile is 160m long and is orientated south to north, perpendicular to the
direction of groundwater flow. The “a” spacing ranges from 2- 48m resulting in a maximum
depth penetration of approximately 25m. The RMS error for the profile is 2.9 after five
iterations.
The profile shows an upper and lower low resistivity zone with a high resistivity zone in the
middle (see figure 17a).

Figure 17a. The resistivity results of profile 4.
The upper low resistivity zone to the north has been interpreted as glacial clay (16-107 ohm
m), underlain by till (107-278). This is also documented by borehole G6. The depth to the tillbedrock interface is impossible to resolve, and can range from 4.5m to 5.5m.
The upper low resistivity zone to the south has higher resistivities; but has still been
interpreted as glacial clay (16- 278 ohm m). The land has been used for agricultural purposes
in the past, which can explain the higher values. A higher silt/sand content within the clay can
also explain the higher values. The thickness of the clay is thinner and can range from 2-2.5m.
The underlying till (278-350 ohm m) if present is probably very thin <0.5m.
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The middle high resistivity zone (300+ ohm m) has been interpreted as bedrock. The lower
low resistivity zone has been interpreted as a 3D effect caused by the highly conductive
sludge, orientated perpendicular to the profile. It can also be interpreted as a pollution plume.
This assumption has however been discarded, as the areas of low resistivity in this profile are
not consistent with the low resistivity areas in profiles 5 and 6. Figure 17b shows the
simplified geological model for profile 4. The depths to the geological boundaries are only
rough approximations.

Figure 17b. The simplified geological model for profile 4.
4.1.5

Profile 5

Profile 5 has the same starting point as profile 4. The profile is 80m long and is orientated
south to north, perpendicular to the direction of groundwater flow. The “a” spacing ranges
from 1- 24m, which has increased the resolution, but decreased the maximum depth
penetration to approximately 12m. The RMS error for the profile is 3.4 after five iterations.
The profile shows a thin surficial zone of intermediate resistivity (electrodes 21-71) underlain
by a low resistivity zone. A high resistivity zone underlies the low resistivity zone; reaching
the surface to the north and south, (see figure 18a).

Figure 18a. The resistivity results of profile 5.
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The surficial intermediate zone has been interpreted as glacial clay. The higher resistivities
(130- 1600 ohn m) can be creditable to surficial boulders and topsoil. The low resistivity zone
has been interpreted as glacial clay (25-130 ohm m) with a lower layer of till (130-300 ohm
m), which correlates well with the borehole data. The quaternary map indicates surficial till to
the far north of the profile (electrode 70-80), which coincides well with the higher resistivity
values.
The high resistivity zone has been interpreted as bedrock. The lower values in the centre of
this zone can again be a 3D effect, or attributable to closeness to the water table or a fracture.
Figure 18b shows the simplified geological model for the profile. The water table has been
added at a depth of approximately 5m due to the flat appearance of the resistivity layer and
the fact that Borehole G5 was dry to a depth of 4.2m at the time the profile was measured.

Figure 18b. The simplified geological model for profile 5.
4.1.6.

Profile 6

Profile 6 runs almost parallel with profiles 4 and 5. The profile is 240m long and is orientated
north to south, perpendicular to the direction of groundwater flow. The “a” spacing ranges
from 3-72m resulting in a maximum depth penetration of approximately 40m. The RMS error
for the profile is 3.5 after five iterations. The profile shows an upper and lower low resistivity
zone with a high resistivity zone in between (see figure 19a).

Figure 19a.The resistivity results of profile 6.
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The upper low resistivity zone has been interpreted as glacial clay (10-70 ohm m) underlain
by till (70- 300). The low resistivity area to the far south corresponds to Bönereds creek. The
soil in this area was very fine grained which can explain the low resistivities.
The low resistivity areas to the north do not correspond with profile 5, which has a higher
resolution. For this reason they haven’t been interpreted as pollution pathways. The high
resistivity zone has been interpreted as bedrock (300+ ohm m).
The lower low resistivity zone has been interpreted as a 3D effect for reasons already
discussed

Figure 19b. The simplified geological model for profile 6.
4.1.7.

Profile 7

Profile 7 is located in a gully within the geological barrier. The profile is 80m long and is
orientated west to east, parallel to the direction of groundwater flow. The “a” spacing ranges
from 1- 24m resulting in a maximum depth penetration of approximately 12m. The RMS
error for the profile is 1.9 after five iterations.
The profile shows upper and lower high resistivity zones, with a lower resistivity zone in
between (figure 20a).

Figure 20a. The resistivity results of profile 7.
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The surface high resistivity zone has been interpreted as clay as no exposed bedrock was
evident along the survey line. The high resistivities can be attributable to one or more of the
following reasons: the presence of surface boulders along the survey line; reworked surface
layers and a higher sand-gravel content within the clay.
The lower resistivity zone to the east has been interpreted as clay 22-130 ohm m) underlain by
till (130-250 ohm m). The lower resistivity zone to the west has slightly higher resistivity
values. Borehole G7 indicates a higher content of sand, which can explain the higher
resistivities. The high resistivity zone has been interpreted as bedrock (350+ ohm m), which
must be very near the surface in the middle of the profile (figure 20b).

Figure 20b. The simplified geological model for profile 7.
4.1.8.

Profile 8

Profile 8 is within the geological barrier. The profile is 120m long and is orientated east to
west, parallel to the direction of groundwater flow. The “a” spacing ranges from 1,5-36m
resulting in a maximum depth penetration of approximately 20m. The RMS error for the
profile is 9.2 after four iterations.
The profile shows surficial low resistivity zones to the east and west, which are separated by a
high resistivity zone in the middle, (see figure 21a).

Figure 21a. The resistivity results of profile 8.
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The low resistivity zones have been interpreted as glacial clay (10-150 ohm m) underlain by
till (150- 300 ohm m).The higher surface resistivities to the west can be due to a coarser
grained matrix or a closer proximity to bedrock. It also seems that the clay’s thickness
increases downslope. Where the profile crosses profile 9 the vertical resistivity distribution
correlates well, indicating a 2D geological environment.
The high resistivity zone has been interpreted as bedrock (350+ ohm m), which is exposed or
very near the surface between electrodes 20 to 45. This was also observed in the field. The
profile does not indicate a low resistivity zone at depth, which is evident in profiles 6.

Figure 21b. The simplified geological model for profile 8.
4.1.9.

Profile 9

Profile 9 is located within the geological boundary furthest away from the sludge lagoons
(100m). The profile is 120m long and is orientated south to north, perpendicular to the
direction of groundwater flow. The “a” spacing ranges from 1,5-36m. The maximum depth
penetration is approximately 20m. The RMS error for the profile is 1.6 after five iterations.
The profile shows a surface low resistivity zone, and a lower high resistivity zone (see figure
22a).

Figure 22a. The resistivity results of profile 9.
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The low resistivity zone (32-150 ohm m) has been interpreted as glacial clay underlain by till
(150-300 ohm m). The resistivity profile indicates that the clay thickness increases to the
north, which also coincides with the drilling log from borehole G2. The high resistivity zone
(350+ ohm m) has been interpreted as bedrock. Figure 22b shows a simplified geological
model.

Figure 22b. The simplified geological model for profile 9.
4.1.10. Resistivity Discussion

The resistivity survey in this project has shown that it is a very cost effective way of remotely
obtaining an initial picture of the subsurface and spatially extending the information obtained
by direct observations without further disturbing the environment.
One person can carry out the survey and the results can be processed quickly on a laptop
computer in the field, reducing the probability of having to return to the site at a later date.
When comparing the results of several resistivity profiles it is important to look at the
resistivity values allocated to the different zones, rather than the colours, to avoid
misinterpretations. Being able to calibrate the resistivity results by direct observations greatly
simplifies and improves the final geological interpretations.
The results of the resistivity survey produced a good initial picture of the study area’s
geological environment, which can provide the foundations for a more detailed investigation,
such as a drilling program.
The accuracy of the resistivity models must be reasonably high as they have very similar
resistivity patterns where they intersect, especially at borehole G6. For this reason the
documented stratigraphy at borehole G6 was used to calibrate resistivity values for the glacial
clay.
Resistivities for till and bedrock could not be accurately calibrated, as the depth to bedrock is
not definitely confirmed. All the boreholes within the study area do, however, confirm the
presence of boulders or bedrock at depths ranging from between 3m to 6m.
This information has been used as a rough guideline when approximating the till/bedrock
boundary. Even if the depths to the different geological boundaries are not precise the
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geological models do give a good inclination of the lateral continuity of the different
lithologies that are present within the study area.
The stratigraphy has a uniform 2D character consisting of clay underlain by till and/or
bedrock, which corresponds well with drilling logs. The profiles also give no indication that
large lenses of sand or gravel are present within the different lithologies, which could evolve
into leachate pathways.
The results of profiles 1 to 3 give no direct indication that a pollution plume is migrating
vertically from the clay base as resistivity increases rapidly under a depth of approximately
5m.This indicates a definite change in the sub surfaces physical properties (polluted to
unpolluted). The resistivities allocated to the sludge are very low and correspond well with
the leachate’s conductivity value.
The resistivities assigned to the bottom material are also credible as the soil samples showed
that it contained lower concentrations of pollution. If so, the depth to the bottom material’s
lower interface can vary from 4-5m, which is also in accordance with RENOVA’s
investigation from 2001.
The stratigraphy under the lagoons is thought to be clay-till-bedrock, which also correlates
well with the vertical resistivity distribution under the bottom material. The resistivities are
also very similar to those allocated to clay, till and bedrock within the geological barrier. If
the above interpretation is correct, the unpolluted clay has a uniform lateral thickness of up to
2.5m.
It also shows that the resistivity method is capable of differentiating sludge from clay. The
results further indicate that the original basal elevation of the lagoons can have been in the
region of 55 m a.s.l, as resistivity values, especially in profile 1, start to increase under this
elevation. If so, a lateral migration of up to 2m has taken place over a period of 30 years. Such
an assumption can only be confirmed by direct observations.
Irrespective of how accurate the results from the sludge lagoons are, they do exemplify how
the resistivity method can spatially extend the documented information obtained from one
borehole over a large area. It has also given a good indication as to the thickness and lateral
continuity of the unpolluted clay and depth to bedrock, which was undocumented before the
survey.
The risks of drilling a borehole to collect clay and bottom material samples, without creating a
possible leachate pathway have also been greatly reduced. Information concerning the clay’s
mechanical and attenuating properties would be very useful if the area was to be used for
future deposition purposes. Such a borehole would also confirm and enable a better
calibration of the resistivity profiles.
If the resistivity results had indicated a more complex geological environment whereby the
physical properties and thickness of the clay in particular had varied greatly, a series of
equidistant 2D profiles could have been undertaken and merged to generate a quasi-3D model
using 3D interpretational software.
Such a model comprises of a series of x-z, y-z cross-sections and depth slices, allowing
vertical and lateral variations in geology to be mapped more clearly. More knowledge
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concerning the thickness of the clay under the lagoons could also be obtained by carrying out
a seismic survey, or by taking a vertical electrical sounding in the middle of profile 1.
The results of profiles 4, 5 and 6 positioned closest to the lagoons also do not give any direct
indication that a pollution plume is migrating laterally from the lagoons. Unfortunately
borehole G6 was dry during and after the survey, so that the groundwater’s conductivity could
not be measured to help confirm this assumption. If a pollutant plume is migrating from the
lagoons, resistivity values similar to those allocated to the bottom material would be expected,
rather than those similar to profile 9, which is located furthest from the lagoons.
Profile 5 shows that the low resistivity zone becomes thicker to the north of borehole G6. This
can indicate that under dry periods the water table can be lower than 4m. Drilling a new well
slightly to the north of borehole G6 might enable the groundwater to be sampled all year
round. Taking parallel profiles to the west and east of profile 5 would further enhance the
geological picture in the vicinity of the borehole, optimising the final location of a new
borehole.
If soil samples are also taken it will clarify if the lowest resistivities present in profile 5 are
attributed to higher clay content or pollution. If a misinterpretation has been made, the
profiles can be easily reinterpreted without the need for a new extensive and expensive
survey, which is another advantage of the method.
The low resistivities at depth in profiles 4, 5 and 6 were discarded as a pollution plume due to
the fact that areas of low resistivity in one profile are registered as bedrock in another. Also,
no low resistivity zone can be confirmed in profile 8, which is placed perpendicular to profile
6 or profile 9 located furthest from the lagoons. The low resistivity zones are also orientated
in the middle of profiles 4 and 6, which, due to the higher number of data points, might be
more susceptible to 3D effects.
The decision to discard the low resistivities was made easier by taking several parallel profiles
with different resolutions and a profile perpendicular to them. A north-south orientated profile
located in between profiles 6 and 9 would allow a more definite decision to be made as the 3D
effects should decrease as the distance from the lagoons increases. If the profile also crossed
profile 7 at borehole G7 it would enable a better geological interpretation to be made at this
point as the geological environment perpendicular to the survey line has a more 2D nature.
The groundwater table has not been added to the geological models, as it was not possible to
resolve it with any accuracy. This was because no direct information could be obtained from
borehole G6 to allow an estimation of the hydraulic gradient to be made. If the groundwater is
flowing in the layer of till then it can explain why the bedrock has such low resistivity in
places.
If future direct observations (water analyses; soil samples) confirm that there is no pollution
plume migrating laterally from the lagoons, then profile 6 using a higher resolution would
prove proficient for monitoring the geological barrier in combination with monitoring well
data. Profile 1 should also be used to monitor the vertical migration of leachate.
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4.2.

Measurement of groundwater level

4.2.1.

Results

The depth to the groundwater table was checked in boreholes G 6and 7 before and after the
survey (table 2).
Table 2. Variations in the depth to the groundwater table before and after the resistivity
survey.
Date
Borehole G6
Borehole G7
04/05/19
3.3m
1.1m
04/06/10
Dry (>4.2m)
1,4m
4.2.2.

Measurement of groundwater level Discussion

The higher levels recorded in May probably indicates a period of groundwater recharge due to
snowmelt. The level recorded in June for borehole G7 is probably more indicative of normal
conditions. The drop of almost a metre in borehole G6 probably indicates that the
groundwater is slightly artesian during periods of high recharge. The fact the borehole was
dry in June further indicates that the filter is not sitting within the limits of groundwater
fluctuation and should be relocated so that groundwater samples can be taken at regular
intervals in the future. This is of particular importance if the borehole is to be included in a
monitoring program.
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4.3.

Thematic map

4.3.1.

Results

Figure 23 shows Arcview’s 3.3 interface. The project toolbar is located to the far left and
enables views, tables, charts etc to be created, opened or printed. The view icon is activated in
the figure allowing access to the thematic map (Tagene (Sludge lagoons)) to the right.
Activating the tables or charts icon will allow direct access to all the tables and charts
contained within the project. The tool bar at the top allows the user to access, edit and
spatially analyse the information contained within the project. The thematic map (Tagene
(Sludge lagoons)) has a theme bar to the left, each theme represents a map feature. In the
figure the upper most theme (L1) is activated. Clicking on the map symbol using the identify
tool (top toolbar, 2nd row, far left) enables its attribute data to be viewed (Figure 23). The map
shows the location of the different profiles, boreholes, watersheds (blue lines), contour lines,
Quaternary deposits and sludge lagoons (pink area).

Figure 23. The Arcview 3.3 interface and the thematic map.
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Figure 24 shows how a contoured geological surface map, borehole data, resistivity results
and the locations of boreholes and resistivity profiles can be viewed at the same time. The
identify tool was used to access Borehole G6’s attribute data table and the “hot link” tool was
used to access the resistivity results for profile 4. The identify tool, only displays the
information kept in the top row of the attribute table in this case for 03-06. Every time the
identify tool is used the results are stored in the tools memory. The contents of the memory
are stored in the column to the left. This allows information from one borehole to be quickly
compared with another. The clear button removes the last entry and the clear all button clears
the memory.

Figure 24. How types of data can be viewed at the same time.
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Figure 25 shows how charts can be generated directly from a themes attribute table (top left)
using the create chart (yellow text) tool located in the top toolbar.
The different charts represent: variations in conductivity with time (bottom left); aluminium
concentrations compared with its designated trigger level with time (top right); and a
hydrograph depicting variations in groundwater level with time (bottom right).
The identify tool can be used to access all the data contained within the attribute table for a
specific date.

Figure 25. How charts depicting variations in time can be generated directly from a themes
attribute table.
4.3.2.

Thematic map Discussion

The map generated in this project shows how a desktop GIS system (Arcview 3.3) can be
used to efficiently manage and visualise a landfill’s monitoring program. The map enables
instant access to different types of data, which might otherwise be contained within different
reports, so that more time can be spent understanding and analysing the data rather than
organising it. Trends occurring in time that may not be readily apparent in table data can be
expressed visually in the form of maps and charts allowing for early recognition of adverse
trends. For example, variations in resistivity occurring with time can easily be compared to a
chart showing fluctuations in groundwater or conductivity in time, to quickly analyse if the
causes are natural or anthropogenic. Digital images, aerial photographs, groundwater maps
and site maps can also be incorporated to improve the overall picture of the survey area. Once
generated the map can be continually expanded and updated electronically saving time and
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reducing the risk of transcriptional errors. This is particularly important for monitoring
programs, which might have a life span of up to 30 years after the landfill is closed. The
program’s user-friendly interface also allows easy access to the information retained within
the map, which can be exported in numerous formats enabling it to be used in annual rapports.
The map produced in this project is very basic but has the potential to be developed into a
powerful and reliable monitoring system as its databases are built up, for example if a
pollutant is detected it is possible to generate 2D and 3D models of the plume (www.esri.com,
2004).
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5.

Conclusion

The results from the sludge lagoons give no direct indication that leachate is migrating
vertically from the clay base. The results indicate the clay has an even lateral thickness of
between 1 and 2.5m. The results have also reduced the risks of drilling a borehole to confirm
the depth to the bottom material-clay boundary without creating a leachate pathway. Such a
borehole would also confirm that clay is an efficient natural liner and that the resistivity
method is capable of effectively differentiating sludge from clay. Direct information
concerning the clay’s physical, mechanical and natural attenuating properties could also be
analysed. Where possible the remaining lagoons should be investigated to check the clay’s
lateral continuity. The lagoons situated to the south of lagoon IIIa are of particular interest as
profiles 4 and 6 indicate that the clay is much thinner in this area.
The results from the geological barrier also give no indication that leachate is migrating
laterally from the investigated sludge lagoons. Borehole G6 nearest the sludge lagoons was
dry so that water samples couldn’t be used to confirm the results. The results of profile 5
indicate that drilling a new borehole slightly to the north of borehole G6 might allow the
groundwater to be sampled all year round.
The resistivity results correlated well with the direct observations and indicate a uniform
geological environment with the following stratigraphy; Clay underlain by till and or bedrock.
The simplified geological models give a good indication of the lateral continuity of the
different lithologies within the study area, which can provide the foundations to a more
detailed investigation such as a drilling program.
The thematic map shows definite potential for cost-effectively designing and managing a
landfill’s monitoring program. Different types of data can be viewed, compared and analysed
at the same time allowing for the early detection of a potential pollutant. Once generated the
map can be expanded and adapted without any special programming procedures to suite the
requirements of the monitoring program. It can also be updated electronically saving time,
and reducing the risk of transcriptional errors. The program’s user-friendly interface allows
the information retained within the map to be accessed by a wide range of people.
Both methods used in this master’s thesis have shown good potential as monitoring tools and
will hopefully be widely used to improve already existing monitoring programs around the
world, so that leachate migrating from landfill’s can be detected in time before it has the
chance to pollute both soil and groundwater.
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