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Abstract 

 

This thesis is focused οn biogeophysical approaches sensitive to biogeochemical 

transformations to monitoring contaminated and degraded sites. These approaches are of 

interest as they have low cost, inexpensive, non-intrusive attributes – making them good 

candidates as sustainable monitoring tools. There is promise for transfer of these approaches 

to monitor and eventually help design biological systems such as wastewater treatment, 

anaerobic digestion, and contaminated land technologies. One of the main interests is the 

monitoring of natural attenuation at contaminated sites, as well as planning options to 

accomplish this. The application of geophysical / electrical methods to monitor / investigate 

microbial mechanisms in the subsurface are likely to have signification implications for the 

management of contaminated or degraded sites. Biodegradation and natural attenuation are 

the most favoured approaches to manage contamination. Recent research questions our depth 

of understanding of the underlying mechanisms of natural attenuation processes, and 

therefore our ability to adequately monitor and engineer viable remediation solutions. For 

example, large scale microbially mediated electron transfer across redox boundaries results 

in ‘geobatteries’ that can be measured using geophysical and bioelectrical methods at landfill 

and contaminated sites. The size and scale of these geoelectric responses requires the 

presence of naturally occurring electronic conductors such as bio-precipitates or a 

combination of extracellular microbial mechanisms and interactions with mineral surfaces. 

By passing the existing subsurface electronic conductor with a series of large graphite 

electrodes modifies the geobattery into a large microbial fuel cell or ‘Bio-electrochemical 

System’ (BES). BESs are engineered environments that manipulate this ability of microbes 

to oxidize and reduce organic and inorganic matter at an anode and cathode linked via an 

electronic conductor. The engineered BES can be used as a sensor to investigate and monitor 

or enhance microbial activity in the subsurface in near real time. The purpose of remediation 

monitoring is to establish the effectiveness of remediation in preventing contamination, the 

effectiveness or any remediation taken to eliminate or minimize any risk to human health 

and environment and that applicable requirements of the remediation have been met. 

Additionally, biogeophysical approaches could reduce conventional monitoring by reducing 

the volume of samples, as well as providing data to design and maintain the optimal 

conditions of sustainable remediation on contaminated or restored sites. In order to achieve 

the above objectives, bench and field scale BESs were designed to degrade contaminants in 

groundwater. The power produced (i.e. current and voltage) used as real time biosensor of 

how the microbial ecology of the system operates. Tank experiments for geophysical (Self-

Potential) quantification of physical properties were chosen as engineered case studies in 
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controlled conditions due to Self-Potential sensitivity to biological alterations. Additional, 

geoelectrical analysis used to determine general peatland health at a restored, actively 

degrading and an intact (control) location within Garron Plateau at Northern Ireland. 

Through an analysis of three commonly applied electrode arrays, we provide an insight as to 

the best performing electrode configuration for near surface geophysical analysis of blanket 

peatlands and an insight to biogeophysical mechanisms happen in the peat itself. 

Geophysical analysis correlated with the organic content and patterns associated with is 

creation or decomposition. Overall, this work demonstrates that, with these approaches, 

geophysical / electrical methods exhibit significant potential as a monitoring tool of 

microbial processes on site.   
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Chapter 1. Introduction 

 

1.1 Context and Motivation 

 

Contamination of the environment in recent years is of increasing economic and 

environmental importance. The existence and spread of contaminants in the groundwater and 

soil has been studied in recent years due to the development of analytical methods to 

measure their concentration and because of the increase in people's sensitivity to 

environmental issues. This project focusses on issues related to the investigation of 

contamination of land and groundwater contamination from toxic or organic contaminants 

such as petroleum hydrocarbons as well as problems and solutions for remediation. The main 

interest is the monitoring of natural attenuation at contaminated sites, as well as planning 

options to accomplish this.  Biodegradation as part of natural attenuation is one of the most 

favoured approaches to manage contamination. Microorganisms are the primary agents 

responsible for biodegradation of organic contaminants and as such it is important to 

understand their processes. As to microorganisms' activities, multiple studies show the 

relation between physical properties and the microorganisms activity / by-products such as 

dissolution / precipitation of metallic particles, changes in grain roughness or in electrolyte 

ionic strength (Kessouri et al., 2019; Knight et al., 2010). Recent research questions our 

depth of understanding of the underlying mechanisms of natural attenuation processes, and 

therefore our ability to adequately monitor and engineer viable remediation solutions. The 

purpose of remediation monitoring is to establish the effectiveness of remediation in 

preventing contamination, the effectiveness or any remediation taken to eliminate or 

minimize any risk to human health and environment and that applicable requirements of the 

remediation have been met. When linked to advanced techniques such as Bio-

electrochemical Systems (BES) and bio-geophysical methods the biodegradation potential 

can be better assessed at large scales allowing remote monitoring and site assessment.  

 

Geophysical methods offer non-invasive, and high resolution (spatial and temporal) 

monitoring of certain physical properties that could be related / linked to the properties of the 

material under investigation. Indeed, geophysical methods are gaining traction as long term, 

efficient, monitoring tools for environmental projects. Biogeophysics is an emerging 

discipline that utilises near surface geophysical methods to measure and modify 

biogeochemical environments (contaminant plumes, changes in redox state and microbial 

activity) in real time. These methods are of interest as they have low cost, inexpensive, non-

intrusive attributes - making them good candidates as sustainable remediation tools. There is 
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promise for transfer of these methods to monitor and eventually help design biological 

systems such as wastewater treatment, anaerobic digestion, and contaminated land 

technologies. For example, large scale microbially mediated electron transfer across redox 

boundaries results in ‘geobatteries’ (Arora et al., 2007; A. Revil et al., 2010) that can be 

measured using geophysical and bioelectrical methods at landfill and contaminated sites. The 

size and scale of these geoelectric responses requires the presence of naturally occurring 

electronic conductors such as bio-precipitates or a combination of extracellular microbial 

mechanisms and interactions with mineral surfaces. By passing the existing subsurface 

electronic conductor with a series of large graphite electrodes modifies the geobattery into a 

large microbial fuel cell or ‘Bio-electrochemical System’ (BES) (Doherty et al., 2015a; 

Fachin et al., 2012). BESs are engineered environments that manipulate this ability of 

microbes to oxidize and reduce organic and inorganic matter at an anode and cathode linked 

via an electronic conductor. The engineered BES can be used as a sensor to investigate and 

monitor or enhance microbial activity in the subsurface in near real time. A BES deployed at 

the aerobic / anaerobic redox boundary of an organic contaminant plume can avail of the 

oxygen gradient and electron donor to produce a small amount of electricity as a microbial 

fuel cell. Apart from redox boundaries and landfill investigation biogeophysics can also 

cover the characterization of peatlands and other high organic matter environments, using a 

wide range of geophysical methods. These are sensitive to biological / microbial processes 

that produce distinct geophysical signatures and can be applied as sustainable monitoring 

tools. 

 

1.2 Aim and Objectives 

 

The main objectives of this work are the investigation of the degradation potential and the 

electro-active properties of indigenous microorganisms in the contaminated sites and 

investigate novel aspects associated with identification, remediation and post remediation 

monitoring. This work develops an understanding of how geophysical methods can be 

integrated into the discipline of land quality, combined geophysical techniques and multiple 

electrode types (graphite, Ag-AgCl) to identify the transfer of electrons over a variety of 

scales to monitor microbial activity around the electrodes in near real time. 

 

In order to achieve the above objectives a bench scale Bio-Electrochemical System (BES) 

has designed (Kirmizakis et al., 2019). The science behind how BES operate and are 

monitored in the lab is now well understood (Logan et al., 2006). What has prevented scaling 

up from lab scale to field scale has been the focus on recovery of power output (Rabaey and 

Keller, 2008) rather than the remediation efficiency of such a system. The cost of specialist 
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electrodes has also prevented upscaling. What is novel about our approach is that we are 

focusing the ability of bench and large-scale BES to degrade contaminants in groundwater 

rather than produce recoverable amounts of energy. We intend to use the any power 

produced (i.e. current and voltage) as a real time biosensor of how the microbial ecology of 

the system operates. Real time monitoring can dictate the approach to sampling for microbial 

analysis allowing an effective management strategy in the collection and analysis of samples. 

In addition, this will contribute a new line of evidence to monitoring and validation of 

remediation. We also intend to upcycle waste biomass materials in the form of GAC as a 

cheap and sustainable electrode material. We investigate the use of GAC to enhance the 

anodic surface of a graphite chamber BES. GAC is conductive and we have found that it can 

successfully act as an anode that allows microbial colonization and further biodegradation of 

gasworks contamination. We show that the electrical output quickly increases and stabilizes 

suggesting rapid colonization of the BES by microbes. Principal Coordinate Analysis also 

shows that the microbial communities quickly adapt to GAC and BES environments 

allowing improved degradation of contaminants. 

 

This laboratory approach translated to the contaminated site by installing an in-situ field 

scale BES to act as a biosensor.  There have been recent reports of researchers developing 

large scale BES systems based around water and wastewater treatment systems (Heidrich et 

al., 2014; Kumar et al., 2017). These approaches use a proprietary mix of micro-organisms to 

maximise electricity and power output – we however will focus on the naturally occurring 

microbial consortia at the site to maximise degradation capacity rather than power output. 

Freedom to operate and patent searches has not indicated any such system being 

systematically applied at a large scale to remediation of groundwater and landfill leachates. 

Recent research has been published on how such systems can be applied to the remediation 

of illegal landfills (Fachin et al., 2012) and how they can occur naturally around stable 

groundwater plumes (Doherty et al., 2010; Doherty et al., 2015b). We anticipate that 

application of BES technology for remediation will generate a portfolio of both know-how 

and protectable intellectual property. Two different approaches of field-based BES were 

tested. The first approach of field BES presented aimed to test the efficiency of a soil-based 

BES in contaminated sites with methane release. Big graphite electrodes used upcycle 

biochar and GAC as high surface electrode to trap and degrade contaminants under the 

collaboration of University of Sao Paulo (USP) Brazil and Queen’s University Belfast 

(QUB). Electrical responses and methane emissions over time are used to infer the biological 

/ microbial activity on site. Additional to this, this field BES explore the possibility of 

biochar in serving as a methane barrier or promote its production when incorporated in 

topsoil of places with methane escaping. 
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In the second approach, we retrofitted large graphite electrodes into boreholes in a steady 

state contaminant plume at a former manufactured gas plant of Northern Ireland. The 

amended electrodes aimed to monitor the degradation on site and not enhance any process. 

We compare the microbial ecology of the resulting biofilms that developed at various depths 

on the electrode with a similar electrode emplaced outside the plume and with groundwater 

samples from the respective boreholes. The graphite electrodes in the borehole within the 

plume will allow the localization of contaminants, microbial communities, electron donors, 

acceptors and crucially a conductor. This approach will assess whether the development of 

microbial communities on BES electrodes placed within plumes can identify areas of 

optimum microbial activity (i.e. plume fringes) that can help monitor or aid the design of 

groundwater remediation strategies. There were significant differences between the field 

based BESs in the two sites. The Brazil field BES had a different architecture and 

significantly, contaminated sediments were used in the electrode compartments instead of 

water. 

 

Tank experiments for geophysical quantification of physical, chemical properties were 

chosen as an engineered case study in controlled conditions. Self-Potential (SP) 

measurements during oxidant injection in the tank to show sensitivity to concentration 

changes, indicating that the size of the electrical response of the oxidant depends on the 

concentration changes in the soil medium and can be detected instantly. Additionally, an 

individual numerical model under collaboration with the University of Dortmund has been 

used to evaluate the potential of the engineered approaches at the field scale (Seyedpour et 

al., 2019). The simulated data were in good agreement with the results of the sandbox 

experiment. This collaboration is under the framework of Marie-Curie grant agreement No. 

643087 REMEDIATE and main objective was the development of an easily transferable 

methodology and toolbox that can also be applied across a range of field sites. 

 

The last objective was to evaluate the potential of geophysical methods to determine general 

peatland health. The electrical resistivity and chargeability of the peat subsurface were 

measured at three locations (active, degraded and restored). Although chargeability is a 

physical property related to conductivity, it is highly complex as it is dependent on the bio-

geochemical transformations occurring in the subsurface and can be used for the 

characterization of degraded and restored locations. Chargeability is particularly suited to 

study biological changes in such environments as it is sensitive to changes not only in 

electrolyte chemistry, but also at the surface of the grains through the study of polarization 

mechanisms. The geophysical data correlated with moisture and organic composition 
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analysis at each location for the validation of our statements. Different microbial 

environments (aerobic-degraded, anaerobic accumulating) produced different geophysical 

signatures due to microbial changes in the peat structure. The geophysical results show that 

the degrading location is undergoing high rates of decomposition and loss of organic matter 

into the interstitial water, whereas the opposite is true for the active location. This is chapter 

is based on preliminary geophysical investigation and journal publication conducted in 

collaboration with Dr. Laura McAnallen, (McAnallen et al., 2018) and MSc student Neil 

Brannigan. 

 

1.3 Outline of Thesis 

 

The following is a brief description of each subsequent chapter presented in this thesis: 

 

• Chapter 2 includes a literature review on issues related to contamination of land and 

groundwater contamination from toxic or organic contaminants such as petroleum 

hydrocarbons, etc., various methods for the identification infectious agents, as well 

as problems and solutions for remediation. Additionally, the links between 

biological processes and geophysical signals are discussed briefly regarding 

microorganism’s activity. 

 

• Chapter 3 is based on a journal publication (Kirmizakis et al., 2019) and asks, can 

accepted remediation approaches (sorption by Granular Activated Carbon - GAC) be 

improved upon by the incorporation into a BES?  Chapter 3 demonstrates how a 

BES could operate as an ex-situ technology utilising a novel engineered graphite 

BES chamber that contains GAC as high surface area electrodes to trap and degrade 

organic contaminants, providing near real time observation of associate electrical 

output. 

 

• Chapter 4 Pilot scale experiments for geophysical quantification of physical, 

chemical properties were chosen as an engineered case study in controlled 

conditions. Part of the experimental results combined with a simulated - optimised 

approach of groundwater and contaminant transport led to a journal publication 

(Seyedpour et al., 2019b). The physical sandbox data compared with a simulated 

model which were in good agreement. 
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• Chapter 5 tests the efficiency of a field-scale BES to enhance and monitor the 

natural biodegradation process at contaminated sites providing an innovative, 

technically and economically viable sustainable risk management solution as part of 

an in-situ technology. Two different approaches are presented, one sediment based 

BES (1st approach) incorporated in topsoil of a place with methane escaping and one 

with large graphite electrodes into boreholes in a steady state contaminant plume (2nd 

approach) from a former manufactured gas plant in order to show the efficiency and 

applicability of a BES as monitoring system under different operational 

environments. 

 

• Chapter 6 is based on geoelectrical and geochemical analysis used to determine 

peatland health at a restored, actively degrading and an intact (control) location 

within the Garron Plateau in Northern Ireland and build a conceptual understanding 

of processes that occur at each location. Geophysical measurements are positively 

correlated with the water level, moisture content and organic content of peat at each 

location. 

 

• Chapter 7 presents the major contributions of the research as well as 

recommendations for future work. 

 

• Appendices provide supplemental information, referenced throughout the thesis, that 

was not included in the manuscript chapters. 
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Chapter 2. Literature Review 

 

This chapter summarizes the literature relevant to contamination of land and groundwater 

contamination from toxic or organic contaminants such as petroleum hydrocarbons as well 

as problems and solutions for remediation. Land contamination from anthropogenic activities 

is indissolubly linked to groundwater contamination. The methods of remediation from 

different categories of contaminants are sufficient, but the choice depends on the nature of 

the contaminants, their concentration and their effects, the hydrogeology of the area, the 

climatic conditions, the extent of the area to be restored, the socio-economic situation of the 

area. This review examines the monitoring of natural attenuation at contaminated sites, as 

well as planning options to accomplish this. Biodegradation and natural attenuation is one of 

the most favoured approaches to manage contamination. Recent research questions our depth 

of understanding of the underlying mechanisms of natural attenuation processes, and 

therefore our ability to adequately monitor and engineer viable remediation solutions. 

 

2.1 Land Contamination 

 

The subsoil can be characterized by two main hydrological zones: the unsaturated zone (also 

called vadose zone) and the saturated zone. The unsaturated zone refers to the area inside 

and below the surface of the earth, where the void spaces between the soil grains or the rock 

cracks are not filled entirely with water. The unsaturated zone is rarely completely dry 

because water is almost always in the form of droplets of moisture and water films in the 

gaps in the soil and rocks (Sophocleous, 2004). Because these voids are not filled entirely 

with water (the rest is filled with air), a well installed in the unsaturated zone would not 

produce water. In fact, moisture in the unsaturated zone remains trapped in the soil or rock in 

the same way that a water column, placed on the surface of a porous material, is absorbed by 

it. Adsorption or absorption is the result of capillary forces. 

 

Unlike the unsaturated zone, the saturated zone is the area below the ground where the 

spaces between the soil molecules or the rocks are inflated or completely filled with water. 

The upper part of the saturated zone, called the capillary fringe, is a thin zone where the 

voids are saturated with water trapped by the capillary forces. The thickness of this zone 

depends on the distribution of pore size and soil grains in the waterbed network (Stauffer et 

al., 2009). Gravel and cracked rocks generally have small to non-existent zones, the sand has 

a thickness of several centimetres, while the clays have a much thicker zone. Below this 

zone, water is free to flow into the empty space. 
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Land contamination is indissolubly linked to groundwater contamination. An organic fluid 

released in the unsaturated zone in sufficient quantity to soak the soil (to fill all the open 

spaces between the soil molecules) tends to sink to the groundwater level by gravity, 

regardless of its density. The fluid follows the layers of higher permeability and tends to 

spread laterally to the less permeable layers (Huling and Weaver, 1992). Since the liquid 

migrates through the unsaturated zone, some of it is trapped by capillary forces in the soil 

pores. The amount of liquid remaining is referred to as saturated sediment and is generally 

expressed as a percentage of the void of part of the soil occupied by the liquid. Saturated 

sediment generally increases as the mass of rocks and pores decreases. 

 

The migration of contaminants into the subsoil after a leak can be characterized by three 

successive processes, infiltration through the unsaturated zone, intrusion and diffusion into 

the saturated zone, and dissolution in the saturated zone (Newell et al., 1995). Depending on 

the depth of the groundwater level below the leakage area, the leakage volume, the nature of 

the material under the surface, and the viscosity of the contaminant, the contamination may 

reach the impregnated zone. If the water level appears to a large extent below the affected 

area and / or the leakage volume is low, the contaminants can be trapped in the unsaturated 

zone before they reach the water level (Carey et al., 2006). Water, whether from rainfall or 

from liquid waste applied to the soil, is the main source of transport of contaminants into the 

saturated zone. Surface water is filtered into the soil and through the unsaturated zone it 

moves to the underground aquifers, which are branched down to various directions 

depending on the flow conditions prevailing in the aquifer. When moving within an aquifer 

is in the form of a bulb or plume extending along the flow lines from the source position 

(Figure 1). Over time, the contaminated water either drops into the aquifer or drives into a 

well or occasionally exits in surface water systems (rivers, lakes, sea). 
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Figure 1 Migration of a plume leachate from a landfill (http://www.groundwateruk.org/). 

 

  

http://www.groundwateruk.org/
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2.2 Groundwater Contamination 

 

Groundwater is an integral part of the hydrological cycle. For example, atmospheric water 

returns to the earth's surface through rains and snowfalls by feeding rivers or by penetrating 

the ground and by feeding underground water reservoirs (saturated zone). Evaporation 

returns water to the atmosphere, and so on. On the other hand, there is a continuous 

interaction of surface and groundwater, with the result that the quality of one is closely 

related to the quality of the other. However, groundwater has some special rights in relation 

to the surface; it can be contaminated without this being perspective by the cause or user, if it 

contaminated it is difficult to return to previous situation. 

 

The above have a significant impact on the quality of surface water when groundwater enters 

the surface water and when used as a source of drinking water or for irrigation. In general, 

the transport of contaminants through the unsaturated and saturated zone depends on the 

local hydrogeology, the mineral composition of the soil and on the physicochemical 

characteristics of the under-investigation contaminants. On the other hand, the final ending 

of contaminants entering the subsoil is the result of the interaction of a significant number of 

physical, chemical, biological processes such as free flow due to gravity or forced flow with 

rainwater, sorption to the organic phase of the solid subsoil grain surface, solubilization and 

hydrodynamic dispersion in the flowing aqueous phase of the reservoir and in the penetration 

water of the unsaturated zone (infiltrating water), evaporation, biochemical degradation in 

the presence of bacterial contamination, chemical degradation through abiotic hydrolysis etc. 

Advection-dispersion is caused by the non-ideal and heterogeneous flow patterns, 

independent of the mechanisms generating the spreading, and was generally considered as a 

key factor of spreading plumes carrying any dissolved material. However, more recent works 

describing plume transport, debate diffusion being a more important and dominant factor 

(ITRC, 2011; Payne et al., 2008). Diffusion is a mass transfer by the individual molecular 

motion mechanism causing a flux of dissolved solutes from areas of higher concentration to 

areas of low concentrations and it is more relevant when we are speaking for contaminant 

movement through groundwater. Within low-permeability saturated zones, contaminants are 

able to diffuse back into the higher transmissive zones once concentrations in the latter 

decrease (Chapman and Parker, 2005; Feenstra et al., 1984). This “back-diffusion” can 

sustain dissolved plumes in high-permeable zones long after the contaminant source is gone 

(ITRC, 2011). 

 

The persistence of groundwater contamination is another very serious aspect. This can be 

seen by comparing the residence time of surface waters that are a few days with the 
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equivalent number of groundwater that is in the range of decades or hundreds of years. 

Surface water is more easily and frequently contaminated, but groundwater is much more 

difficult to clean up because of the slow water movement, temperature and contaminants can 

sorb to rocks in aquifers and contaminate incoming groundwater. Thus, a contaminant that is 

not transformed or adsorbed from the soil can remain as a source agent for a long period of 

time (Jautzy et al., 2013). 

 

Non-aqueous phase liquids (NAPLs) are liquids that have a separate liquid phase in the 

aquatic environment. Generally, NAPLs are liquids having a density greater or less than 

water. They are distinguished in dense non-aqueous phase liquids (DNAPLs) that are water-

immiscible liquids with density greater than water (Huling and Weaver, 1992) and light non-

aqueous phase liquids (LNAPLs) with densities less than water (Newell et al., 1995). 

Examples of lighter than water are hydrocarbon fluids, such as benzene, heating oil, 

kerosene. DNAPLs include chlorinated hydrocarbons such as carbon tetrachloride, 1,1,1-

trichloroethane, chlorophenol, chlorobenzene, tetrachloroethylene and polychlorinated 

biphenyls (PCBs) (Huling and Weaver, 1992). 

 

The significance of NAPLS in groundwater is due to their subsistence underground and the 

ability to contaminate large volumes of water due to their low removal potential (Jin et al., 

1995). The movement of these substances into the soil depends on the amount released into 

the soil, the physical properties of the soil and the structure of the soil through which they 

move. The release of liquid waste under the surface of the soil results in their movement 

towards the deeper layers, to the underground level of the free aquifers (Figure 2). When the 

amount is small, local problems are created and the influence of groundwater is affected by 

the deep infiltration of rainwater. The extent of the movement in the vertical and horizontal 

directions depends on the porosity, the permeability of the medium and the soil moisture 

content. In the case of large quantities, there is a faster penetration. On dry soils there are 

bonds between the substances and the solids of the soil, and when there is water due to 

hygroscopic sprains, the bonds are not intense. In this case the movement of the substances is 

easier. 
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Figure 2 Effect of spreading behaviour of LNAPL and DNAPL contaminants (Hemond and 

Fechner, 2015). 

 

The movement of NAPLs in groundwater is directed towards the direction of groundwater 

movement through the effects of molecular diffusion and dispersal processes. The lightest of 

the water is found and moved near the surface of the saturated zone, while the dense ones 

move vertically to the unsaturated and saturated zone (Huling and Weaver, 1992; Newell et 

al., 1995). Because of the high density, these substances sink into the bottom of the saturated 

zone and are installed over the impermeable substrate. The water-insoluble substances are 

not mixed and remain as a separate phase. 
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2.3 Groundwater Remediation 

 

Groundwater remediation is the process that is used to manage contamination from 

groundwater. The primary method is to remove all the sources that damage the groundwater 

and then to make the necessary manipulations to manage contamination either at the pathway 

or receptor in order to manage risks to the environment or human health (Carey et al., 2006; 

CLR11, 2004; McMahon et al., 2001; Nathanail et al., 2017) that have arisen and to make an 

independent autonomous system in its function that is in line with the socio-economic 

circumstances of the region. Effective management of groundwater contamination requires 

the development of sustainable remediation technologies (Arias Espana et al., 2018; Bardos 

et al., 2011; Ellis and Hadley, 2009; Nathanail et al., 2017). These are technologies that 

consider environmental, social and economic criteria such as cost effectiveness, technically 

proficiency and social acceptance. The modification and optimization of socially accepted 

remediation technologies such as sorption media, into newer technologies that enhances and 

monitors degradation in near real time makes them ideal candidates as sustainable 

remediation technologies. Standard groundwater remediation approaches often focus on a 

specific area or system where the remediation effort is focused. In ex-situ systems this can be 

in the form of engineered container or chamber that contains the method of remediation, 

such as sorption using GAC (Guerin, 2008) and other porous media (Merino et al., 2016), or 

bioremediation with addition of nutrients / inoculants (Kuppusamy et al., 2016).  

 

Significant evolution of remediation technologies has occurred at relatively short period; 

from early small containment techniques to today’s large cost-effective technologies. 

Initially, the science of remediation did not proceed quickly due to legal anchorages in the 

various states. Remediation was rare and was only made when the contaminants appeared in 

surface water or underground facilities were affected. Most remediation procedures included 

wells, trenches, etc., and were made with a pumping system (Kuppusamy et al., 2016). 

Remediation techniques evolved so that pumping became a simple common technique. New 

techniques have been developed in recent years. These techniques may be contaminant and 

site specific. In the past, the reparation was normally carried out until it was no longer 

possible to pick up the pollutants that were in the free phase or dissolved phase after the free 

phase removal. Nowadays, the contaminated sector is looking at ways to improve 

remediation technologies, including how sustainability is measured and considered during 

remediation and how to rely less on excavation and removal technologies that involve 

disposing of large amounts of contaminants and reuse materials whenever possible. 
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Whichever new remediation technology is to be developed, it is should follow some general 

principles in order to provide a commercial-ready technology (Holtmann and Harnisch, 

2018). Simple steps should be followed in order to evaluate the developed technology. For 

that reason, a widely adapted concept of the Technology Readiness Level (TRL) is been used 

to evaluate the applicability status of a new developed technology (Table 1). Besides being 

used for the assessment of the majority of applied technologies, TRL is widely used by the 

European Commission as a decision-making tool on funding new proposals. 

 

Table 1 Definition of Technology Readiness Level (TRL) system (modified from Holtmann 

and Harnisch, 2018). 

TRL Description Definition 

TRL 1 Basic principles observed Basic research 

TRL 2 Technology concept formulated Technology formulation 

TRL 3 Experimental proof of concept Applied research 

TRL 4 Technology validated in the laboratory Small-scale prototype 

TRL 5 Technology validated in relevant environment Large-scale prototype 

TRL 6 Technology demonstrated in relevant environment Prototype system tested 

TRL 7 System prototype demonstration in operational 

environment 

Operating demonstration 

TRL 8 System complete and qualified 1st commercial system 

TRL 9 Actual system proven in operational environment Full commercial application 

 

In order to evaluate the TRL of our work, we here attempt to evaluate the status of our 

approaches to monitoring and remediation of contaminated sites by following the evolving 

stages of a remediation technology: 

• Bench tests to determine the degree of contamination and identify the target 

compounds by endogenous microorganisms or by other artificially. 

• Pilot application of the (small scale) technology either in the laboratory or in the area 

to be rehabilitated in order to collect more data necessary to design the application of 

the method on a large scale. 

• Application of the technology to the area to be restored or to another designated and 

controlled area. 

It is also important to mention that when a remediation technology is to be applied in any 

area, provision should be made to build facilities to avoid environmental impacts during 

work. 
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Figure 3 How remediation technology evolves. 

 

Groundwater remediation techniques are many and varied but mainly divided into ex-situ 

and in-situ technologies. Ex-Situ technology involves treatment of groundwater by de-

watering the contaminated aquifer (pumping out), then treating the water on surface by 

physical, chemical or biological technology and finally re-injecting the treated water to the 

aquifer. Chapter 3 demonstrates how a Bio-electrochemical System (BES) could operate as 

an ex-situ technology. In-Situ technology involves treatment of groundwater within the 

aquifer (in the sub-surface) by using thermal, chemical and biological treatment technology. 

Chapters 5 and 6 demonstrate a partially in-situ treatment technology and how can be used as 

a monitoring tool. Physical in-situ treatment may include air striping, filtering of water, etc. 

Chemical treatments include addition of chemicals that facilitate physical or biological 

treatments or oxidize contaminants. Biological treatment (bioremediation) utilizes complex 

biochemical pathways of various organisms to degrade or detoxify contaminants (Bhandari 

et al., 2007; Evans et al., 2001; Payne et al., 2008). 

 

The selection of the appropriate technology depends upon several parameters such as the 

contaminant profile, the aquifer profile and the feasibility profile. 

• Contaminant Profile: 

➢ Types of compounds (DNAPL, LNAPL, Ammonia, Virus, Bacteria) 

➢ Quantity and Solubility (Solubility in Water) 

➢ Toxicity and volatility (VOCs, SVOCs, Metals, etc.) 

➢ Biodegradability   

• Aquifer Profile: 

Large-Scale Field 
Trials

Uncontrolled Pilot Trials

Prototypes and Controlled Field 
Experiments

Bench Studies Concept / Problem 
Identification

Experimental 

Technology 

Emerging 

Technology 

Proven 

Technology 
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➢ Soil Type (permeability, homogeneity, chemistry, confined or open, etc.) 

➢ Groundwater Flow direction 

➢ Water Table location 

➢ Recharge location (seasonal rainfall) 

• Feasibility Profile: 

➢ Cost of technology 

➢ Time of completion 

 

There are several technologies for remediation of the contaminated areas of aquifers. The 

following are typically technologies used to treat groundwater contaminants. However, the 

boundaries among different remediation technologies sometimes can be very vague due to 

considerable overlapping of different technologies. Therefore, the categorizing of 

remediation technologies may be subjective and / or unconsciously arbitrary.  

• Pump and treat (Higgins and Olson, 2009) 

• Bioventing 

• Biosparging 

• Phytoremediation 

• Permeable reactive barriers (PRB) (Smith et al., 2003) 

• In-situ chemical oxidation (ISCO) (Kulik et al., 2006) 

• Soil vapor extraction (SVE) and air sparging (Braida and Ong, 2001) 

• Ex-situ soil washing 

• Natural attenuation (Liedl et al., 2005) 

 

Natural attenuation (NA) relies on natural processes to decrease or “attenuate” 

concentrations, flux or toxicity of contaminants in soil and groundwater. Every organic 

contaminant is biodegradable under appropriate environmental conditions. Chapter 5 aims to 

show that physical and microbial (reduction of plume size) processes on site are present with 

environmental conditions preventing the expansion / transport of contaminant out of the area 

of interest. The natural attenuation processes include dilution, sorption into aquifer matrix 

and biodegradation. Also, periodic additions of micro-trophic substances to further enhance 

microbial activity and addition of sparingly dissolving surfactants to increase the 

accessibility of contaminants to native microorganisms. The rate of these processes must be 

sufficient in order to prevent further expansion of contamination into uncontaminated zones 

(Carey et al., 2000).  
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Scientists monitor these conditions to make sure natural attenuation is working. Monitored 

Natural Attenuation (MNA) ensures that natural attenuation processes are effective as a 

remediation action under a reasonable timeline and wider area of interest is unaffected 

(Rügner et al., 2006). Monitoring typically involves collecting soil and groundwater samples 

to analyse them for the presence of contaminants and other site characteristics. The goal is to 

stimulate microbial activity so that microorganisms metabolize organic compounds to a 

greater extent than a non-disrupted system. Natural attenuation occurs at most contaminated 

sites. However, the right conditions must exist underground to clean sites properly and 

quickly enough. Attempts are made to maintain aerobic conditions so that the 

microorganisms contained on sites to be encouraged to utilize the organic matter as a source 

of energy to grow on. MNA works best where the source of contamination has been removed 

or the plume has been demonstrated to have achieved a steady or reducing state. Regular 

monitoring must be conducted to ensure that it continues to work and usually is chosen for 

already treated sites, where low concentrations of pollutants still exist. It may take several 

years to decades to clean up a site. The actual clean-up time will depend on several factors. 

For example, clean-up will take longer when contaminant concentrations are higher, the 

contaminated area is large and / or when site conditions (such as temperature, groundwater 

flow, soil type) provide a less favourable environment for biodegradation, sorption or 

dilution.  

 

2.3.1 Novel Groundwater Remediation 

 

Natural attenuation describes the process in which organic compounds are broken down by 

microbes that use them for their own survival and growth. The organic contaminants are 

used as a source of carbon and as a source of energy at the same time. These processes use 

the complex enzyme system of microorganisms in either in-situ or ex-situ configurations to 

carry out the desired reactions. In a microbial cell there are two main categories of metabolic 

effects, oxidation and reduction. The reduction reactions produce biomass, i.e., the growth of 

the microorganism, and require the existence of a carbon source, while in the oxidation 

reactions energy is produced, necessary for the maintenance and growth of organisms, that 

is, they require a source of energy. Microbes provide energy from the contaminants through 

their oxidation. There is thus a redox reaction in which the contaminant is the reducing agent 

and the role of the oxidant has various compounds, depending on the type of metabolic 

process. Aerobic digestion is the term used to describe metabolism when the electron 

acceptor is oxygen (O2). Numerous microorganisms follow this type of metabolism and most 

bioremediation methods utilize this particular metabolic class. There is, however, a wide 

variety of microorganisms that survive and grow under anaerobic conditions using various 
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other inorganic or organic compounds other than oxygen as an electron acceptor. This type 

of metabolism is characterized as anaerobic respiration. The most commonly used electron 

donors under anaerobic conditions are nitrate and sulphate ions, soluble components in 

groundwater, as well as ferric iron and manganese, which are components of solid soil 

particles, usually in the form of oxides. Another type of metabolism that can play an 

important role in strong anaerobic conditions is fermentation. Fermentation does not require 

an external addition of an electron acceptor because the organic contaminant is used both as 

a donor and as an electron acceptor. 

 

Bacterial Extracellular Electron Transfer (EET) is one of the most fundamental processes 

related with natural attenuation and organic matter since through electron transfer, 

microorganisms do not only fulfil their own metabolic needs they also transform their 

surroundings catalysing important biochemical cycles. Bacterial EET is a process in which 

electrons produced through microbial metabolic processes are transferred out of the cell to 

reduce external solid state electron acceptors, such as iron (III) oxide or transferred to 

conductive minerals such as graphite which does not undergo oxidation, and generate energy 

for growth and/or metabolism. This process has now been identified in a phylogenetically 

diverse range of environmental bacteria (Lovley, 2008) and more species capable of EET are 

expected to be identified in the future as more research is carried out in this field (Bjerg et 

al., 2018; Reguera, 2018; Shi et al., 2016). The EET process plays an essential role in many 

biogeochemical cycles and in degradative and natural attenuation processes (Scherr, 2013). 

 

Microbes are able to transfer electrons via several routes and mechanisms. Four types of 

mechanisms exist in extracellular electron transfer of varying scale: 

• Short-distance electron transfer 

• Electron transfer via redox-active proteins 

• Long-distance electron transfer (LDET) through conductive pili 

• Direct interspecies electron transfer (DIET) 

 

Short-distance (nano-scale) electron transfer can occur from direct and indirect transfer 

mechanisms, such as contact between cells and the terminal electron acceptors or by soluble 

redox mediators which act as electron shuttles that can diffuse out of the cell to the electron 

acceptors (Manzella et al., 2013; Stams et al., 2006). Redox-active proteins mediate electron 

transfer via intervening between the electron donor and acceptor, constraining the space 

between them (Beratan and Skourtis, 2013). Long-distance electron transfer (LDET) occurs 

in a number of bacteria that produce conductive pili (nanowires), tiny projections that extend 

from the outer membrane able to facilitate electron transfer at several millimetres (Reguera, 
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2018) and have been shown to have significant applications in the field of bioremediation 

(Malvankar and Lovley, 2012). Direct interspecies electron transfer (DIET) in which two 

species establish electrical contact enables a diversity of microbial communities to gain 

energy from reactions that no one microbe can catalyse (Shrestha and Rotaru, 2014). Many 

studies have demonstrated the efficiency of conductive materials to promote DIET methane 

production through exoelectrogenic bacteria and methanogens rather than conventional 

electron carriers such as hydrogen (Park et al., 2018). 

 

 

Figure 4 Mechanisms of DIET. Possible mechanisms include (a) electrically conductive pili 

(blue), (b) electron transport proteins and (c) conductive materials (Park et al., 2018). 

 

It is generally considered that in natural environments, it is more likely a mixture of all the 

electron transfer mechanisms will facilitate microbial EET. By these mechanisms, 

microorganisms are able to grow and build up multi-layered films of cells, by-products, 

substrates and nutrients on surface of minerals, called biofilms representing a community of 

microorganisms. Biofilm provides the microbial community with the means to collect 
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essential nutrients. The initial biofilm can be a simple form with a single layer of cells or a 

complex system with multi-layers in case of mature microbial systems. Biofilms grown 

allow us to quantify electron transfer rates and identify the transfer mechanisms. 

 

2.3.2 Monitored Natural Attenuation 

 

Biodegradation and natural attenuation of contaminant groundwater plumes is one of the 

most favoured approaches to manage risks from these plumes to the environment and to 

human health. Recent research questions our depth of understanding of the underlying 

mechanisms of natural attenuation processes, and therefore our ability to adequately monitor 

and engineer viable remediation solutions (Meckenstock et al., 2015). A contaminant plume 

of dissolved oxidizable pollutants such as hydrocarbons from a manufactured gas plant can 

act as a significant source of electron donors, which through microbial action, can rapidly 

sequester all available electron acceptors in the plume and surrounding aquifer. Respiring 

microbes live by trapping the energy from the metabolism of these oxidizable pollutants. It 

has often been assumed that zones of electron acceptors develop spatially across plumes into 

a ‘thermodynamic ladder’ with aerobic processes at plume edge, then nitrate reduction, iron 

(III) oxide reduction, manganese (IV) reduction, sulfate reduction and finally methanogenic 

processes at the plume core (Figure 5). Groundwater plume’s shape varies, depending the 

flow rate and the ability for the plume to disperse. A general accepted shape till was given in 

the form of isopleth contours of different redox zones (Figure 5) which are simply lines of 

equal concentration levels, like topographic contour map. In such plumes, the aerobic 

processes develop longitudinal towards the distal end of the plume (Christensen et al., 1994).  

It has been proposed that ecological, physiological and mutualistic factors rather than 

thermodynamic factors alone may control the distribution of microbial life in the subsurface 

(Bethke et al., 2011).  
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Figure 5 Contaminant plume delineation; laterally within the plume (older understanding). 

 

Natural attenuation of coal tar / gasworks groundwater plumes have been intensively 

research over the last decades (Bockelmann et al., 2001; Thornton et al., 2001; Torstensson 

et al., 1998). As mentioned above, aerobic respiration is restricted at the plume fringe. 

However, more recent works have proven that the different respiration processes in a 

groundwater plume, methanogenesis, iron and manganese reduction may occur 

concomitantly in the core (Hadley and Newell, 2014; Meckenstock et al., 2015). The actual 

extent of this argument is that the actual size of the plume fringe is smaller (Figure 6) than 

the older understanding of the isopleth redox zones. 

 

Furthermore, in plumes that are grossly contaminated, resulting in an excess of electron 

donors with respect to available acceptors the majority of microbial biodegradative activity 

may be focused at the plume fringe (Prommer et al., 2006) where the electron acceptors are 

replenished by the surrounding uncontaminated groundwater which often results in the 

microbial proliferation (Thornton et al., 2001). 
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Figure 6 Plume fringe concept (updated understanding). 

 

Electrogenic microorganisms are extensively studied organisms that can transfer electrons 

through EET from or to a solid electrode (Sacco et al., 2017) and widely used in engineered 

devices able to manipulate this ability. Electrogenic microorganisms are involved in the 

generation of an electrical phenomenon within the subsurface called geobattery. The term 

geobattery first used to describe certain ores, which at a shallow depth, such as iron sulphide 

(FeS2), undergo oxidation from the water-borne oxygen. Typically, the upper surface of 

these ores undergoes greater oxidation than the lower surface because they are closer to the 

atmosphere. During oxidation, sulfuric acid and salts thereof are formed, which are 

electrolyte in contact with the ore. Due to the different degree of oxidation of the two sides 

of the ore, a potential difference is created between them and the ore acts as an electric 

charge with negative pole the more oxidized upper surface and positive pole the lower 

surface. This results in the generation of electric currents flowing through the space around 

the ore. Some of these currents flow through the surface resulting developing voltage 

between several points near the ore. This trend, which in some cases may have a value of 

500 to 1000 mV, when measured properly can be used to locate the ore. Similar in concept to 

geobatteries occurring around an ore body, geobatteries occur across organic-rich 

contaminant plumes (Revil et al., 2010), mostly known as bio-geobatteries, where degrading 

contaminants and liberating electrons generate the reducing environment. Unlike an ore 

geobattery, a contaminated plume doesn’t have a solid conductor to bridge to bridge the 

redox zones between contaminated and uncontaminated areas. In that case, indigenous 

electrogenic bacteria facilitate the electron transfer over large distances acting like a bio-

conductor and generating electrical signals which define it. The plume fringe is not only the 

location where the electron acceptors are replenished by the surrounding uncontaminated 

groundwater but also the point where the strongest redox occurs. Due to the microbial 
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proliferation / strong reducing environment, the plume fringe is considered to be the area of 

mist natural attenuation. 

 

Whilst very detailed sampling of soils and groundwater is often required to identify 

mechanisms that steer biodegradation (Anneser et al., 2010), especially at plume fringes, this 

is not always possible during standard site investigation. Remedial verification and post 

remedial monitoring usually require extensive sampling and subsequent analysis, which is 

both time consuming and expensive, especially in cases of natural attenuation where 

extensive microbial analysis is required to understand the ongoing processes of metabolic 

microorganisms. Therefore, development of innovative sensors technologies of undergoing 

natural attenuation systems or bioremediation can potentially reduce the costs of site 

monitoring, while meeting informational needs of regulators and site managers. 

 

Microbial changes in soil-water environments over time cause changes in the physical 

properties of these environments that may be detected and measured using geophysical 

methods. Of major importance is the understanding of how microbial changes affect the 

physical properties of the hosting subsurface environment. Microbial respiration results in 

reduced conditions and strong redox gradients between the contaminated and the 

surrounding non-contaminated area. This results in an electromotive force which drives the 

flow of electrons from the contaminated source to the surrounding environment which is 

usually the aerobic water table. Hence, electrical techniques can be used to probe the 

electrical properties of bacteria. Through laboratory experiments, researchers discovered that 

geophysical methods were sensitive to biochemical transformations as well as to the 

presence of biofilm. Indeed, bacteria proliferation in the pore space not only changes the 

electrochemical properties at the grains surface but also induces textural change through pore 

clogging. Self-potential (SP) method is one geophysical electrical method dependent on the 

presence of redox gradients and one widely used for indirectly detecting microbial activity at 

sites where microbial degradation is occurring (Doherty et al., 2015; Naudet et al., 2004; 

Revil et al., 2010). Microbial processes, in general, can change and impact subsurface 

properties, creating a signature which can be detected by various physical and geophysical 

methods. Geophysical methods are attractive, easy to carry out, non-invasive and can yield 

information on a variety sources and processes without the need of invasive sampling.  

 

Strong geophysical anomalies have been observed in association with contaminated plumes 

(Abdel Aal et al., 2004; Atekwana et al., 2004, 2005). Contaminated plumes provide a 

source of natural electrical or self-potential signals resulted from the redox state, especially 

during degrading state when there is a proliferation of electrons (Arora et al., 2007). Plume 
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fringe is associated with strong redox potential due to the biodegradable conditions within 

the plume and the oxidized zone around the fringe. These complex biogeochemical processes 

resulting in the diffusion of ions that can be monitored in-situ by geophysical measurements 

(Doherty et al., 2010). 

 

The attracting interest in non-invasive methods sensitive in biological changes and the need 

to understand the role of microorganisms in altering the physical properties in environment 

lead in the a more recent and developing sub-discipline in geophysics; called biogeophysics 

which combines the fields of geophysics, geology and microbiology. Biogeophysics studies 

the interaction between microorganisms and subsurface geologic media and possibly the 

direct geophysical detection of microbes and microbial cell concentrations. Successful 

studies in the laboratory and at field scale showed that reducing bacteria and microbial 

precipitation presented conductive anomalies detectable to various methods. Apart from 

contaminated site characterization, biogeophysics covers the characterization of peatlands 

and other high organic matter environments. 

 

Biogeophyiscs is a rapidly developing field of near surface geophysics of increased interest 

in the last two decades. The strong geophysical anomalies associated with hydrocarbon 

contaminated plumes were some of the first observations associated with the geophysical 

impact of biogeophysical and biogeochemical transformations. The biogeophysical 

monitoring approach could reduce the cost of conventional monitoring by reducing the 

volume of samples, as well as providing data to design and maintain the optimal conditions 

of sustainable remediation on contaminated sites. Multiple studies show the relation between 

geophysical methods and the microorganisms' activity and by-products, such as dissolution / 

precipitation of metallic particles, change in grain roughness or in electrolyte ionic strength 

(Atekwana et al., 2009; Kessouri et al., 2019). Two of the main methods used are the seismic 

/ shear wave velocity and electrical methods. Apart from electrochemical effects, such as 

electromigration and charge storage, bacteria proliferation in the pore space effects the 

grains’ surface and induce textural change through pore clogging (Brovelli et al., 2009) from 

the biofilm growth. A widely used flowchart of microbiological / biogeochemical processes 

associated with physical changes able to be monitored through geophysics is presented in 

Figure 7 Flowchart of relations between microbiological / biogeochemical processes and 

geophysical responses (Atekwana et al., 2009).. 
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Figure 7 Flowchart of relations between microbiological / biogeochemical processes and 

geophysical responses (Atekwana et al., 2009). 

 

An extension in the above statements is the promising application of geophysics in 

correlation of organic matter and patterns associated with its creation or decomposition. Due 

to the inherent sensitivity of geophysical methods to measured properties related with 
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biological processes, geophysical methods can be applied to shed light on biological 

processes monitoring (Table 2). 

 

Table 2 Geophysical methods widely adopted for biogeophysics (modified from Atekwana 

et al., 2009). 

Geophysical Method Measured Properties 
Biogeophysical Application / 

Relevance 

Electrical Resistivity 
Electrical potential generated by 

current injection 
Biodegradation, biomass 

Induced Polarization (IP) / 

Spectral IP (SIP) 

Decay in electrical potential 

following current pulse, frequently 

dependence of complex impendance 

Biomineralization, cell 

properties (membrane 

potential), biofilms 

Self-Potential (SP) Naturally occurring electric potential 
Biogeobatteries, 

biodegradation 

Ground-Penetrating Radar 

(GPR) 

Amplitude and arrival time of 

electromagnetic energy 

Biogenic gasses, 

biodegradation 

Seismic 
Amplitude and arrival time of elastic 

energy 

Biomineralization, 

bioengineered soils, biogenic 

gasses 

Magnetometry 
Magnitude and/or gradient of Earth’s 

magnetic field 

Magnetotatic bacteria, 

biomineralization 

 

The use of retrofitted graphite substrates down boreholes may allow more detailed 

investigations of the microorganisms occupying ecological niches at areas of interest across 

plume fringes (Meckenstock et al., 2015). The configuration is similar to a geobattery, an 

anode electrode (lower surface) is connected through an external circuit to anode electrode 

(lower surface) is connected through an external circuit to a cathode electrode (upper 

surface) providing an electron bridge and hence enhancing natural attenuation. 

 

2.3.3 Enhanced Natural Attenuation 

 

Enhanced natural attenuation has resulted mainly from anthropogenic activities (e.g. 

nutrients supply and/or carbon substrate to stimulate growth of microbes). Landfills, surface 

oil spills or underground storage tanks supply enormous amounts of carbon alternating the 

existing microbial systems. The process of enhanced natural attenuation for the degradation 

of contamination is now a widely used and proven in situ remediation approach. A variety of 

engineered systems have been developed for soil and groundwater treatment. It is important 

to note that this stimulation of microbial activity alter also the physical and chemical 
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properties of the subsurface environment which are possible to be detected using geophysical 

techniques at variable scale depending the extent of microbial activity. 

 

Bio-Electrochemical Systems (BESs) are engineered environments that manipulate this 

ability of microbes to oxidize and reduce organic and inorganic matter at an anode and 

cathode linked via an electronic conductor (Bajracharya et al., 2016). The concept behind a 

BES is well founded (Logan et al., 2006) with naturally occurring BESs or ‘Biogeobatteries’ 

reported at sites with complex contaminant plumes (Doherty et al., 2015a; Doherty et al., 

2010; Revil et al., 2010). By designing BESs in contaminated groundwater plumes, 

oxidation and reduction of contaminants or waste substrates is enhanced and is limited by the 

design and emplacement of the electrodes rather than availability of natural electron 

acceptors in the subsurface. There have been also recent developments of BES for the 

oxidation of petroleum hydrocarbons (Daghio et al., 2017; Lu et al., 2014b; Palma et al., 

2018). These approaches use the BES to trigger sulfate-reducing bacteria present in the 

hydrocarbon contaminated sediments in an extremely metabolic area, such as changes in the 

redox environment between contaminated sediments and overlaying water. Nevertheless, 

BES is often used only as a ‘polishing step’ of contamination than a stand-alone primary 

remediation technology. Many studies have shown also the efficiency of BES in organic rich 

sediments with identification of long-distance electron transfer to bridge redox reactions 

(Daghio et al., 2016; Müller et al., 2016) and effective remediation of complex wastewaters 

at lab scale (Sevda et al., 2018). Nutrients and heavy metals have also been successfully 

treated in BES with removal rates up to 70 % providing an attractive remediation technology 

combined with conventional treatment technologies (Zhang et al., 2015, 2014, 2009). 

 

Measuring the electrical properties as the output of the BES is a method to monitor the 

biodegradation activity. The rate of the current production can be used as a proxy for 

monitoring rates of microbial activity at the field scale (Williams et al., 2010) who measured 

current densities ranging from 0.2 to ≤ 50 mA/m2. In particular, the current production is 

proportional to the biofilm thickness which depends on the concentration of electron donor, 

thus any change in the concentration of electron donors and microbial growth will affect 

rapidly the current production. The growth of microbes onto the electrodes along with the 

transfer of electrons can be easily measured using a data-logging voltmeter which allows the 

system to function as real-time ‘biosensor’ (ElMekawy et al., 2018) that aids monitoring of 

microbial activity during remediation. The concept of using BES as biosensors is well 

understood (Abrevaya et al. 2015; Curtis et al. 2009; Kim et al. 2007; Di Lorenzo et al. 

2014) mainly been employed to monitor water quality and toxicity (Su et al., 2011; Xu and 

Ying, 2011). However, little research has examined the efficiency of such systems using 
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groundwater from complex contaminated plumes such as those associated with gasworks 

sites. Studies have demonstrated that the exponential phase of biofilm growth matches the 

exponential rates of current production measured in the BES (Bajracharya et al., 2016; Stein 

et al., 2012). 

 

 

Figure 8 Basic setup of a dual chamber BES metabolizing the organic substrate on the anode 

to generate electrons and protons and transferred to the cathodic chamber (modified from 

ElMekawy et al., 2018). 

 

Many studies have shown the application of GAC to sequester organic and inorganic 

contaminants (Barrow, 2012; Mohan et al., 2014). The effectiveness of GAC as an electrode 

has already been established (Huggins et al., 2014, 2016). Microbial biofilms that degrade 

organic contaminants can pass the resulting electrons directly onto GAC which is a 

conductive material. It can sorb contaminants rich in light aromatic compounds and once 

sorbed, the contaminants can be biodegraded and the resulting electrical output acts as a 

‘remediation sensor’. 

 

Most BES studies are done on controlled systems with pure culture, known substrate and 

unrealistic operating conditions (Ci et al., 2015). Field scale BES employ short, non-
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continuous electrodes and often involve substrate and current amendments (Williams et al., 

2010). This type of amendment targets and shifts selection for specific community members 

which are capable of utilizing the applied potential or substrate. This does not fully reflect 

the complexity of the entire microbial community which may be responsible for natural 

attenuation, and amendments designed to enhance specific microbial action are often 

unsustainable for long periods of time. There is often a distinct succession of microbial 

communities associated with contaminated groundwater plumes (Ferguson et al., 2007). 

There is often an area of high electron flux due to the juxtaposition of the two redox zones. 

Because of this it is often the site of enhanced microbial activity which has been associated 

with natural attenuation mechanisms at plume fringes (Winderl et al., 2008). A simplified 

BES of a single electrode such as graphite crossing a redox boundary called ‘electrochemical 

snorkels’ (Figure 9) has been proposed (Cruz Viggi et al., 2015; Erable et al., 2011; Lovley, 

2011). The single electrode acts both as the anode and cathode, effectively short-circuiting 

the BES which does not allow for energy production or monitoring but could theoretically 

maximize the degradation capability of such as system. 

 

 

Figure 9 Simplified concept of electrochemical snorkels (A) oxygen and (B) nitrate as 

electron acceptor (Cecconet et al., 2020). 
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Chapter 3. Laboratory Bio-electrochemical Systems 

 

3.1 Aim and objectives 

 

Here we show the electrical response, bacterial community, and remediation of contaminated 

groundwater using a graphite chambered Bio-Electrochemical System (BES) that utilizes 

Granular Activated Carbon (GAC) as a both a sorption agent and high surface area anode. 

Our innovative concept is the design of a graphite electrode chamber system rather than a 

classic non-conductive BES chamber coupled with GAC as part of the BES. We show that 

the design of a graphite electrode chamber, coupled with conductive GAC as part of the BES 

improves the effectiveness of the conventional non-conductive chambers.  The GAC BES is 

a good candidate as a sustainable remediation technology that provides improved 

degradation over GAC, and near real time observation of associated electrical output. The 

BES chambers were effectively colonized by the bacterial communities from the 

contaminated groundwater.  

 

3.2 Introduction 

 

As mentioned in the previous chapter, effective management of groundwater contamination 

requires the development of sustainable remediation technologies (Arias Espana et al., 2018; 

Ellis and Hadley, 2009; Nathanail et al., 2017). This requires the modification and 

optimization of economically and socially accepted remediation technologies such as 

sorption media, into newer technologies that enhances and monitors degradation in near real 

time makes them ideal candidates as sustainable remediation technologies. Usual remediation 

approaches focus on a specific area or system where the effort is focused. In ex-situ 

groundwater remediation systems this can be in the form of an engineered container or 

standard chamber that contains the method of remediation, such as sorption using GAC 

(Guerin 2008), other porous media (Merino et al., 2016), or bioremediation with addition of 

nutrients (Kuppusamy et al., 2016). With in-situ systems similar engineered chambers can be 

found in reactive cells of various types of Permeable Reactive Barriers (Davis et al., 2010; 

Gibert et al., 2007). The remediation efficiency of ex-situ and in–situ systems could be 

improved if they could be coupled with a bio-electrochemical system that would help 

degradation processes. Here we propose that the engineered chamber that houses the 

remediation technology also acts as the BES electrodes providing an additional mechanism 

of degradation. We propose an innovative BES design of a graphite electrode chamber, 

instead of a conventional non-conductive chamber hosting the electrodes, coupled with GAC 
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to increase the available anode surface area. GAC represent a good candidate for these 

applications, as it has a porous medium structure that allows water to flow through freely, 

while still offering a large surface area for biofilm growth, combined with excellent electrical 

conductivity. This work presents the modification and application of a novel technology 

called a Bio-Electrochemical System (BES) that enhances and monitors biodegradation 

processes providing an innovative, technically and economically viable sustainable risk 

management solution (Kelly and He, 2014; Wang and Ren, 2013).  
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3.3 Material and Methods 

 

3.3.1 Contaminated Groundwater Sampling 

 

In this study we used contaminated groundwater from two different sites (Figure 10 

Locations of sampling points of contaminated groundwater samples.). The first sample 

dominated by light PAHS and BTEX compounds from a former manufactured gas plant at 

Northern Ireland that was operational for more than 150 years. The operational processes led 

to contamination of soil and groundwater by coal gasification by-products, which can pose a 

serious risk to human health and cause significant environmental damage. In the late 1980s, 

after the production stopped and the plant was closed, the site was remediated and 

redeveloped. However, remediation strategy was only applied to shallow subsoil; with 

contaminants still present at depth in groundwater (>12m below surface). Groundwater was 

sampled from boreholes after purging of three well volumes using a submersible whale pump 

and stored at 4oC until use in the experiment. 

 

 

Figure 10 Locations of sampling points of contaminated groundwater samples. 

 

The second sample dominated by high values of Total Organic Carbon, Ammonium, 

Manganese and Nickel, and low values of Lead, Chromium, Arsenic and Zinc from a big 

illegal landfill, approximately 1.5 km east of Derry / Londonderry. The aim was to propose 

BES as a management technology by breaking the pollutant linkage at the groundwater 
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pathway before contamination reaches the River Faughan. The site is very large with 

differing sources & varying levels of contamination; 2 field campaigns took place to obtain 

representative samples from different points in the site after meeting with representatives of 

the Northern Ireland Environmental Agency to provide feedback on the lab scale 

experiments. Based on information available on Mobuoy Website we selected a likely 

sampling location. A sample selection point was suggested to the contractor (Causeway 

Geotech) on site, however it appears that it was difficult to recover the desired volume and an 

alternative Borehole was found (BH4). 80L of leachate was recovered and delivered to QUB 

by Causeway Geotech. This sample made up the experimental work reported as Run 1-3. A 

second visit to site was carried out in January 2017 – More leachate was recovered from BH2 

closer to the buried wastes above the road, and a smaller quantity from close to the leachate 

collection pond, totalling approximately 80L. This sample made up the experimental work 

reported as Run 4-6. 

 

3.3.2 BES design and construction 

 

Four identical graphite and one polyethylene terephalate (PET) chambers were constructed. 

Each chamber had an external diameter of 5 cm and an internal diameter of 4.1 cm with a 

volume 80.46 ml. The chambers of the active BESs also had identical porous graphite base 

plates, the non-active control chambers had PET base plates separated by a latex membrane. 

Two graphite chambers were designed to be active BESs; one with GAC designed for water 

treatment (Jacobi Carbons) and one filled with 3mm glass beads (SiLibeads – Type M). The 

glass beads represent a non-conductive porous media that could be used in a remediation 

process as a comparison. Each active BES consisted of one graphite chamber acting as the 

anode, separated from a porous graphite base plate (cathode) by a latex ion exchange 

membrane (Winfield et al., 2014a, 2014b). The anode and cathode of the active BES systems 

were connected by an external wire; the inactive systems were not connected. The three non-

active chambers acted as a series of controls to monitor the effectiveness of degradation. The 

design and configurations can be seen in Figure 11 and Table 3. 
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Table 3 Experimental set up of chambers used. Non-Active BES applies to cells with no 

cathode connection and no external electron transfer mechanism. 

CELL CHAMBER COVER CHAMBER FILLING BES ACTIVE 

1 Graphite Porous Graphite GAC  Yes 

2 Graphite PET GAC  No 

3 Graphite Porous Graphite Glass Beads Yes 

4 Graphite PET Glass Beads No 

5 PET PET Empty No 

 

Cell 1 (GAC BES) and cell 3 (Glass beads BES) are intended to compare power output when 

the anodic surface is enhanced by a conductive granular activated carbon (GAC). 

Comparison of cell 1 (GAC BES) and cell 2 (GAC control) identifies the effect of 

contaminant decay due to GAC sorption. Comparison of cell 2 (GAC control) and cell 4 

(Glass control) identifies the sorption capacity of the graphite chambers when glass beads are 

used as substrate in cell 4. Cell 5 was a PET blank chamber as physiologically inactive 

material with no graphite present to compare the physical decay of the contaminant. Each 

cell was connected with a high precision data-logging Madgetech Volt101A voltmeter and a 

variable resistor box. All cells were fed continuously from the same source of contaminated 

groundwater with the inlet and outlet were held in non-reactive Tedlar bags connected with 

specialist tubing that helped control the flow rates from peristaltic pumps (Watson Marlow). 

The flow of the groundwater in the system was kept stable for three weeks; that required the 

flow of 20 liters’ of contaminated groundwater sample from a single container to all the 

chambers simultaneously in order to maintain the homogeneity of the input. This was 

equivalent to a flow of 2.2×10-9 m2/sec per chamber due to the small volume of the 

chambers. The selected flow does not represent a typical groundwater flow rate in aquifers as 

it was beyond the scope on that stage. However, it is worthy of further investigation to show 

the effectiveness of larger scale chamber systems as ex-situ treatment next to an aquifer. The 

experiments were carried out under the same conditions (duration, resistor configuration) at 

room temperature. 

 



Chapter 3. Laboratory Bio-electrochemical Systems 

35 
 

 

Figure 11 Schematic of the Bio-Electrochemical System (BES) and control chambers (all 

chambers were identical in shape). 

 

3.3.3 Electrical Monitoring 

 

During the experiment, the change of the electrical responses over time was recorded in the 

BES cells (1 & 3). The cell voltage was measured across an external resistor (Logan et al., 

2006) and data logged with a series of voltmeters. The output current calculated with Ohms 

law as I = V/R, where current (I) is in amps, voltage (V) is in volts, and resistance (R) is in 

ohms, represented through the polarization curves. The cells operated at a constant external 

resistor load of 10 kiloohms (10 kΩ). Many studies use 1 kΩ or even less (Jadhav and 

Ghangrekar, 2009; Zhang et al., 2006) for higher current densities, but this usually follows 

enhancement of conditions for acidophiles. 10 kΩ was selected as an attempt to mimic how a 

larger, field scale system might operate. In a large-scale BES, significant large potential 

losses can occur due to higher ohmic resistance of the increased electrode size and surface 

area, combined with the resistance of wiring and connections (Rozendal et al., 2008). The 

choice of a very low resistor in field scale applications can give unrealistic power output 

evaluations, because of the additional resistance of the wiring and configuration of the 

system. Low resistor loads may lead to higher current densities, but this can decrease the 

observed voltage of the system. In this case, the experiment is designed to monitor the output 

of the system rather than optimise for power. Periodical increase and decrease of the external 

load occurred at selected days in order to calculate the polarization curves. The external load 

was decreased exponentially from 10 mega ohms (10 ΜΩ) until 10 ohms (10 Ω) and then 
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back to the higher load every 2 minutes. The potential of the cell was determined by 

measuring the voltage against an Ag/AgCl reference electrode with a known potential. 

 

  

Figure 12 Experimental setups of BES and data logging system. 

 

3.3.4 Bacterial Community Analysis 

 

To study the bacterial communities, 4 cm3 of surface material covered with biofilm were 

sampled from inside each chamber at the end of the experiment and added to PowerWater® 

Bead Tubes (Mo Bio Lab Inc). Microbial DNA was then purified using the MOBIO 

PowerWater ® DNA Isolation Kit and quantified using the QuantiFluor® dsDNA System 

(Promega). 16S rRNA gene amplicons were generated and sequenced at Molecular Research 

LP (USA). Briefly, the 16S rRNA gene V4 variable region was amplified using the 515/806 

PCR primers (Soergel et al., 2012), with a barcode on the forward primer. A 30 cycle PCR 

was performed using the HotStarTaq Plus Master Mix Kit (Qiagen, USA) and the following 

cycling conditions: 95°C for 5 min and 28 cycles of 94°C for 30 seconds, 53°C for 40 

seconds, 72°C for 1 minute, and a final extension of 72°C for 5 minutes. After amplification, 

PCR products were checked after electrophoresis in a 2% agarose gel and samples were 

pooled together in equal proportions based on their molecular weight and concentration. 

Afterwards, PCR products were purified with calibrated AMPure® XP Beads (Beckman 

Coulter Inc) and used to prepare the DNA library following the Illumina® TruSeq DNA 

library protocol. Samples were sequenced on the Illumina®MiSeq System. Generated read 

pairs were joined after q25 trimming on both ends and quantitative sequence analysis was 

carried out using QIIME 1.9.1 (Caporaso et al., 2011). USEARCH v6.1.544 (Edgar, 2010) 

was used to assign Operational Taxonomic Units (OTUs) based on 97% similarity with a de 

novo method. Singletons were removed during the process. Alignment of sequences was 

done using PyNAST (Caporaso et al., 2010) and taxonomy was assigned to sequences using 

the most recent Greengenes reference database (DeSantis et al., 2006) (released on August 

2013) with the UCLUST algorithm (Edgar, 2010). The produced BIOM table was rarefied 
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using the lowest sample count for normalization of data and uploaded to Calypso 

(Zakrzewski et al., 2017) for downstream analysis. Top taxa were selected followed by 

removal of rare results (≤ 0.001 relative abundance across all samples). Evenness and 

richness indexes were used to estimate alpha diversity of the samples and top taxa were 

selected for quantitative taxonomic analysis. Multivariate analysis (PCoA) of the samples 

was performed using the Unweighted UniFrac method before removal of rare counts. 

 

3.3.5 Chemical Analysis 

 

Groundwater from each of the cells at the end of the experiment was analysed using 2-

dimensional Gas Chromatography with a Flame Ionisation Detector (GCxGC FID). 2D gas 

chromatography (GCxGC) is a powerful tool for environmental analysis of organic 

compounds which splits sample across 2 GC columns allowing information about retention 

time and polarity of the sample with one injection reducing analysis time (Welke and Zini, 

2011). It is mainly based on the distribution of n-alkanes and the proportions of pristine and 

phythane compounds. GCxGC-FID analysis of the groundwater was performed using an Irish 

National Accreditation Board (INAB accredited) Total Petroleum Hydrocarbon Criteria 

Working Group (TPH CWG) method by Complete Laboratory Solutions (CLS) in RosMuc, 

Galway, Ireland to group them in terms of risk management. Principle component analysis 

(PCA) was used to compare the raw data generated by the 2D analysis and compare this to a 

known library of anthropogenic and natural sources of contamination (Figure 19). 
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3.4 Results and Discussion 

 

3.4.1 Electrical Monitoring 

 

In Figure 13 and Figure 14, the calculated power and current outputs respectively during the 

measurements across a wide range of resistance options are presented. The GAC BES was 

more effective than the Glass Beads BES in terms of power and current output that can be 

related with the higher efficiency of the GAC BES. Since the polarization curve in the 

preliminary results peaks about 10 kΩ – 100 kΩ, there wasn’t a need to go in very low 

resistor options as we were focused on the degradation capacity of the system rather than the 

power output.  In Figure 13 there is a clear offset on the ohm axis (X-axis) between GAC 

BES and Glass Beads BES that is related to the higher surface area of GAC. The BET surface 

area of GAC and Glass Beads was measured by a gas adsorption analyser (TriStar II 3020 

Micrometrics) as 824.92 m2/g and 0.21 m2/g respectively. This is similar to published data, 

GAC micro-porosity makes its specific surface area be as high as 2 to 540 m2/g, well above 

geometrical surface of massive grains (Lehmann and Joseph, 2009). The larger surface area 

may be responsible for the lower resistivity of the load for the GAC BES compared with the 

Glass Beads BES. Several studies have demonstrated the increased electrical response 

(current and power generation) of BES systems when they are enhanced with high 

conductivity and high surface area electrodes (Ge, Li, Fu, Pu, & Zhang, 2015; B. Li et al., 

2014; Liang et al., 2011; Liu et al., 2014; Tursun et al., 2016). In our example, the GAC 

BES’s increased response is enhanced by the additional surface area of the GAC acting as the 

anode within the graphite chamber. The average current output of the GAC BES was 10 – 20 

μA to a chamber of 80 cm3. This is equal to an average current output of 0.78 μA/cm2 or 7.8 

mA/m2 which is in agreement with standard BES applications and a current output of 0.2 to 2 

μA/cm2 (Bretschger et al., 2010; Lu et al., 2017). Studies have demonstrated also average 

current production 10 mA/m2 and 25 mA/m2 in freshwater and marine sediments BES 

respectively (Holmes et al., 2004; Tender et al., 2002). 
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Figure 13 Power curve between Granular Activated Carbon (GAC) Bio-Electrochemical 

System (BES) and Glass Beads BES during the treatment process. There is notable offset on 

the internal resistance between GAC BES and Glass Beads BES and is due to higher surface 

area of the GAC BES electrode. 

 

It can be seen that the electrical responses including current generation (Figure 14), increase 

from the injection of contaminated groundwater, and reaches a maximum after 3 days. This is 

also noticeable in the voltage profiles of the two active cells during the treatment process 

(Figure 15). Figure 15 shows the effect of using a graphite electrode system rather than a 

classic non-conductive porous media in the BES chamber coupled with GAC as part of the 

BES through the measured voltage over the time with GAC BES providing a higher and 

more stable signal. This was observed at the injection of the contaminated groundwater 

where the GAC BES produced maximum 60 mV while the Glass Beads BES produced 40 

mV. There is a delay of GAC BES to reach the peak compared with the immediately change 
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in Glass Beads BES after the injection of the contaminant, probably related to sorption 

processes initially dominating within the GAC BES. 

 

 

Figure 14 Voltage profiles of Granular Activated Carbon (GAC) Bio-Electrochemical 

System (BES) and Glass Beads BES during the treatment process. The GAC BES in blue has 

a delayed effect up to day 6 as the chamber is dominated by sorption processes of the GAC, 

is more effective in terms of voltage output and has a more stable output. 

 

The responses then showed a drop and offset in the measured current production after six 

days’ treatment, followed by approximately stable measurements over the rest of the 

experiment; this indicates that the maximum growth and electro-activity of the microbial 

community occurred in the first week of the BES operation. This suggests that the BES 

systems are rapidly colonized with both degrading and electroactive microbes. Scaling up of 

the system can produce a strong redox environment, easily be measured by electrical 

geophysical methods (Doherty et al., 2010). 
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Figure 15 Current curves between Granular Activated Carbon (GAC) Bio-Electrochemical 

System (BES) and Glass Beads BES during the treatment process. The GAC BES occupies 

the top half of the image with the output from the glass beads BES in the bottom half of the 

image. Inset shows current output over time. 

 

3.4.2 Bacterial Community Analysis 

 

Twenty-six phyla of bacteria were found. Proteobacteria, Bacteroidetes and Firmicutes were 

the most abundant phyla identified in the experiments. Proteobacteria was particularly 

represented by its gamma, beta, and alpha classes. Overall, 53 classes of bacteria were found. 

Other classes found in the experiments included Bacilli and Bacteroidia. The analysis of the 

bacterial taxonomic diversity of gasworks samples at phylum and family level can be 

observed on the heatmap of Figure 16. The results show that Proteobacteria and specifically 

β-proteobacteria (particularly Psuedomondaceae) dominate all the samples. The bacterial 

families from the blank control are considered representative of the contaminated 
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groundwater and these families are similarly abundant in BESs and control experiments. This 

may be due to the relatively short time frame of the experiment (21 days). It is interesting that 

the BESs were still able to provide an increase in electrical output relatively quickly 

suggesting that the microbial communities present in the contaminated groundwater are well 

suited for both degradation and electron transfer. 

 

 

Figure 16 Bacterial taxonomic diversity. Top 50 families represented. Proteobacteria and 

specifically β-proteobacteria (particularly Psuedomondaceae) dominate all the samples. The 

bacterial families from the blank control are considered representative of the contaminated 

groundwater and these families are similarly abundant in BESs and control experiments. 

 

Pseudomonadaceae contain aerobic degraders and could be expected not to dominate within 

an anaerobic groundwater sample, but here it dominates all samples occurring at 19% in the 
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blank and glass beads controls and ~16% in the two active BES and GAC control samples.  

Pseudomonas spp may have evolved to be active degraders under reducing conditions and 

some Pseudomonas spp can utilize electron shuttles to transfer electrons to an anode (Daghio 

et al., 2017). This may be the case here with only a minor reduction in Psuedomondaceae 

(~3%) observed in the active BESs compared with the blank control groundwater. 

Rhodocyclaceae showed an increase in the active BES chambers (6% in GAC and 4% in the 

Glass beads) when compared the blank groundwater control (1%). A similar pattern was 

observed with Comamonadaceae, with blank control having 3% of OTUs and the Glass 

beads BES and GAC BES having 12% and 8% respectively. Rhodocyclaceae and 

Comamonadaceae are known as degraders (Singleton et al., 2015) and are commonly found 

in bio-electrochemical systems (Timmers et al., 2012). Caulobacteraceae, which is a family 

of the α-proteobacteria Phyla that contain Fe (III) reducers, occurs from 4-7% in all samples 

(Li et al., 2013). Such Fe (III) reducers including Burkholderiaceae and Sphingomonadaceae, 

which are also found across all samples, may also be active in the transfer of electrons and 

enhanced anaerobic oxidation of organic contaminants (Lovley 1997). The amount of 

unclassified OTUs, between 4-7 % in all samples, also suggests the possible presence of 

unrecognized electrogenic and degrading species. Overall, a total of 143 families and 209 

genera were identified in BESs and control experiments. At genus level only 108 OTUs were 

classifiable using the most recent Greengenes database (DeSantis et al. 2006), however. 

Abundant genera found included Pseudomonas, Sphingobium, Burkholderia, 

Novosphingobium and Comamonas species. Principle Co-ordinate Analysis of UniFrac 

OTUs, which considers all OTUs not just those shown in Figure 16, shows that the blank 

control and glass beads control are distinct from the other BES & GAC formations (Figure 

17). The variance on the X-axis (36%) is related to the presence of GAC, with the non GAC 

controls & non GAC BES plotting with negative values and the GAC control and GAC BES 

plotting with positive values.  The Y- axis (24% of variance) is attributed to electrogenic 

activity with the two active BES plotting with negative values and all three non-active 

controls plotting with positive values. This suggests that, despite top families being found at 

similar ratios across all samples, even after a relatively short experimental time (21 days) the 

microbial communities are successfully adapting to electroactive and high sorbing 

environments (OTU level). This may be due to the fact that the gasworks contaminated 

groundwater comes from a site that had operated for over 100 years and the microbial 

communities present are well adapted to the high levels of contamination and changing redox 

environments that could be expected across older groundwater plumes (Meckenstock et al., 

2015). Such older microbial communities that exist around contaminated environments for 

example those around steady state or reducing plumes may be more readily adapted to the 

BES technologies. 
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Figure 17 Principal Co-ordinate UniFrac analysis of the cells. Principal Co-ordinate 1 (x- 

axis) is controlled by the presence or absence of Granular Activated Carbon (GAC) with 

positive values representing the presence of GAC (GAC present in green ellipse). Principal 

Co-ordinate 2 (y-axis) is controlled by the presence or absence of electrogenic activity with 

negative values representing presence of the Bio-Electrochemical systems (BES active in 

blue ellipse). 

 

In Figure 18, the phyla, family and genera of the input water of the first BES run is 

represented. The bacterial community of the first sample shows promising potential for the 

degradation of contaminants: more than 75% of the bacterial population is composed of 

Proteobacteria. In the literature, degradation of organic compounds and metals is often 

attributed to members of this phylum. Furthermore, at the family/genus level we found 

bacterial members that have been described to carry out sulphur oxidation in oil 

contaminated sites (Sulfurivucum) and degradation of oils (Campylobacteraceae) or benzene 

/ nitroaromatic compounds (Comamonadaceae) for example. 
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Figure 18 Bacterial taxonomic diversity of first water run on BES systems (T0). Phylum and 

lower lever resolution obtained represented (genus/family). 
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3.4.3 Chemical Analysis 

 

Table 4 shows the results of the GCGC-FID analysis on the contaminated groundwater post 

chamber. The blank control contained high levels of aliphatic and aromatic hydrocarbons 

(Total TPH 1546 mg/L). The majority of the contamination was in the lighter aromatic 

fractions, (C10 – C14) which is characteristic of a carbureted water gas (CWG) process 

(Gallacher et al., 2017). The GAC BES gave the best removal performance (99% removal) 

overall followed by the GAC control (97% removal). The Glass Beads control and the Glass 

Beads BES removed 40 and 32 % of the TPH respectively, this removal may be due to the 

graphite of the chamber also sorbing the organic contaminants. The GAC BES and GAC 

control both show high hydrocarbon removal over a short experimental time (21 days) with 

the GAC BES improving overall removal performance of the control GAC by2 % with a 

99.04 % reduction compared with 97.83 %. Critically the GAC BES outperforms the GAC 

control and the others in the aromatic C10-C12 fraction which accounts for the majority of 

the contaminant load (81.1%). 
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Table 4 Aliphatic and aromatic hydrocarbons concentrations in mg/L. Each chamber is compared with the Blank Control to determine the additional % 

reduction of contaminants compared to the natural reduction. 

TPH CWG 
Blank 

Control 

GAC 

BES 

% 

Reduction 

GAC 

Control 

% 

Reduction 

Glass 

Beads BES 

% 

Reduction 

Glass Beads 

Control 

% 

Reduction 

Aliphatics nC8-nC10 18.33 0.21 98.84 0.35 98.09 4.8 73.81 13.65 25.53 

Aliphatics > nC10-nC12 21.17 0.68 96.8 1.82 91.40 65.94 -211.48 33.9 -60.13 

Aliphatics > nC12-nC16 40.14 0.24 99.4 0.44 98.90 15.05 62.51 8.5 78.82 

Aliphatics > nC16-nC21 4.08 0.03 99.24 0.17 95.83 0.4 90.20 0.32 92.16 

Aliphatics > nC21-nC35 9.65 1.27 86.84 1.88 80.52 2.03 78.96 1.77 81.66 

Aliphatics > nC35-nC44 2.61 0.17 93.34 0.43 83.52 0.42 83.91 0.3 88.51 

Aromatics eC8-eC10 22.5 0.66 97.05 1.68 92.53 12.49 44.49 11.68 48.09 

Aromatics > eC10-eC12 1255.1 5.74 99.54 19.2 98.47 860.69 31.42 779.69 37.88 

Aromatics > eC12-eC16 131.55 0.67 99.49 1.52 98.84 70.88 46.12 54.01 58.94 

Aromatics > eC16-eC21 22.21 0.03 99.86 0.36 98.38 8.3 62.63 5.61 74.74 

Aromatics > eC21-eC35 8.6 0.25 97.08 0.34 96.05 0.46 94.65 0.38 95.58 

Aromatics > eC35-eC44 10.52 4.82 54.17 5.4 48.67 4.8 54.37 4.63 55.99 

Total Aliphatics 95.98 2.6 97.29 5.1 94.69 88.63 7.66 58.43 39.12 

Total Aromatics 1450.48 12.18 99.16 28.51 98.03 957.62 33.98 856 40.99 

Total Aliph. - Aromatics 1546.45 14.78 99.04 33.6 97.83 1046.25 32.35 914.42 40.87 
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Here we see increased aromatic degradation that is probably related to anaerobic 

biodegradation processes associated with naphthalene and methylnaphthalene removal. The 

pathways for anaerobic degradation of naphthalene compounds as found on gasworks sites 

have been described in detail (Griebler et al., 2004). Often the aromatic compounds are 

oxidized to organic acids which are in turn degraded to long chain fatty acids and these are 

finally metabolized into methane and carbon dioxide  (Abbasian et al., 2015; Varjani, 2017). 

The pathways for anaerobic degradation of naphthalene compounds as found on gasworks 

sites have been described in detail (Griebler et al., 2004). This suggests that, as expected, the 

best removal performance is dominated by a quick sorption mechanism followed by 

degradation within the GAC BES. This can be seen in more detail in Figure 15 where the 

output voltage of the GAC BES is inhibited up to day 6 whereas the Glass Beads BES has 

increased output from day 2. This period of lower electrical output is where GAC sorption 

dominates within the BES. After this point the voltage of the GAC BES consistently higher 

(~ 60 mV).  However, the outperformance in reduction of contaminant load of the GAC BES 

compared with the Glass Beads BES suggests that an inert non-conductive matrix within the 

BES chamber doesn’t provide an efficient substrate for the BES to be used as the sole 

method of contaminant reduction of PAHs from a gasworks source. The negative % 

reduction of the Glass Beads cells in the aliphatic fraction C10 – C12 indicates the 

breakdown and cleavage of the aromatic fraction into the aliphatic fraction which has yet to 

degrade. The heavy aromatic fraction (C35-C44) was not removed as well as the other 

hydrocarbon fractions (48-56%) but this fraction accounted for only 0.56 % of the total 

contaminant load. 

 

The PCA is plotted on 2 axes, the x axis or Principle Component 1 (PC1) highlights carbon 

number with lighter petrols on the left and heavier crudes and lube oils on the right. The 

second component PC2 on the y axis is probably related to the presence of highly recalcitrant 

compounds, with gasworks contaminated groundwater which has easily degraded polar 

phenols polar plotting high on the axis with lube oil and highly degraded crudes plotting low 

on the axis. The Mobuoy samples fall centrally within PCA and do not relate to a petroleum 

source but rather aromatic and aliphatic compounds that result from hydrolysis and 

fermentation of municipal waste products. 
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Figure 19 Principal Component Analysis of Total Petroleum Hydrocarbons by GCGC FID, PC1 (x axis) is dominated by carbon number, PC2 (y axis) is 

dominated by ease of degradation. The initial Run 1 (R1) of Mobuoy is comparable to non-petroleum organic matter (degrading organic matter from landfill) 

the initial Run 5 of Mubuoy is from closer to the source area but still does not have a dominant petroleum signature. 
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One of the most surprising findings was the effectiveness of the GAC BES on the removal of 

metals from groundwater in the case of the landfill’s site, for example Manganese and Nickel 

(Table 5), which was unexpected. We understand the mechanism of metal removal by bio-

precipitation due to a forced change in redox environment but in this case the GAC BES 

consistently outperformed the other controls (sorption only and BES only) suggesting a BES 

enhanced mechanism for metal removal. 

 

Table 5 Manganese and Nickel reduction in GAC BES configuration compared with initial 

concentrations. 

  
Units 

Manganese Nickel 

Initial Sample GAC BES Initial Sample GAC BES 

1st Run ug/l 19708 98 30 11 

2nd Run ug/l 19948 1346 29 7 

3rd Run ug/l 22104 1406 32 8 

4th Run ug/l 6399 < 5 12 2 

5th Run ug/l 6414 3470 11 6 

6th Run ug/l 7007 919 13 6 

 

Manganese was highlighted as constituent from the first sampling round that was reduced by 

between 99 and 93%. The system is designed to promote an anaerobic environment and as 

such was easily removed (Figure 20). 
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Figure 20 Concentrations of Manganese in ug/l. The differentiation of the initial values 

between the first 3 runs and the last 3 runs is due to 2 different samplings in the site of 

interest. 

 

Total Organic Carbon was consistently more efficiently removed by the GAC BES than the 

other systems with removal rates of up to 75% (Figure 21). Total Petroleum Hydrocarbons 

were present in small quantities ug/L rather than mg/L (i.e. generally 1000 times less than 

the Total Organic Carbon concentration). 
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Figure 21 Total organic carbon in mg/l. 

 

Figure 22 shows a representative aromatic fraction. Run 1-3 and 4-6 contained a small 

quantity of light aromatic hydrocarbons which were quickly and effectively degraded by the 

GAC BES, however the results of the PCA analysis suggests that these hydrocarbons may be 

degradation productions or metabolites from the anaerobic breakdown of the Total Organic 

Carbon load which is dominated by municipal waste rather than a petroleum hydrocarbon 

source. 
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Figure 22 Representative light aromatic hydrocarbon fraction (ug/L). 

 

It was expected that Ammonia would be degraded by anammox processes in the anaerobic 

environment of the BES systems. This has proven not to be the case over the short time 

frame for these tests. The systems as present did not reduce ammonia, but within a larger 

scale 2 chamber demonstration as opposed to the one chamber approach here, ammonia 

would be quite easily oxidized in the aerobic cathode chamber. As expected conservative 

non-toxic cations such as Sodium, Potassium, Magnesium & Calcium did not take part in 

any major reactions within the system. 
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3.5 Conclusions 

 

The electrical output from the GAC BES was greater than the Glass Beads BES due to the 

greater available surface area of the GAC that also acted as the anode electrode. The 

electrical response of the GAC BES, by power or current output, can be used as management 

tool or proxy to monitor microbial activity. A higher flow of electrons reflects indirectly a 

more metabolically active community, that is a well-established phenomenon and it was 

shown here. However, this is an indirect measure of microbial activity. The electrical 

response hand in hand with the removal of contaminants, pose a strong case in the 

clarification of the microbial activity in the systems studied. Bacterial community analysis 

shows that β-proteobacteria dominate all the samples particularly the PAH degrading 

Psuedomondaceae family, Rhodocyclaceae and Comamonadaceae OTU families are 

observed to increase in BES cells. Principal Co-ordinate Analysis (PCoA) of UniFrac 

Observed Taxonomic Units show distinct grouping of microbial types that are associated 

with the presence of GAC and grouping of microbial types associated with electroactivity. 

This combined with the electrical output of the BES suggests that BES chambers are quickly 

colonized and optimized by the indigenous microbial communities found in gasworks 

contaminated groundwater.  

 

The GAC BES was the most effective in removing total petroleum hydrocarbon 

contamination from the gasworks contaminated groundwater (99% removal). The GAC-BES 

performs better than the GAC control, with the GAC-BES removing more light aromatic 

compounds that dominate the contaminant load. This may prove to be a valuable practical 

application where additional biological removal of contaminants of concern is required. The 

Glass Beads Control has an intriguing higher decay rate compared with the Glass Beads BES. 

In such a low conductivity medium, like glass beads, the BES appears not work properly and 

its results are equivalent to the glass bead control cell. The GAC BES is a good candidate as 

a sustainable remediation technology that provides improved degradation over GAC, and 

near real time observation of associated electrical output. 
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3.6 Applications, Recommendations and Future work 

 

3.6.1 Applications 

 

It has been demonstrated that graphite is a suitable electrode material for the contaminated 

water from the sites and can facilitate non-amended microbial electrochemical interactions. 

GAC BES was more efficient than a standard BES and more efficient than GAC as sorption 

agent. Current production monitoring used as a real-time view of the process. The GAC BES 

outperformed both the BES and the GAC No-BES in reduction of contaminants across the 

board. This works shows clearly the applicability and efficiency of GAC among other 

electrode and sorption materials and electrical monitoring is versatile experimental tool to the 

remediation process and can be used as a non-destructive way to indirectly reveal process 

leading in understanding basic fundamental physical behaviours under specific experimental 

conditions. It should be highlighted that laboratory BES are more suited to the study of BES 

to answer specific questions and engineering artificial applications, not to recreate the 

environment. 

 

3.6.2 Recommendations 

 

To improving the laboratory BES approach, it would be advisable to conduct studies with 

simpler cultures and substrates which would allow for more analytical analysis. Even though 

the BES research so far provided promising results, the upscaling of BES still need to address 

design aspects. Collaborations between academia area and industrial players are needed in 

order to promote and show the applicability of the BES compared with standard groundwater 

remediation approaches. 

 

3.6.3 Future work 

 

Future work around the analysis of the different types of GAC, i.e. surface area as a 

controlling factor in the power / current generated vs sorption capacity in the BES units 

should also be considered. Further work should consider the longer-term performance of the 

system focusing on the degradation of hydrocarbons that have sorbed to the GAC in the BES 

chamber. In GAC containing media, geophysical methods could be used to characterize GAC 

concentration and / or monitor GAC related processes. High surface area, porosity and 

surface adsorption are some of the unique properties of GAC rendering it a promising 

remediation material; the same properties are typically associated with spectral induced 

polarization (SIP) signal sources, suggesting that SIP can be used in GAC related studies 
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(Kemna et al., 2012). The link between the SIP method and carbon-based materials was 

originally established and presented by Haegel et al. (2013). Recent research explored the SIP 

method as a monitoring tool in carbon-based remediation processes with very promising 

results (Kirmizakis et al., 2019).  
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Chapter 4. Pilot Scale Tank Studies 

 

4.1 Aim and Objectives 

 

Here we show an engineered pilot scale experiment for the identification and monitoring of 

contaminant transport. The main purpose of this study is to examine the efficiency of 

subsurface measurements to identify plume movement using both experimental and 

numerical methods. Self-Potentials (SP) and geochemical measurements were conducted to 

measure the motion of potassium permanganate solution in a laboratory-controlled plexiglass 

tank filled with water saturated sand. Potassium permanganate solution was selected instead 

of another solution or contaminant for visual identification but also due to repeatability and 

amount required for all the runs. A three-layer configuration was investigated, including a 

homogeneous case. During flow, SP differences between placed SP electrodes in the transect 

of the tank and a reference electrode located downstream were recorded. The results from a 

numerical model from collaboration with a researcher working on the REMEDIATE project 

are presented to show the match between observed, simulated and measured data in order to 

emphasize how the simulation-optimisation models of groundwater and contaminant 

transport can be a powerful tool in the management of groundwater resources and 

remediation design. 

 

4.2 Introduction 

 

The ability of an aqueous solution to cause oxidation and breakdown of contaminants such 

as organic matter, is indicated by the redox potential, the higher the values of redox potential 

means the more oxidizing the conditions. This is often measured (in volts or millivolts) to 

determine the aggressiveness of soil on metal reinforcement or grounding electrodes where 

corrosion could happen (EPA, 2017). It is common to use metal electrodes in an 

electrochemical application to identify the measurement of geochemical parameters by 

maintaining a record of potential difference between a metal electrode and a reference 

electrode whilst in contact with a pore-filling electrolyte. The recorded potential provides a 

representation of the tendency for an electrochemical reaction to occur (Table 6). 
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Table 6 Standard redox potentials of electrochemical reactions (modified from Gerardi, 

2008) 

Reaction Redox potential (mV) 

Nitrification +100 to +350 

Denitrification +50 to -50 

Biological phosphorus removal +25 to +250 

Sulfide formation -50 to -250 

Biological phosphorus release -100 to -250 

Fermentation (acid formation) -100 to -225 

Methanogenesis -175 to -400 

 

Self-Potential (SP) method is based on the surface measurement of natural potentials 

resulting from electrochemical reactions in the subsurface. SP does not require electric 

currents to be injected in the ground as in other geoelectrical measurements. Self-potential 

(SP) method has been shown to be a suitable tool for monitoring solute transport processes 

because it is sensitive both to groundwater flow (electro-kinetic potential) (Nyquist and 

Corry, 2002; Revil et al., 2003) and to electrochemical processes (electrochemical potential) 

related to gradients of the ionic species chemical potential (Eh) (Revil et al., 2009) and redox 

potential (Søndergaard, 2009) in the pore water. It has been used in base metal exploration, 

to detect the presence of massive ore bodies (Sato and Mooney, 1960), in contrast to the 

induced polarization method which is used to predominantly to investigate disseminated ore 

bodies. It has increasingly used in groundwater, environmental and engineering applications 

as one of the cheapest of surface geophysical methods in terms of equipment necessary and 

simplest to operate. 

 

The anomalies of the self-potential are mainly caused by the flows of liquids, heat and ions 

inside a medium, so the primary purpose of the method is to detect and delineate such flows. 

Neglecting the thermal contribution (Revil et al., 2003), the self-potential source term can be 

described as the superposition of two components; the so-called electro-kinetic and 

electrochemical potentials. The electro-kinetic potential (or streaming potential) develops 

between the ends of a capillary tube when an electrolyte flows through it. Such signals are 

originated by the connection of the electrolyte electrical charges to its walls, coupled with 

the different flow rates of positive and negative ions. Such dynamics appear to be related to 

the flow of water through porous media. In fact, this mechanism occurs within an electrical 

double layer (EDL) at the mineral–fluid interface (Binley and Kemna, 2005), The observed 

signal is the result of mineral grain surface and electrolyte electrochemical polarization 
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processes, primarily controlled by processes on the mineral grain interface and dependent, to 

a lesser degree, on fluid properties (P. Kirmizakis et al., 2019). The EDL refers to two 

parallel layers of charge surrounding the mineral grain, caused by the accumulation of 

charge carriers in some discontinuities at the porous material (Schmutz et al., 2010). EDL 

describes the electrochemical processes that are responsible to a large extent observed 

electrical responses mainly in frequency domain (Attwa and Günther, 2013). The 

understanding of EDL is fundamental to understand geoelectrical measurements; therefore, 

streaming potential too. One of the main fundamental consequences associated with the 

existence of the EDL is that the pore water is never neutral (excess of charge in water) which 

is related with the streaming potential; therefore, with the occurrence of SP signals 

associated with groundwater flow (Revil and Jardani, 2013). Whether the anomaly is 

positive or negative depends on the pressure gradient. When there is a decrease in 

hydrostatic pressure, a positive anomaly is expected. The flow of water due to a pressure 

gradient is a sufficient condition to have natural flow potential. The streaming potential 

associated with groundwater flow is caused by the drag of the excess of charge of the 

electrolyte attached to the grains (Revil and Jardani, 2013).  

 

The electrochemical potential was used primarily in the mining exploration because the 

greatest anomalies of self-potential are generated in correspondence with bodies of pyrite, 

graphite, or other metallic conductor minerals. Shallow ores, such as pyrite, are oxidized by 

the transported oxygen in the water. Usually, their upper surface is closer to the subsurface, 

whereby there is more oxidation from the bottom due to higher reduction on depth under 

anaerobic conditions (possibly microbially catalyzed). This oxidation produces an electrolyte 

in contact with the ore body, and due to the varying degree of oxidation of the two ends of 

the ore, a potential difference is created between them so that the ore acts as an electrical 

conductor with a negative pole most oxidized at the top and positive at the bottom (Figure 

23) (Bigalke, 1997). It should be mentioned that this potential could be also caused by redox 

reactions that are unrelated to ore body corrosion, like degradation of organic matter in the 

aquifer sediments surrounding the ore body (Revil and Jardani, 2013). In that case, the ore 

body still acting as an electrical conductor for transfer of electrons released during 

degradation. This results in the generation of electric field around the ore. This voltage, 

which in some cases can range from 500 to 1000 mV, can be measured and can lead to the 

discovery of the ore. This explanation does not describe graphite, which shows high self-

potential abnormalities, but without significant oxidation. However, this could describe a 

single graphite electrode in case of an amended electrochemical snorkel covered with 

electrogens. It has formulated the theory that the mineral body does not necessarily 

participate in electrochemical processes (Sato and Mooney, 1960), since we are talking about 
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an electrical conductor (mineral), in contact with ions (electrolytes in the rock), an 

electrochemical action should occur at their boundary. It is assumed that, just as a metal 

electrode immersed in an electrolyte releases ions, so an electrically conductive sulfide 

mineral will release ions. 

 

 

Figure 23 Schematic representation of how an electric field is created around an ore body 

(Bigalke, 1997). 

 

Electrochemical sources can be produced by several phenomena. The common ones are the 

sharp concentration gradient due to diffusion of ions dissolved in water and the presence of a 

redox potential. In the last case, the current source can be generated by the contaminant 

biodegradation through microbially mediated redox reactions. Similar in concept to the ore 

body, anaerobic contaminant degradation of organic matter liberates electrons generating the 

reducing environment. More details about the redox potential of contaminants 

biodegradation can be found in Chapter 2, regarding the bio-geobatteries and the physical 

properties of these environments that may be detected and measured using geophysical 

methods. 
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There are two main configurations used to measure self-potential, gradient and fixed-base 

methods (Revil and Jardani, 2013). When performing the measurements, the survey lines are 

intended to be in the form of a loop, in order to control the error at the intersection points of 

the loops and to achieve as stable a reference level as possible. The gradient method, also 

called dipole, leapfrog or fixed electrodes, comprises two electrodes connected by a fixed 

length cable having equal spacing, two consecutive measuring stations, and a voltmeter 

connected between them. After each measurement the configuration is moved so that the 

following electrode takes the position of the precursor which has taken the next position. The 

polarity must be known; therefore, the negative pole is connected to the following electrode 

and the positive to the leading one. The fixed-base includes a base (reference) electrode 

which stays fixed at the base, a moving measuring electrode, and the cable that connects 

them. A major advantage of the method compared to the gradient method is the lower 

accumulated error levels due to poor contact, electrode polarization and time-varying 

dynamics (Kiarie, 2018). In fact, this provision makes it much easier to identify and remove 

errors. The advantages of the fixed-base include greater ease and speed of measurement. 

 

The performance of a pair of SP electrodes depends on the polarization and creep they may 

present. Polarization defines the potential that occurs between a pair of electrodes in the 

absence of an external electric field, and creep refers to the temporal variation of this 

polarization. Although it is possible to use simple steel electrodes, non-polarizable electrodes 

are the ones to be used if we want to have a reliable measurement. They consist of a metallic 

element in its salt solution, with a porous contact between the solution and the soil (Figure 

24). Polarization and creep of electrodes are essential factors in self-potential measurements, 

and knowledge of how they depend on environmental factors such as temperature, humidity 

and soil chemistry is very important. For this reason, a variety of measurements have been 

carried out to determine the reaction of various types of non-polarizable electrodes, such as 

Cu-CuS (Maineult et al., 2004; Zogala et al., 2012), Ag-AgCl (Junge, 1990), Pb-PbCl2 

(Abbas et al., 2017; Jougnot and Linde, 2013), Zn-ZnS, Ca-CaCl2 (Revil and Jardani, 2013), 

under various conditions. The results of these measurements show that although these 

different types of electrodes respond differently to different changes in different 

environmental parameters, the noise and error levels in the measurements do not change 

significantly. In extreme cases, such as very large changes in temperature and chemistry, 

electrodes with a double electrolyte chamber can be used for increased insulation, or even 

thermometers can be installed in the electrolyte solution to allow the temperature of the 

electrodes to be measured. 
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Figure 24 Non-polarizable electrode (modified from Revil and Jardani, 2013). 

 

When signal levels are in the order of a few mV, changes in soil moisture can become a 

source of noise. For this reason, detailed notes on soil moisture changes should be kept in 

order to distinguish anomalies due to sources of interest from those associated with changes 

in soil moisture. This is always very important, and in some cases, such as for leakage 

investigations, where the positive values of natural potential due to wet soil have to be 

separated from those due to rising groundwater movements. In such cases it is advisable to 

carry out continuous moisture measurements in a particular part of the soil. The reaction of 

Cu-CuS and Ag-AgCl electrodes in the temperature changes is in the range of 0.5 to 1mV / 

°C. The temperature changes refer to those that occur at the electrodes, not the ground. The 

voltmeter used to measure SP values, characteristics such as resolution, range, internal 

resistance and suitability for outdoor work must be taken into account. In addition, it is 

desirable to have continuous contact resistance monitoring. Resolution of 1mV is 

satisfactory, while a range of 10V can cover quite large anomalies. It is necessary to measure 

and record the contact resistance at all stations. This ensures that there is no damage to the 

connecting cable, that the contact resistance itself is small enough to avoid overloading the 

metering circuit, and that the ground contacts are uniform from station to station. If the 

measured voltage is relatively high, the currents generated can be strong enough to affect the 

measurement of resistance and can sometimes lead to negative values. In such cases a second 
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measurement can be made with the poles inverted, where the actual resistance will be 

approximately equal to the average of the two measurements. In any case, most of the 

requirements for the metering device are met by not very expensive multimeters sold 

commercially. Typical resolution is 1 or 0.1 mV, range 500 VDC and above and internal 

resistance 10 mΩ or greater. 

 

There is some debate as to whether measurements should be made quickly before significant 

creep occurs, or after they have stabilized. In most cases, the measurements stabilize 

sufficiently within a few seconds after the electrode enters the ground. Sometimes, however, 

the measurements appear to be subject to significant creep for a few minutes or even for 

hours in some cases (Revil and Jardani, 2013). The performance of the electrodes also 

depends on their condition. The electrolyte should be saturated to avoid polarization due to 

changes in its concentration. Leaks should be repaired so that the electrolyte is not 

contaminated with soil components. Although Cu-CuS electrodes are strongly 

electrochemical and show little response to possible electrolyte contamination, they should 

be renewed when polarization phenomena of some mV occur. Sometimes the metallic 

element must be cleaned or even the porous contact completely replaced. One empirical way 

to determine whether such procedures should be carried out is by bringing the two electrodes 

in contact and measuring the potential difference. Zero voltage should normally be 

developed. If this does not happen, either of the two electrodes needs maintenance. Defective 

pairs can thus be identified by testing electrode pairs. Electrodes filled with electrolyte 

should not be stored with their porous cover exposed to the air, as this may lead to leakage 

and damage to the cover material. Storing them with the cover completely immersed in an 

electrolyte break, slows down degradation of electrodes. The process of measuring the 

contact resistance causes the current to move to the electrodes, leading them to a temporary 

polarization state. For this reason, contact resistance measurements should be made after the 

SP has been measured, and for a short period of time, so as to minimize the polarization 

effect as much as possible. 

 

The interpretation of SP signals can be qualitative, geometric or analytical, depending on the 

purpose, the quality of the measurements or the type of noise, the further auxiliary data that 

can be used and of course the means available for interpretation. It should be noticed that the 

size and shape of an anomaly is not a safe guide for identifying the cause of this anomaly. 

The interpretation becomes even more complicated when one anomaly is superimposed on 

another. Therefore, the measurement data should always be compared with other data 

(geological, topographic) in order to arrive at the best possible hypothesis for the origin of 

these anomalies. Qualitative interpretation can be very useful, especially when conducting 



Chapter 4. Pilot Scale Tank Studies 

64 
 

preliminary research, to identify places of interest where systematic geophysical research 

will be carried out. In addition, because it does not require the use of sophisticated methods 

or programs, it can be carried out directly in the open air, even during measurements. 

 

 

Figure 25 Expected response / anomalies of the SP signal depending on the geological and 

hydrogeological conditions (Richards et al., 2010). 
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Most of the exploration through self-potential sources was done for mining purposes, while 

it is also used in mechanical or environmental applications such as the study of underground 

flow related to possible dam leaks (Song et al., 2015), the description of underground flows 

in pumping tests (Rizzo et al., 2004), the search for caves, monitoring of aquifers, qualitative 

determination of porous rocks. This study check if Self-Potential (SP) signals can be 

generated in an engineered contaminant transport study.  
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4.3 Material and Methods 

 

4.3.1 Construction of experimental tank 

 

The experiment conducted in a plexi-glass tank (Figure 26) tank with dimensions x = 1.5 m 

× y = 0.38 m × z = 0.10 m. The ends of the tanks consist of constant head tanks which are 

separated from the rest of the box by one impermeable wall and one perforated mesh filter to 

keep the sand out of the head tanks. A point source of 0.5% w/v potassium permanganate 

solution was constructed in the sandbox to map the change groundwater plume distribution 

over time. A peristaltic pump (Watson Marlow), which is capable of delivering a maximum 

of 41 lt/h, was used to circulate water through the system and establish a hydraulic gradient. 

The tank was filled with high permeable mixed building sand (5.00-2.36 mm). To mitigate 

the creation of preferential pathways and air bubbles, the tank was filled with a layer of a 

few centimetres dry sand, after which tap water was added to saturate and cover the sand. 

More dry sand was layered over this now saturated sand, and itself covered with tap water. 

This process was repeated until the tank was full. The tracer injection started once an 

apparent steady state flow of water was established. The water level in the two head tanks 

was controlled by the same peristaltic pump to avoid change in the hydraulic gradient or 

overflow. This results the outflowing concentrated fluid subsequently to be replaced by an 

inflow of the primary fluid (water or tracer) from the recharge point. The injection rate was 

16 lt/h; and 9 L total volume of tracer injected. The external reservoir containing the tracer 

was stirred manually regularly to ensure the homogeneity of the solution. The experiment 

was repeated five times, and presented results are the average results. The experiment was 

successfully completed when the tank was fully saturated by the tracer. The monitoring of 

the tracer was accomplished by simple photo shoots during the progress of the experiment 

(Figure 27). 
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Figure 26 Schematic representation of tank and available sampling ports on tank. 

 

 

Figure 27 Schematic representation of sandbox experimental set-up (Seyedpour et al., 

2019a). 
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In addition to the time lapse monitoring, electrical conductivity (EC) measurements were 

made every 5 minutes in exported water samples, collected by syringes through the sampling 

ports, to determine the concentration of permanganate in selected observation points (Figure 

28). Once electrical conductivity was measured, it was converted to total dissolved solids 

(TDS). TDS and EC are in close connection. EC is a measurement of ability of water to 

transmit electricity due to the presence of dissolved ions. Thus, it can be said that EC 

indicates dissolved ion content in water and is related to the amount of salt and minerals in 

the water. TDS equals conversation factor multiplied with conductivity. The used factor 

generally is between 0.50 to 0.70, depends the type of water. If the actual conversation factor 

cannot be found, then 0.67 is used as an approximate conversion factor. In the case of the tap 

water TDS is given by the following formula: 

 

𝑇𝐷𝑆 (𝑚𝑔/𝐿) = 𝐶𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑣𝑖𝑡𝑦 (
𝜇𝑆

𝑐𝑚
) ∗ 0.64 

 

 

Figure 28 Schematic representation of tank and the selected/active sampling ports for water 

sampling. 

 

Additional to the single layered experiment, three different layers were constructed (Figure 

29). The bottom layer consists from mixed building sand and is low permeable sand (15 cm), 

the middle layer (12 cm) is high permeable and the top layer (8 cm) is low permeable sand. 

During the compaction, the fine sand was saturated in order to achieve proper compaction 

and avoid any leakage of the tracer. Same peristaltic pump (Watson Marlow) used for 

circulating water in the system. The characteristics of the two different sizes of sand, are 
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given in Table 7. Hydraulic conductivity was measured by using the constant-head method 

(Amirataee and Besharat, 2008). Water flowed through two separated columns of cylindrical 

soil sample of the two selected sizes under constant pressure difference. Knowing the height 

of the soil sample column (L), the sample cross section (A), and the constant pressure 

difference (Δh), the volume of passing water (Q), and the time interval (ΔT), one can 

calculate the permeability of the sample as (ASTM D2434-19, 2019): 

 

𝐾 =
𝑄 ∙ 𝐿

𝐴 ∙ ∆ℎ ∙ ∆𝑡
 

 

The porosity of the samples measured in the same columns by water saturation method 

(Anovitz and Cole, 2015). Samples weighted prior and afterwards full saturation. 

 

Table 7 Sand properties. 

 Size Hydraulic conductivity Porosity 

Fine sand 5.00 – 0.075 mm 3.579 · 10-6 m/sec 39.8 % 

Medium sand 5.00 – 2.36 mm 2.754 · 10-4 m/sec 43.3 % 

 

 

Figure 29 Schematic representation of 3 layers. 

 

After the saturation of all the layers, the injection of tracer (potassium permanganate) 

initiated by supplying 15 lt with a rate of 268 ml/min. The key properties of potassium 

permanganate to this study is these, the extensively use in the water treatment industry and 
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the intensely purple colour that permits the visual observation of the distribution during the 

whole process. The tracer was released through a 9 cm line source of 3 mm diameter tube 

located in the middle layer. Upon release through the line source at the middle layer, the 

tracer was expected to preferentially migrate through the more permeable medium sand, with 

the fine sand ensuring tracer containment within the middle layer. The experiment was 

successfully completed when all permeable layers were fully saturated by the tracer. The 

monitoring of the tracer was accomplished by simple photo shoots during the progress of the 

experiment. Similar to the single layer experiment, electrical conductivity (EC) 

measurements were made every 5 minutes in exported water to determine the concentration 

of permanganate in selected observation points. The experiment was repeated three times, 

and presented results are the average results. 

 

4.3.2 Construction and recording of SP electrodes 

 

Petiau types of electrodes (Petiau, 2000) were modified for the SP measurements. The 

electrodes were constructed by fixing Ag-AgCl wire in bentonite saturated with 3 M KCl 

(electrolyte paste) in PVC housing (Figure 30). Ag wire was chloride by soaking it in 

household bleach for 15-30 minutes until a purple-grey colour was observed. Ag-AgCl 

electrodes have advantages over other common metal electrodes due to the more stable 

nature of the electrodes, which makes them almost non-polarizable, low impedance contact 

between the sample and measurement apparatus. The new Ag electrodes before be 

chlorinated should first be cleaned with ethanol (ETOH), while previously used electrodes 

should have removed the old coating chloride. A simple method for removing the coating 

silver chloride electrode is to quickly pass the electrode through a flame. A properly 

extinguished wire will be bright silver in colour. As with a new wire, clean with ETOH 

before proceeding to remove finger oils. The electrodes were constructed by using 5ml 

syringes as the housing for electrodes. A ceramic tip was inserted into the syringe so that it 

extruded and attached firmly to the narrow end of the syringe and 3 M KCl solution was 

made into a smooth paste of sodium bentonite and inserted into the syringe until there was 

no air pockets. The Ag-AgCl electrodes were pierced through silicon cap stoppers and 

inserted at the wide edge of the syringes. The beach stoppers were glued in place and leaving 

the electrodes ready to be inserted in the tank. 
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Figure 30 Design of SP electrode used for the purposes of the tank experiment. 

 

The SP values were measured and recorded using a series of multimeters and recorded on an 

excel spread sheet for each channel at increments of 60 seconds. Each channel was 

connected to an SP electrode across the transect. In order to minimize errors due to poor 

electrode-sand contact, bentonite powder was placed in holes at all points of contact of the 

electrodes (Figure 31) (Maineult et al., 2006). The placement of the electrodes is a simple 

affair, but special attention should be paid to it, as poor electrode contact is one of the most 

common cause of measurement errors. 
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Figure 31 Bentonite’s placement in holes before the installation of the SP electrodes. 

 

In Figure 32 the schematic diagram of the tank and the arrangement of the SP electrodes are 

presented. Reference electrode was placed in the end of the transect as the last one that 

would be affected from the tracer, above observation point 10. Measured SP electrodes 

placed above sampling points for better correlation of the results. SP1 was placed backwards 

the injection point to check if it would be affected from backwards movement of the tracer. 

SP2, SP3, SP4, SP5, SP6 were placed above observation points 1, 3, 4, 6, 8 respectively. 

 



Chapter 4. Pilot Scale Tank Studies 

73 
 

 

Figure 32 Schematic diagram of the tank and electrode arrangement in the tank and 

sampling points for geochemical analysis. 

 

4.3 Theory of porous media – Numerical model 

 

The theory of porous media (TPM), based on mixture theory, enhanced by volume fractions 

is a powerful continuum-mechanical description for multiphasic materials. Using this theory, 

no microscopic phase discretisation is required. It is a smeared, homogenized model, 

covering the physical structure behaviour, with reduced numerical dispersion (Seyedpour 

and Ricken, 2016). Hence, the modelling based this theory can help decision-makers to have 

a better understanding of contaminant fate and also remediation process (Seyedpour et al., 

2019b). The simulation of the tracer transport was performed by S. Seyedpour, PhD 

candidate of TU Dortmund University, and aimed in the verification of the results and 

validation of candidate’s developed model. A coupled flow (Bear, 2007) and reactive 

transport coupled advection-dispersion equations (Freeze and Cherry, 1979; Wang and 

Anderson, 1982) model was developed in MATLAB and the results verified with two-

dimensional benchmark equation, based on the radial point collocation method (RPCM) 

(Kumar and Dodagoudar, 2008; Meenal and Eldho, 2012). The parameter analysis has 

determined the optimum shape parameter, and the results of the model were compared with 

the sandbox measurements which were in good agreement. 
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4.4 Results and Discussion 

 

4.4.1 Single layer experiment 

 

Figure 33 compares the observed permanganate plume in the tank and predicted plume at 

the same time after injection. Following the water flow, the tracer was allowed to enter and 

intrude inland until the tank was saturated. After the permanganate injection, water flow 

stopped and essentially replaced by the tracer flow, keeping the same flow rate and hydraulic 

gradient. The simulation of TPM has been performed for 50 minutes with a time step of 

0.008 seconds and compared with the time-lapse monitoring of the camera. The model 

validation was herein through both qualitative comparison of the shape of the transient 

plumes and quantitative comparison of the transient toe length data. In overall, the numerical 

model was able to depict reasonably well the development of the shape of the upcoming 

plume observed in the physical experiment, although the numerical model predicted slightly 

slower upwards tracer motion. Table 8 compares measured permanganate concentration at 

two different sampling points. 

 

 

Figure 33 Comparison between observed and TPM predicted plume. 
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It is evident that the simulated results provide reasonable correlation with the experimental 

results and are able to image the evolving tracer distribution at each monitoring step. A main 

difference between the simulated and experimental results is the background variability, 

where the simulated data provides a more uniform response and the experimental data 

exhibits more variability. The output from the model is compared to the results of the 

sandbox experiment. The RMSE error between measured and predicted permanganate 

concentration at two sampling points was less than 0.5% (Table 8), and it shows that the 

measured and predicted concentration are in good agreement. 

 

Table 8 Comparison of permanganate measured concentration at sampling points to TPM 

predicted concentration for observation point (OP) 1 and 3 during 1-layer experiment. 

Time (min) Sample point Measured Conc. (mg/L) TPM (mg/L) RMSE (%) 

5 
OP1 (8) 3050 3040 0.32 

OP3 (9) 2060 2050 0.48 

10 
OP1 (8) 3080 3070 0.32 

OP3 (9) 2540 2530 0.39 

15 
OP1 (8) 3200 3190 0.31 

OP3 (9) 2850 2839 0.38 

20 
OP1 (8) 3630 3619 0.30 

OP3 (9) 3300 3289 0.33 

25 
OP1 (8) 3730 3719 0.29 

OP3 (9) 3630 3618 0.33 

30 
OP1 (8) 3720 3709 0.29 

OP3 (9) 3690 3679 0.29 

35 
OP1 (8) 3760 3749 0.29 

OP3 (9) 3710 3699 0.29 

40 
OP1 (8) 3790 3779 0.29 

OP3 (9) 3750 3729 0.29 
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Figure 34 Tracer concentration at three observation points 5, 6 and 7. 

 

During excavation of the experimental test area, the purple-dyed tracer was easily 

distinguished within the sand. The excavation confirmed that the tracer invaded the entire 

plan view section of the layer at all depths. The tracer was completely contained within the 

sand laterally. 

 

4.3.2 Three layers’ experiment 

 

Figure 35 compares the observed permanganate plume in the tank and predicted plume at 

the same time after injection. Figure 36 compares measured permanganate concentration at 

three different sampling points with the predicted concentration of TPM simulation. 
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Figure 35 Comparison between observed and TPM predicted plume. 

 

The simulated results provide reasonable correlation with the experimental results for the 3 

layers experiment too. There is less background variability between the simulated and 

experimental results, but higher RMSE error compared with previous experiment. However, 

it shows that the measured and predicted concentration are in good agreement. 
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Figure 36 Comparison of tracer concentration through experimental (Exp) and modelling 

(TPM) results at three observation points (OP) 3 (port 9), 6 (port 9) and 10 (port 13). 

 

Self-Potential (SP) has been monitored as per the materials and methods discussed in 

previous subsection recorded at Ag-AgCl electrodes. Electrodes were placed in the tank 

saturated with water 5 days, prior the experiment for stabilization of ions near the electrode. 

Once the stabilization is established, SP will be constant. SP results presented in Figure 37. 

Variations in SP prior the tracer injections were negligible (~0.1-0.5 mV) and therefore, SP 

measurements prior the injection have not been included in plots, to enhance the resolution 

in small variation in SP associated with the tracer injection. SP values were affected 

immediately after tracer’s injection. SP anomalies recorded in all electrodes associated with 

the reach of the tracer but also when the SP reference electrode was saturated with the tracer. 

No significant variations observed in SP 1 which was placed backwards of the injection 

point until the tracer reached the reference electrode and fully saturation accomplished. 

 

Parallel to SP profiles, Total Dissolved Solids (TDS) data were independently collected and 

used for comparison and possible verification of the SP signals. Figure 37 shows selected 

TDS values of selected sampling ports below the SP electrodes for verification of the time of 

the peak concentration in the points below the electrodes. As it is expected, there is a small 
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time lag between the actual time and the recorded time. Separately plots of TDS and all SP 

electrodes are presented in the appendixes. During excavation of the experimental test area, 

the tracer was completely contained within the medium sand laterally, with a small volume 

of tracer observed also within the fine sand. 

 

 

Figure 37 Voltage and TDS variations of SP and concentration measurements in the tank. 

 

As mentioned above, potassium permanganate is extensively used in water treatment and it 

is probably one of the most common, and most applicable oxidizing agents used for a wide 

range of organic compounds (Spicher and Skrinde, 1963). In spite of considerable 
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knowledge with respect to the oxidation of organic compounds by permanganate, there are 

still practical problems under some conditions (Shaabani et al., 2005). For example, the 

detection of the permanganate on time during injection on site which can lead to not 

economically / sustainable measures such as increase in the amount of oxidant released. The 

results of SP measurements indicate that the size of the electrical response of the oxidant 

depends on the concentration changes in the soil medium and can be detected almost 

instantly. It should be pointed that potassium permanganate is specified by large resistivity 

and conductivity contrast in geological medium, making it a good oxidant candidate when 

incorporated with electrical monitoring techniques. SP actually proved to be a good method 

to identify the occurrence of treated zones. 
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4.5 Conclusions 

 

We have presented a tank experiment generating Self-Potential signals from contaminant 

transport. In this study, the Self-Potential method proved an effective method for monitoring. 

It should be mentioned that safe results can be achieved when the resulted SP measurements 

are correlated with the results from other geophysical or geochemical methods. The 

integration of different geoenvironmental methods can reduce the uncertainty in data 

interpretation. In addition, the design and build-up of the plexi-glass experiment verified 

with success the modelling results. The collaborated work determined with success the 

optimum parameter of design and prediction of remediation efficiency using permanganate 

as an oxidant to a continuous contaminant line source. The performace of the oxidant in 

different injection points were tested in order to address optimisation problems related to 

groundwater. In this work, a multi-objective genetic algorithm (GA) employed to seek the 

global optimisation of remediation design. The cost of remediation and the concentration of 

the contaminant are competitive functions which are considered as two objective functions. 

To find optimal design, numerical approach simultaneously minimises the cost of the 

remediation process by the minimising the number of oxidant sources and contaminant 

concentration by maximising the region where contaminant concentration is equal-less than 

the desired final concentration. 
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4.6 Applications, Recommendations and Future Work 

 

4.6.1 Applications 

 

It is concluded that SP response is sensitive to contaminant transport. Even though changes 

were small in magnitude, they were still measurable. The combined experimental and 

modelled experiment it could be used in different cases for the optimization design of 

remediation and reduce the cost. It is natural for decision makers to want assurance that the 

numerical models are valid. To validate the numerical approaches, analytical solution, real 

field data and a physical model such as sandbox experiment that we present here can be 

used. The Sandbox experiment can be used not only as an experimental method for 

validating simulations but also visualising, predicting a solute transport. 

 

4.6.2 Recommendations 

 

The goal of this study was to establish the relative efficiencies of the technologies tested 

rather than to demonstrate the ability to meet groundwater standards within the residence 

time of the tank. Thus, creating a spectrum of residence times was limited and should be 

investigated further. 

 

4.6.3 Future Work 

 

This study fulfilled the aim was set to achieve showing Self-Potential monitoring efficiency 

and build-up a validation experiment for a numerical model. However, there were some 

difficulties encountered during the experimental set-up an analysis, which need to be 

overcome in next series of experiments. Additionally, this study will be used for further 

investigation to provide a more quantitative analysis also to impact key factors influencing 

the upcoming shape and location of plumes in confined and unconfined aquifers. 
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Chapter 5. Field Scale Bio-electrochemical Systems 

 

5.1 Aim and Objectives 

 

Following the bench scale BES, two full-scale designs were tailored to determine the 

prospects and viability of a scale-up system. Chapter 3 and Chapter 5 follow the same 

concept but with different scales as an effort to extend the knowledge gained from the bench 

experiments. This chapter is a more passive in-situ method, compared with chapter 3 (active 

remediation method), using BES as a decision-making tool. The aim of this chapter is to 

engineer an in-situ field bio-electrochemical system (BES) as a real time biosensor and 

investigate the enriched indigenous bacterial communities on the electrodes. This chapter 

demonstrates two different BES approaches in operational environments, moving from 

Technology Readiness Level (TRL) 4 – validation in lab of Chapter 3, to TRL 7 – 

demonstration in operational environment. In the first approach, a soil-based BES design 

was tailored to test the efficiency of a soil-based BES at a landfill site. Large graphite 

electrodes used upcycle biochar and GAC as high surface electrode to trap and degrade 

contaminants. The aim of this chapter is to provide a sufficient guideline in the design of 

such systems. In the second approach, we retrofit large graphite electrodes into boreholes in 

a steady state contaminant plume from a former manufactured gas plant of Northern Ireland. 

The amended electrodes aimed to monitor the already degraded situation on site and not 

enhance any process. 

 

5.2 Introduction 

 

The previous chapter (Chapter 3) covered the modification and application of a sustainable 

remediation technology called Bio-Electrochemical System (BES). It showed that, as well as 

effectively managing the degradation of contamination, the electrical output of the BES can 

be used to potentially observe the biodegradation processes, bacterial community analysis 

allowed us to see the adaptive fitness of the bacterial community structure to the conditions 

we were testing, and successful removal of groundwater contamination. However, the 

inability to recreate the exact field conditions in the laboratory, led to the construction of a 

field-based BES. Here we focus on the field observation of the biodegradation process rather 

than the specific remediation of contaminants. Field based BES can have great potential as 

low-cost, real-time biosensor from simple contamination alerting, up to full assessment. 

Field based biosensors have largely concentrated on contaminated sites which have been 

amended with simple substrates, or by the application of voltages (Williams et al., 2010). 
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They are also constructed from specialised material and usually require specialised 

installation (Ci et al., 2015; Zhao et al., 2015). For field scale BES to become practical the 

material needs to be inexpensive and the design should be able to be retrofitted into existing 

infrastructure (such as monitoring wells etc.). This chapter intends to tackle basic issues 

associated with a field-based BES in order to promote it as sustainable remediation 

technology. 

 

The first approach presented has significant differences with the laboratory and the first field 

BES of the contaminated site in Belfast. The Brazil field BES had a different architecture 

and significantly, it was emplaced in direct contact with sediments rather than water. Even if 

it wasn’t the primary focus of this chapter, it allowed testing the efficiency of BES in 

different engineered approaches. Additional to this, this field BES aims to test biochar 

graphite properties in constructing electrodes for Sediment-Based Bio-Electrochemical 

System applications and to explore the possibility of biochar in serving as a methane barrier 

when incorporated in topsoil of places with methane escaping. Biochar is a porous, 

carbonaceous material with a wide range of environmental applications. Its properties 

depend on the initial feedstock, as well as the temperature, duration and type of pyrolysis 

(Chavda and Pandya, 2014; Tang et al., 2013). Many studies have shown biochar’s 

suitability for reduce soil acidity, suppress methane and nitrous oxide in farmlands, reduce 

the cost of sewage and animal waste treatment, reduce aluminum toxicity and increase cation 

exchange capacity (Agrafioti et al., 2014; Bachmann et al., 2016; Manyà, 2012; Meyer et al., 

2011). However, there is still a paucity of information on CH4 flux effects beyond the single 

study scale, which often report contradictory results. Biochar has been shown to increase 

(Spokas and Bogner, 2011; Zhang et al., 2010), decrease (Dong et al., 2013; Feng et al., 

2012; Reddy et al., 2014), or have no significant effect (Kammann et al., 2012) on 

CH4 emissions from soils. Mechanisms are usually only assumed or hypothesized and 

remain unclear. Recent studies have shown that conductive particles, such as GAC, biochar, 

carbon cloth or magnetite can stimulate the methanogens and increase the production of 

methane as metabolic byproduct (Chen et al., 2014; Liu et al., 2012; Shi et al., 2016; Wang 

et al., 2018; Yee et al., 2019). Biochar has high electrical conductivity that can accelerate 

direct interspecies electron transfer (DIET) between bacteria and methanogens without the 

need for formation of pili and stimulate methanogenesis (Liu et al., 2012). In effect, biochar 

can replace the conductive surface proteins, reduce the cellular energy expenditure and 

provide better electrical connections than the biological ones. With this in mind, in the area 

of interest, biochar is not used only to enhance the performance of BES but also to test the 

efficiency of biochar as barrier to reduce methane emissions. 
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In the second approach, we develop a conceptual model of field conditions as a tool for 

characterising site contamination and progressively identify any additional design 

requirements for the construction of a BES. The output of the installed BES is associated 

with the existing chemistry and microbiology. Thus, we compare the microbial ecology of 

the resulting biofilms that developed on the electrodes with similar electrodes emplaced in 

control location and with groundwater samples from the respective boreholes. The graphite 

electrodes in the borehole within the plume will allow the localization of contaminants, 

microbial communities, electron donors, acceptors and crucially an electronic conductor. 

This approach will assess whether the development of microbial communities on BES 

electrodes placed within plumes can identify areas of optimum microbial activity (i.e. plume 

fringes) that can help monitor or aid the design of groundwater remediation strategies. 
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5.3 Development of a Conceptual Site Model (CSM) 

 

The development of a Conceptual Site Model (CSM) comprises a process characterizing site 

contamination on the basis of available information and data. A CSM should be undertaken 

for every contaminated site under the framework of the site assessment and updated by any 

additional information / data. It should be developed prior the application of any intrusive 

investigation, based on historical land-use data and physical parameters. A CSM should take 

into account the boundaries of the site, local geology / hydrogeology, land-use activities and 

potential pathways and contaminant receptors. 

 

5.3.1 Sediment based BES 

 

5.3.1.1 Site description 

 

The soil-based field BES constructed in the Alto Tietê region in Sao Paulo with 

collaboration of the Environmental Engineering at Piaget de Suzano Faculty that provided 

access in the area of interest (Figure 38). Previous site investigation carried out by USP 

observed subsurface pockets of methane. 

 

 

Figure 38 Study area at the Alto Tiete region in Sao Paulo. 

 

Application of an in-situ technology for waste clean-up requires knowledge of geochemical 

and geophysical parameters of the treatment site. 
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Figure 39 Samples taken for the characterization of the shallow deposits. 

 

The area of interest consists of (Figure 40): 

• Construction debris layer (30-110 cm). Since the debris layer seems more permeable 

the argilites, a perched aquifer can be expected in some places. This perched aquifer 

encompasses both the organic layer and the bottom of the layer with construction 

debris. Augering samples, however, show no saturated material above the 

acquiclude.  The layer with construction debris has variable thickness suggesting an 

irregular landscape when the mining pit was active. 

• Black argillite with high organic carbon content (50-120 cm). The organic material 

is very wet, but not to the point to produce droplets when pressed.  

• Gray argillite with minor organic content, downward coursing to sandstones (> 200 

cm). The impervious gray-argillite may work as an aquiclude; the sandy unit at 205 

cm then may works as a confined unit. 
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Figure 40 Schematic geological section. 

 

Higher CH4 concentrations were observed where the organic layer was incised and filled 

with debris, probably related with creation of preferential pathways (Figure 41). The 

importance of understanding pathways cannot be overstated considering its relevance to gas 

regulation, waste treatment and ability to compromise, or boost, a host of other services. 

Fundamental hypothesis at the Brazil site was to oxidize methane at these layers, reversing 

the process of methanogenesis, and create an additional barrier to prevent methane emissions 

at near subsurface. 
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Figure 41 Schematic representation of potential pathway of CH4 emissions. 

 

5.3.2 Contaminated Plume BES 

 

5.3.2.1 Historical land-use of Site 

 

Belfast Gasworks played a major role in the rapid economic growth of the City, and today 

plays an integral part in the regeneration of post-industrial Belfast. It is accessed from the 

Ormeau Road via Cromac Avenue and Gasworks Path, approximately centred over Irish 

Grid Co‐ordinates 334252E 373473N. Belfast Gasworks, built between 1887 and 1893 by 

Belfast industrialists as Robert Watt, James Stelfox and John Lanyon. It remained open for 

its original purpose until 1988. The area has been substantially redeveloped under 

the Laganside Corporation and now includes a number of modern commercial office 

buildings, and a hotel, with adjoining surface carparks, areas of paved and soft landscaping 

and a central water feature. The northern extents of the site remain undeveloped and form a 

level area of disused ground that is surfaced with hard standing. For more than 150 years 

Belfast Gasworks supplied light and heat to the city by manufacturing gas from coal. This 

process led to contamination of soil and groundwater by spillage, leaks or waste disposal of 

coal gasification by-products, which are a serious threat to human health and cause 

significant environmental damage. In the late 80’s, after the production stopped and the plant 

was closed, the polluted land was remediated and redeveloped into a modern urban area. 

However, the clean-up works in the site only affected the top layer of the subsurface; 
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nowadays contaminants are still present in the site representing an active environmental 

hazard.  

 

 

Figure 42 Location of Belfast Gasworks. Aerial observations of the site provided from 

Belfast City Council. 

 

The original works site had an area of about 1 ½ acres. The design was improved upon in the 

early 1870s and the reached an area of 13 ½ acres and the annual sales reached 418 million 

cubic feet. On November 1912, an additional 6.9 acres were added to the Ormeau Road site. 

The south sector of the wider area of Gasworks contained foundation of structures such as 

the gas-holding tanks and tar wells (Figure 43). The tar wells and gasholders were 

underground made from cast iron plates or brick built circular tanks, lined with puddle clay 

(Thomas, 2014). While there is no official record of leaking prior the redevelopment of the 

site, these tanks had specific design life (~ 100 years) or they were not specifically intended 

for that purpose. Thus, the tar wells / gasholders are the most likely source area of potential 
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concern of causing contamination of groundwater. Wastes associated with them are 

contaminated water and light oils dominated by hydrogen, hydrocarbon predominantly 

methane, carbon oxides and nitrogen (Thomas, 2014). 

 

  

Figure 43 Belfast Gasworks during 1901-1963. During that period annual production was 

reaching the 40x106 tons of coal gas. The red circle indicates the location of the main 

gasholders. 

 

By 1964, a reformer plant opened on a new site alongside the BP Refinery on Belfast 

Harbour. This plant operated on base load and made about 30% of the total required. By 

1968 the extensions at the Harbour works made Ormeau Road redundant. The new plant 

began making gas in January and by April was sufficiently reliable for the coal gas and water 

gas plants to be shut down. Production finally stopped altogether in 1985. Deconstruction 

method of gasholders bases was to puncture the base of the tank and let the tar / 

contaminated residues and sludge escape downwards. The Gasworks site was purchased by 

the council, together with central government and the Laganside Corporation, in the early 

1990s. The land was considered unsuitable for most uses, due to contamination, but a major 

refurbishment programme, part-funded by the European Union, soon turned the area into a 

modern business park. 
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Figure 44 Refurbishment works in Belfast Gasworks during 1990s. Aerial photograph 

provided from Belfast City Council. 

 

5.3.2.2 Geology of site 

 

Prior the design of a BES, knowledge of the geology / hydrogeology was required to 

highlight potential pathways (or barriers to pathways) or receptors and areas of concern. The 

site is underlain by an upper unconfined aquifer (overburden layer) above a confined aquifer 

(sandstone layer). The ground investigation on site was undertaken on 2014 by Ground 

Check Ltd after commission by Belfast City Council. The broader study area consists of 

recent estuarine alluvium, glacio-fluvial sands, glacial till – boulder clay and bedrock – 

Triassic Sherwood Sandstone. Made Ground was encountered in all boreholes and ranged in 

thickness between 1.0 to 10.9 m. It is generally composed of brown and grey, gravelly, 

sandy, silty clay with red bricks, concrete, timber and occasional cobbles, localised pockets 

of cinder and occasional slag. Glacial Deposits were encountered at the base of the made 

ground and are typically composed of brown, slightly sandy, silty clay with occasional 

partings/thin bands of orange to reddish brown, silty, fine to medium sand. Clays are 

characterized by extremely low permeability but high porosity due to their great surface area, 
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therefore high-water capacity too. However, the glacial deposits of south Belfast area are 

characterized by a sandy base that could be a potential pathway. 

 

Triassic Sherwood Sandstone formation was encountered in boreholes SS1 to SS11, where 

the strata was described as reddish brown, fine to medium grained sandstone. The Triassic 

Sherwood Sandstone is the most important aquifer that lies under the area of Belfast 

(McNeill et al., 2000). It consists of red-bed sediments, mainly reddish sandstone and silty 

sandstone with brown mudstone. The Triassic Sherwood Sandstone is a key pathway for the 

migration of contamination. Sandstone has very low permeability and most of the porosity 

consists of secondary openings, such as fractures, joints and bedding planes, leading 

groundwater movement primarily along the bedding planes (USGS, 2017), without further 

escape downwards, but possible joints and fractures provide also possible vertical migration 

along the sandstone. 

 

The faulting within these formations are mainly small features with variable orientations and 

displacement directions associated with accretionary deformations. Sub-parallel trends to the 

orientation of the Lagan Valley are present in direction SW-NE direction due to a major 

sinistral strike-slip fault, “Orlock Bridge” fault (Burns, 2013). 
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Figure 45 Aerial overview of the site outlining the locations of the installed monitoring 

boreholes on site. The red dots indicate deep boreholes reaching the sandstone layer and the 

blue ones swallower boreholes reaching the till layer. 

 

The identification of possible receptors should not include just current receptors and 

activities but also future receptors, such as potential land use and development activities. It 

should be taken into account that new foundations of big structures could create new 

pathways according to the geology of the site. Despite the existence of many boreholes on 

site that could possible lead to migration of contaminants downwards, there is no evidence of 

that, since bentonite seals were installed at stratum boundaries in boreholes at locations 

where visual and olfactory evidence of potential contamination was observed during drilling 

operations. The findings of the main boreholes on site are listed in the table below. 

Additional data for the base depth of made ground, glacial deposits and bedrock are 

presented in the Appendix Table C.1. 
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Table 9 Summary of ground conditions of existed boreholes. Depths mentioned on this table 

refer to the encountered depths and not the total thickness of each layer (Belfast City 

Council). 

ID Depth (m) Geology ID Depth (m) Geology 

BH03 11.99 sandstone SS1 19.79 sandstone 

BH100 14.73 sandstone SS2 23.14 sandstone 

BH101 4.07 clay till SS3 20.31 sandstone 

BH102 9.84 clay till SS4 16.50 sandstone 

DG01 18.51 sandstone SS5 25.92 sandstone 

DG02 16.87 sandstone SS6 19.76 sandstone 

E02 5.84 clay till SS7 18.71 sandstone 

E08 5.88 clay till SS8 18.66 sandstone 

OB1 3.64 till SS9 20.51 sandstone 

OB2 3.52 clay till SS10 22.16 sandstone 

OB4 7.22 clay till SS11 20.69 sandstone 

OB5 3.05 made ground WS200 6.21 till 

OB6 2.58 clay till WS202 4.77 clay till 

OB7 3.38 clay till WS204 4.44 clay till 

OB8 5.79 clay till WS206 5.39 till 

OB9 8.44 till WS210 6.66 till 

OB10 6.55 till    

 

Extended geological data can be found in Geological Survey of Northern Ireland (GSNI) 

(https://www.bgs.ac.uk/gsni/). In order to provide a regional scale, deep bedrock content 

setter for government and major geosciences organisations, academia and industry to aid 

decision making and to guide future research, GSNI developed 3D urban models, including 

Belfast Old Gasworks (Figure 46), from borehole data and focus on shallow superficial 

deposits. 

https://www.bgs.ac.uk/gsni/
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Figure 46 3D geological Gasworks model based in 170 boreholes and 29 geological sections 

(Geological Survey of Northern Ireland). 

 

The wider area is dominated by igneous dolerite / basalt dykes restricting the groundwater 

flow in the direction of Lagan river. During initial investigations on site and the available 

drainage patterns the direction of groundwater determined to cross the dykes towards the 

Lagan river. These dykes have been described as near-linear and they have been reported 

during vertical drilling of the Belfast Sewers Project for the construction of a large diameter 

tunnel below the city of Belfast to increase storm water capacity. The tunnels were drilled 

approximately 40 m from the ground surface, with one of the anticipated causes for 

disruption to the drilling process being the dykes expected along the route. The dyke matrix 

is characterized as impermeable, relative to the potential storativity and hydraulic 

conductivity features that may be associated with the described jointing and weathering of 

the dyke (Burns, 2013). 
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Figure 47 Summary of dyke strikes and sandstone encountered in the tunnel of Belfast 

Sewers Project (reconstructed from Burns, 2013).  

 

The concept of dykes is also supported from sections (Figure 48 Geological section 

reproduced from GSNI 3D model. The dyke produced a deformation near the surface. & 

Figure 49) produced from the 3D geological Gasworks model. In the sections, discernible 

deformations were observed above the expected intrusions. Deformations near the surface 

are probably related with vertical dyke or dukes, creating uplift and reverse faulting directly 

above the deformation. The following sections reproduced through LithoFrame Viewer of 

British Geological Survey (BGS) for viewing and query complex 3D geological models. The 

LithoFrame Viewer enables the user to view pre-built 3D geological models by BGS in GIS-

style interface. The LithoFrame Viewer does not enable the user to edit or modify the 

geological data, making it unable to provide the exact depths of the sections. However, using 

available data from selected boreholes, we can estimate that depths are not more than 50 m. 
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Figure 48 Geological section reproduced from GSNI 3D model. The dyke produced a 

deformation near the surface. 

 

 

Figure 49 Geological section reproduced from GSNI 3D model. The dyke produced a 

deformation near the surface. 
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The dolerite dykes present on site produced deformations along their strike. These 

deformations near the surface, transported the sand layers, creating uplift and reverse 

faulting directly above the deformation. These deformations affect the stratigraphy and 

create a preferential inclination of the geological sections. However, this doesn’t affect 

groundwater flow direction but seems to affect the contaminant plume. At the study site, the 

dykes are shown to act as relative barriers to flow and transport of contaminant with 

accumulation of the contaminant downstream of the groundwater flow. 

 

5.3.2.3 Groundwater parameters within the boreholes 

 

One of the key parameters influencing contaminant migration is groundwater flow and the 

spatial variability of it. As mentioned before, the site is underlain by an upper unconfined 

aquifer (overburden layer) above a confined aquifer (sandstone layer). The direction of the 

groundwater flow has defined in previous works as being perpendicular to the Valley strike, 

towards the topographical low of the river Lagan (made-ground groundwater flow), and then 

towards Belfast Lough (sandstone groundwater flow) on the east coast (Burns, 2013). 

Extensive hydrogeological survey was conducted prior the choose of the final boreholes to 

understand the status of water quality. Special care has been given to those areas where the 

contamination was expected. Based on this study, six representative wells were selected for 

the BES installation. Physicochemical parameters of the unconfined (overburden) and 

confined (sandstone layer) aquifer are given in section 5.4. 
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5.4 Groundwater Chemistry of Contaminated Plume prior BES construction 

 

The groundwater chemistry of the boreholes in the contaminant plume was typical of a 

manufactured gas plant and reflected similar studies with high levels of total organic carbon, 

within the plume borehole and much lower levels in the clean aquifer borehole. Compiling 

chemical analyses of the two aquifers and Lagan River on the cation Piper diagram shows 

that the water from the study area is mainly Na+K-Ca type (Figure 50). The overburden 

groundwater samples have a similar Na+K-Ca composition, except for B1, DG02, BWS206 

that are mainly composed by Na+K, and BH101 and B4 richer in Ca. The sandstone 

groundwater shows heterogeneous composition. Samples from river Lagan are very similar, 

except for Lagan 3 (located prior to the study site) which contains more Mg. 

 

 

Figure 50 Piper’s diagram of unconfined aquifer, confined aquifer and Lagan river showing 

the major chemical composition of the samples. 

 

Although from the plot might seem that could be some connection between the river (Lagan) 

and the sandstone aquifer samples (SS01, SS02 and SS04), the sandstone wells plotted are 

too far to the river for this connection to be possible. However, there seems to be a 

connection between the shallow aquifer and the river since samples from B7 and Lagan 1 
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and 2 have similar hydrochemical faces, which is not noticeable from the measured values 

(Table 10). The shallow aquifer and river samples do not present a dominant cation type, 

definitely correspond with the sulphate type and can be mixed waters. The outflow sample 

shows to be similar to well DG02. Both samples present sodium and potassium cation type, 

chloride anion type and can be described as sodium-chloride waters. The plot does not show 

a clear connection between the overburden and sandstone aquifer. 
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Table 10 Ion composition of groundwater samples. CO3 and HCO3 were not measured. 

Concentrations are mg/l. 

Borehole 
Anions Cations 

Ca Mg Na K CO3 HCO3 Cl SO4 

B01 0.5 10 29 52 0 0 17 15 

B02 210 58 260 21 0 0 230 3067 

B04 170 24 89 18 0 0 88 4211 

B05 110 12 140 23 0 0 220 2800 

B07 88 20 130 14 0 0 230 15 

B09 33 1.7 64 27 0 0 130 96 

BBH101 120 33 17 12 0 0 16 7 

BBH102 200 66 220 29 0 0 440 17 

BDG02 60 44 280 16 0 0 580 12 

WS200 100 30 96 12 0 0 13 18 

WS202 310 66 280 17 0 0 670 15 

WS206 65 29 220 14 0 0 11 795 

SS01 53 22 170 2.7 0 0 250 1536 

SS02 1 1 1 2 0 0 10 1176 

SS04 120 10 95 25 0 0 150 1338 

Lagan 01 150 38 280 21 0 0 420 750 

Lagan 02 150 37 270 21 0 0 410 730 

Lagan 02 55 38 62 13 0 0 550 110 

Lagan Outflow 60 18 240 5.3 0 0 140 69 

 

The physicochemical properties were studied for water samples collected from the different 

aquifers in the wider area of interest. The groundwater analysis for physicochemical 

properties of the overburden aquifer is summarized in the following plots. The maximum 

temperature of groundwater in the zone of contamination is 15.5-16.5°C, which is 3-4°C 

above background. The extend of high temperature can be accounted to periods of lateral 

flow caused by changes in water-table due to recharges.  
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Figure 51 Temperature range of overburden aquifer from 10.49 °C (WS206) to 16.58 °C 

(B4); the average temperature is 13°C. The green dashed line represents the projected 

dolerite dyke encountered on Sewers Project. 
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Figure 52 The groundwater’s average pH of overburden aquifer was 7.3 with minimum 

value 6.55 (B5) and maximum 9.52 (B9). The green dashed line represents the projected 

dolerite dyke encountered on Sewers Project. 
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The oxidation-reduction potential (ORP) measured to describe the overall reducing or 

oxidizing capacity of the overburden aquifer (Figure 53). The results showed a low-redox 

dominated environment with average redox potential -226 mV. The measured ORP showed a 

reduced environment in the upper side with low redox potential (~ -100 mV). The very low 

ORP values (-300 mV) on the lower side delineate a microbial mediated redox environment 

(Søndergaard, 2009) indicating the main body of the plume. The hot spots present in the 

electrical conductivity map (Figure 54) are accounted to shallow remaining surface 

contamination after the refurbishment programme. 

 



Chapter 5. Field Scale Bio-electrochemical Systems 

106 
 

 

Figure 53 Groundwater Oxidation-Reduction Potential (ORP) of overburden aquifer 

averages -226 mV. The minimum value is -137 mV (BH101) and the maximum -318 mV 

(B9). The green dashed line represents the projected dolerite dyke encountered on Sewers 

Project. 
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Figure 54 The groundwater Electrical Conductivity of overburden aquifer averages 1500 

uS/cm. The minimum value is 645 uS/cm (B6) and the maximum 3619 uS/cm (WS206). The 

green dashed line represents the projected dolerite dyke encountered on Sewers Project. 
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The plot of temperature (red dots) versus depth shows a heterogeneous distribution of 

temperature. The highest values (>15) in well B1, B4 and B5 could be from leakage. The 

plot of pH (blue) versus depth shows a trend to keep constant with depth except for well B9, 

WS206 and B6 (dashed circle) where the value is higher than in groundwater wells at a 

similar depth.  

 

 

Figure 55 Plot of temperature (red dots) and pH (blue dots) versus depth for the overburden 

aquifer. 

  

 

Figure 56 Plot of EC versus depth for the overburden aquifer shows a trend for the EC to 

decrease with depth except for wells WS202, WS204 and WS206 (dashed circle) between 4 

and 6 m deep and with EC >3000 uS/cm. 
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Figure 57 Plot of EC versus pH of the overburden aquifer reveals that EC values are 

independent of the pH. 

 

The results of the chemical analyses of ions, heavy metals and hydrocarbons show a 

heterogeneous composition of those elements in the overburden groundwater, with different 

spatial pattern distribution for all of them. The sulphate values are ranging from 0.68 (B1) to 

900 mg/l (B2), higher values in the northern part of the study area. Wells WS206, B4, 

WS202 and B2 have values above the Maximum Contaminant Level (MCL) (250mg/l) set 

by the Environmental Protection Agency (EPA).  On gasworks sites high concentrations of 

sulphates are observed throughout the sites as a result of processes to purify coal gases and 

are not directly related with the presence of oil contamination but with products of the 

purification. It is worthy to notice that the manganese concentration is higher downstream 

the water flow and closer to the center of the plume (Figure 59). That can also be argued 

also with the reduction of manganese, suggesting use of manganese as a terminal electron 

acceptor, due to higher biodegradation rate close to the fringe of the plume. 
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Figure 58 Sulphate contour map of the overburden aquifer; the northern part of the site 

dominated with the higher values. The green dashed line represents the projected dolerite 

dyke encountered on Sewers Project. 
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Figure 59 Manganese distribution on site for the overburden aquifer. The values are ranging 

from 2.2 (B1) to 720 ug/l (B2, B7), wells B4, B5, BH101, BH102 and WS202 have values 

above the MCL (50 ug/l). The green dashed line represents the projected dolerite dyke 

encountered on Sewers Project. 
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From the plot depth vs. sulphate concentration, it seems there is a tendency for sulphate to 

increase with depth (dashed line) except for the three wells (B2, B7, WS202) with 

anomalous higher values. These wells are in the spatial limits of the site. The plot depth vs. 

manganese and sulphate concentration shows a spatial distribution trend to the wells closer 

to the plume body. 

 

 

Figure 60 Distribution of sulphate and manganese in depth of the overburden aquifer. 

Boreholes inside the dashed circle are closer to the plume body. 

 

Ammonia values were below 16 mg/l for all samples except for B1 (170 mg/l). Cyanide was 

<0.5 mg/l except from B1 (80 mg/l). Iron ranges below 20 ug/l, except from B5 (90 ug/l). 

Chromium values were stable <10 ug/l except from B1 (230 ug/l). Lead is present in small 

quantities (<1.0 ug/l), with a small differentiation on B1 (20 ug/l). Mercury appears in 

quantities <0.5 ug/l, except from WS200 (5.5 ug/l) and DG02 (<20 ug/l, similar to the 

concentration in the river). Arsenic is ranging from 1.0 (WS200) to 190 ug/l (B1), wells B1, 

B2, B5, B7 and B9 have values above the MCL (10 ug/l). Higher values of arsenic are 

founded in the shallower wells. Total Organic Carbon (TOC) is ranging from 2.0 (B1) to 37 

mg/l (B5). The plot of the depth vs. TOC reveals a group of samples with similar values 

(dashed rectangle). The anomalous higher values are from the southern part of the area 

(DG02, B7, B9 and B5), and, except for DG02, are linked to the highest values of benzene 

and toluene.  
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Figure 61 Total Organic Carbon in mg/l of the overburden aquifer. 

 

Groundwater samples of the overburden aquifers present low concentration of BTEX 

compounds, except for well B9, which has higher values for all the compounds, and other 

wells with anomalous values for one compound. Benzene was <1 ug/l, except for B9 (180 

ug/l), B7 and BW206 (17 and 18 ug/l respectively). Toluene values were <1 ug/l, except for 

B9 (24 ug/l) and B5 (16 ug/l). Ethylbenzene values <1 ug/l, except for B9 (81 ug/l) and B7 

(5 ug/l). M-Xylene and p-Xylene values <1 ug/l, except for B9 (110 ug/l). O-Xylene values 

<1 ug/l, except for B9 (70 ug/l). Styrene values <1 ug/l, except for B9 (19 ug/l). 
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Table 11 Measured BTEX compounds. Concentrations in μg/l. 

Well Benzene Toluene Ethylbenzene M&O-xylene O-xylene Styrene 

B1 1 1 10 5 1 2 

B2 1 1 1 1 1 1 

B4 1 1 1 1 1 1 

B5 1 16 1 1 1 1 

B6 1 1 1 1 1 1 

B7 17 1 4.7 1.3 1.8 1 

B9 180 24 81 110 70 19 

BH101 1 1 1 1 1 1 

BH102 1 1 1 1 1 1 

WS200 1 1 1 1 1 1 

WS202 1 1 1 1 1 1 

WS206 18 1 1.1 1.3 1 1 

DG02 1 1 1 1 1 1 

 

BTEX compounds have different degrees of retardation in the order of E > X > T> B, and E 

and X have similar geochemical behaviors. These retardation (R) factors are calculated 

through linear equilibrium sorption model. The measured R factors are categorized as 

follows: 

• R1 = (B+T)/(E+X) 

• R2 = B/T 

• R3 = B/X 

• R4 = T/E 

• R5 = X/E 

 

Different weathering mechanisms can affect the proportion of BTEX compounds at different 

rates and sometimes in opposing directions. Benzene and toluene are the most soluble in the 

BTEX compounds and therefore R1 and R3 tend to decrease near the main source of 

contamination due to dilution or transport. However, biodegradation could also increase 

these factors in the groundwater close to the plume, especially under anaerobic conditions, 

confounding the results (Alvarez et al., 1998). This so because benzene degrades slowly if at 

all under anaerobic conditions with rest compounds degrading faster. Benzene quickly 

decrease the available dissolved oxygen inside the plume, causing a transition to anaerobic 

conditions, then benzene degraders prevail only on the fringe of the plume where oxygen is 

being recharged from surrounded aquifer. Dilution and transport tend to decrease the 
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retardation factors close to the plume, while biodegradation can either increase or decrease 

them, depending in different degradation mechanisms. The increased values in wells B5, B7 

and WS206, which is worth noting that they are long distance from the main body of the 

plume, could be result of dilution or biodegradation of different sources. 

 

Table 12  Measured retardation factors for BTEX compounds. 

Well R1 R2 R3 R4 R5 

B1 0.125 1 0.17 0.1 0.6 

B2 0.66 1 0.5 1 2 

B4 0.66 1 0.5 1 2 

B5 5.66 0.06 0.5 16 2 

B6 0.66 1 0.5 1 2 

B7 2.31 17 5.48 0.21 0.66 

B9 0.78 7.5 1 0.30 2.22 

BH101 0.66 1 0.5 1 2 

BH102 0.66 1 0.5 1 2 

WS200 0.66 1 0.5 1 2 

WS202 0.66 1 0.5 1 2 

WS206 5.59 18 7.83 0.91 2.09 

DG02 0.66 1 0.5 1 2 

 

Total Petroleum Hydrocarbons (TPH) are <10 ug/l except for B2 (77 ug/l), B5 (200 ug/l), B9 

(300 ug/l) and B7 (38000 ug/l). Of these less than 5 ug/l are Total Aliphatic Hydrocarbons, 

except for B2 (22 ug/l) and B7 (25000 ug/l). Total Aromatic Hydrocarbons were 55 ug/l for 

B2, 200 ug/l for B5, 300 ug/l for B9 and 13000 ug/l for B7. Total PAH’s concentrations 

were <2.0 except for Naphthalene in B9 (38 ug/l).  

 

The physicochemical data of the sandstone aquifer are indicative as only 4 groundwater 

wells were available, S1, S2, S4 and DG01. From the data collected it can be seen that the 

deep sandstone aquifer is not affected from the presence of dykes. 
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Figure 62 Temperature range of sandstone aquifer from 11.41 °C to 13.28 °C. The green 

dashed line represents the projected dolerite dyke encountered on Sewers Project. 

 



Chapter 5. Field Scale Bio-electrochemical Systems 

117 
 

 

Figure 63 The groundwater’s pH of sandstone aquifer is ranging from 6.96 to 8.4. The green 

dashed line represents the projected dolerite dyke encountered on Sewers Project. 
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Figure 64 The groundwater Electrical Conductivity of sandstone aquifer averages from 705 

to 2950 uS/cm (DG01). The green dashed line represents the projected dolerite dyke 

encountered on Sewers Project. 
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Figure 65 Groundwater Oxidation-Reduction Potential (OPR) of sandstone aquifer averages 

from -288 to - 388 mV. The green dashed line represents the projected dolerite dyke 

encountered on Sewers Project. 
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The plot of depth vs. temperature reveals a trend for temperature to decrease with depth, well 

DG02 is the exception. The plot of depth vs. pH shows a trend for the pH to decrease with 

depth.   

 

 

Figure 66 Plot of temperature (red dots) and pH (blue dots) versus depth for the sandstone 

aquifer. 

 

 

Figure 67 Plot of EC versus depth for the sandstone aquifer shows a trend for the EC to 

decrease with depth except for wells DG01. EC seems to be independent of the pH. 

 

Sulphate appeared lowest value in SS2 (<1), higher values in SS1(100 mg/l) and S4 (350 

mg/l). The lowest value of manganese noticed in SS2 and SS4 (<1-30), and highest value in 

SS1 (880 ug/l). Ammonia’s highest value noticed in SS4 (32 mg/l). Cyanide presents low 

concentration values (<2 mg/l). Also, low concentrations of all heavy metals are noticed. 

TOC values vary between 1-3 mg/l in SS1 and SS2, and 13 mg/l in SS4. Groundwater 
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samples of the sandstone aquifer present low concentration of BTEXS in SS1 (<1 ug/l), high 

concentration of Benzene in SS2 (2800 ug/l) and the highest concentrations of BTEX 

components in S4 (9100, 9900, 370, 2200, 1300 ug/l respectively). 

 

Table 13 Measured BTEX compounds for the sandstone aquifer. Concentrations in ug/l. 

Well Benzene Toluene Ethylbenzene M&P-xylene O-xylene Styrene 

SS1 1 1 1 1 1 1 

SS2 2800 2.2 1 1 3.7 1 

SS4 9100 9900 370 2200 1300 1 

 

The retardation (R) factors calculated also for the sandstone aquifer, with SS2 and SS4 

presenting extremely high factors, probably related with the biodegradation rate close to the 

plume center. Due to limited access and lack of additional boreholes, SS2 wasn’t chosen for 

a BES installation. 

 

Table 14 Measured retardation factors for BTEX compounds for the sandstone aquifer. 

Well R1 R2 R3 R4 R5 

SS1 1 1 0.5 1 2 

SS2 491.6 1272.7 595.7 2.2 4.7 

SS4 4.9 0.91 2.6 0.1 9.5 

 

High concentration of TPH were observed in SS2 (10000 ug/l) and SS4 (17000 ug/l), mainly 

Total Aromatic Hydrocarbons. Total Aliphatic Hydrocarbons were <5 ug/l in the three wells. 

Also, low values of PAH’s (<2 ug/l), except Naphthalene in well SS4 (470 ug/l). 

 

Samples from River Lagan also analyzed in order to identify potential linkages to the river. 

The temperature values for River Lagan are ranging from 6.32 to 6.68°C; similar 

temperature with water from the outflow (6.91°C). The pH values are ranging from 7.88 to 

8.7, increasing in the flow direction. The pH at the outflow presents lower values 

approximately 7.34. The Electrical Conductivity is ranging from 2071 to 2816 uS/cm, 

decreasing in the flow direction. Water from the outflow has higher electrical conductivity, 

3895 uS/cm. The groundwater Oxidation-Reduction Potential (ORP) averages from -165 to -

236 mV, decreasing in the flow direction. Water from the outflow shows higher ORP, -278 

mV. 
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Sulphate values are ranging from 110 to 750 mg/l, increasing in the flow direction, while 

outflow reveals lower concentration of 69 mg/l. The manganese values are lower than <0.6 

ug/l. Ammonia is ranging from 0.93 to 4.1 mg/l, increasing in the flow direction and in the 

outflow is 1.4 mg/l. Chromium values are ranging from 6.8 to 11 ug/l, decreasing in the flow 

direction. Mercury is ranging from 20 to 50 ug/l. Molybdenum presents high values, 1700 

ug/l, in samples Lag 1 and 2. Nickel’s concentration is 37 ug/l, in samples Lagan 1 and 2. 

Total Organic Carbon is 17 mg/l along the river. Low concentration of BTEX in the 

measured samples (<1 ug/l). Total Petroleum Hydrocarbons (TPH) are not easily 

distinguished in the river (<10 ug/l). Low values of PAH are presented along the river (<2 

ug/l). 
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5.5 Conceptual Site Model (CSM) 

 

5.5.1 Sediment based BES 

 

The mechanisms by which biochar may affect soil CH4 fluxes include sorption of CH4 to 

biochar's surfaces (Yaghoubi et al., 2014), and soil aeration by biochar addition, which may 

increase diffusive CH4 uptake (Karhu et al., 2011; van Zwieten et al., 2010), as microbial 

CH4 oxidation in upland soils is mostly substrate limited. However, in anoxic environments, 

the labile C pool of biochar may function as methanogenic substrate, promoting CH4 

production (Wang et al., 2012). Biochar has also been shown to promote methanotrophic 

CH4 consumption at oxic/anoxic interfaces in anoxic environments, lowering CH4 emissions 

via the “biofilter” function of CH4 consumption (Feng et al., 2012; Reddy et al., 2014). 

Biochar addition also enhances volatile fatty acid generation during hydrogen production 

(Cooney et al., 2016; Mumme et al., 2014; Sunyoto et al., 2016). These studies concluded 

that the role of biochar is to provide a porous substrate to support microbial metabolism and 

growth and promotes the methanogenic biofilm formation in the methane production stage 

(Figure 68 Possible mechanism of biochars and methane emissions in soil. CH4 is produced 

by utilizing organic compounds, largely from CH3COOH. The additional CO2 production 

can be used as substrate of methanotrophs besides methane.). The monitoring of any 

potential anaerobic treatment phases (through the frequent measurement of volatile fatty 

acids, dissolved oxygen, hydrogen) was beyond the scope of this study, however it may have 

acted synergistically to adsorption and is worthy of further investigation. 
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Figure 68 Possible mechanism of biochars and methane emissions in soil. CH4 is produced 

by utilizing organic compounds, largely from CH3COOH. The additional CO2 production 

can be used as substrate of methanotrophs besides methane. 

 

5.5.2 Contaminated Plume BES 

 

Based on the historical data of the site and the potentially contaminating activities identified, 

the key source areas and contaminants are related with the location of tar tanks and wells. 

Associated contaminants / by-products of these sources are coal tar, ammonia liquor and coal 

dust. These by-products could have significant on-site and off-site impacts in case of 

available pathways. The made-ground groundwater (unconfined aquifer) flow direction is 

towards river Lagan river and afterwards to Belfast Lough, while Triassic Sherwood 

Sandstone groundwater (confined aquifer) flows directly northern at Belfast Lough. These 

flows are key pathways linked the source with the groundwater receptors. The presence of 

dykes in the sandstone are blocking sinking plume in the sandstone but also has a later effect 

in the plume, leading to the movement of plume under the river Lagan. 

 

From the groundwater parameters within the boreholes and the geological finding of the 

Belfast Sewers Project it can hypothesized the south part of the site contained the main body 

of the contaminated plume delineated as a microbial mediated redox plume according to the 

groundwater redox measurements with high concentration of manganese close to the plume. 

The plume is consisted predominantly of organic contaminants and ammonium disposed 

below the water table. Microbial analysis provided assurance that the plume has a diverse 

microbial community around it. The northern sector of the site is clean due to the 

impermeable barrier of dykes crossing the site, with shallow contamination resulted from 
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demolitions and refurbishment works. High concentrations of sulphates are observed 

throughout the sites as a result of purification byproducts of coal gases and are not directly 

related with the plume. Based on these observations, the shallow unconfined aquifer is a 

good candidate for BES cathode emplacement, while the confined which is dominated by the 

highest concentrations of BTEX components is the candidate for BES anode emplacement. 

 

Based on the CSM we can identify the areas of interest for BES installation. Three BES 

decided to be installed on the wider area, covering a control / clean area (BES 1), the centre 

(BES 2) and the edge (BES 3) of the plume. The identification of the centre and mainly the 

edge (fringe) of the plume prior the installation was of vital importance, since the fringe is 

not only the location where the electron acceptors are replenished by the surrounding 

uncontaminated groundwater but also the point where the strongest redox occurs. Due to the 

microbial proliferation / strong reducing environment the plume fringe is considered to be 

the area of mist natural attenuation. The graphite electrodes in the borehole within the plume 

will allow the localization of contaminants, microbial communities, electron donors, 

acceptors. This approach will assess whether the development of microbial communities on 

BES electrodes placed within plumes can identify areas of optimum microbial activity that 

can help monitor or aid the design of groundwater remediation strategies. 

 

The electrical output of BES 1 (clean area) is expected to be negligible due to no microbial 

growth on the electrodes. The highly grossly contamination in BES 2 (center) is expected to 

provide is an excess of electron donors with respect to available acceptors and thus not have 

the best output. The amended electrodes located in the boundaries of the contaminated plume 

(BES 3) is expected to provide a highly reducing and electron rich environment that transfer 

the excess of electrons in the installed cathode. 

 



Chapter 5. Field Scale Bio-electrochemical Systems 

126 
 

 

Figure 69 Expected behavior of BES operating in the site on interest. 
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5.6 Construction and monitoring of the field BES 

 

5.6.1 Sediment based BES 

 

5.6.1.1 Construction of the field BES 

 

Four identical and one blank cell were constructed. Each cell had an internal diameter of 1.5 

m and excavated 30 cm. 50 kg of biochar with sieved soil in proportion 1:5 covered the base 

of each cell. Cells filled with 12 loads of flat-top wheelbarrow volumes of sieved-soil mixed 

with biochar, producing a 7-8 cm covering layer. Additional sieved soil volume until fill a 15 

cm thick layer. The surface ground reconstructed with washed sand. Sampling points 

installed 20 cm below the soil-biochar barrier (70 cm from the cell center towards the point 

with high CH4 concentration). 

 

  

Figure 70 Cells configuration. The yellow square in the image indicates the point with 

higher CH4 concentration (at depth ~ 30 cm). 

 

Sampling points installed within and above the biochar-soil layer. Bentonite pulp at 

interfaces close the sampling ports (Figure 71c) to avoid mixing of sampled gas phases. In 

the case of the blank cell, the topsoil excavated and sieved as in the active cells but simply 

placed back into the cell, with no biochar addition or electrode installation.  
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Figure 71 (a) different layers; the white quadrilateral indicates the sampling ports (b) 

covering layer of biochar, (c) bentonite pulp at interfaces close to the sampling ports. 

 

In the case of the active BES cells, a massive graphite piece (cathode) attached at the center 

(Figure 72) of the excavated cells, connected to radial and circular trails of granular 

graphite. This structure was covered with sieved soil (7-8cm) and sand (completing 15cm). 

Two anode electrodes placed in different heights in each cell (Figure 72) within a unit not 

fully saturated, despite very wet according to the geological section.  

 

 

  

Figure 72 Cathodes installation: (a) massive graphite piece at the centre, connected to radial 

and circular trails of granular graphite, (b) Schematic representation of position of 

electrodes. 

 

The design and configurations of BES cells can be seen in Figure 73. BES-2 and BOX-1 

attempted to isolate effects of decay due to biochar sorption (BOX-1) from combined effects 
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of sorption and BES electron transfer (BES-2). BES-2R and BOX-1R are replicates of BES-

2 and BOX-1 respectively. BLANK (control cell) was a blank cell that identifies the sorption 

capacity of the biochar. The anode electrodes placed at 142, 93, 240 and 107 cm depth for 

BES2 internal anode, BES2 external anode, BES-2R internal anode and BES-2R external 

anode respectively. The height of each anode chose according to the height and thickness of 

the organic material present in each cell. BES -2R internal anode electrode can be used as a 

blank cell since it is placed at a layer with no organic content. For example, keeping it in 

open circuit and periodic tests with polarization curves. Outer (external electrode) should be 

kept as active, connected with the cathode at the surface. 

 

 

Figure 73 Schematic of BES Cells installation. 
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Figure 74 Layout of BES and BES-2R internal and external anodes 
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5.6.1.2 Monitoring the performance of the BES 

 

During the operation process, the change of the electrical responses over time was recorded 

to test the viability of the approach. The power curves measured with an Arduino-powered 

system. This is an approach that can be explored in lab experiments or improved when 

looking for automatically monitored cells. Madgetech Volt101 loggers used for storing the 

overall readings since the ability to store up to 2,064,384 readings make them ideal for long-

term studies. 

 

 

Figure 75 Sixteen channel relay box with resistors commuted with arduino-powered system 

and Madgetech logger measuring DC voltage. 

 

Additional to the electrical responses over time, CH4 emissions were recorded to BOX-1 and 

BOX-1R cells using a Figaro Air Quality Sensor for the detection of CH4 following van den 

Bossche et al (2017) setup for a low-cost gas sensor (Figure 76). The CH4 sensor 

programmed in Arduino, time-stamped using a Stalker’s real time clock, and written to a 

micro SD card (van den Bossche et al., 2017). To calibrate the sensor’s response with respect 

to CH4, a LI-7700 infra-red precision analyser used (LI-COR Ltd). This analyser had a 

sealed chamber which was supplied with variable CH4 atmosphere with simultaneous 

measuring in both systems (LI-7700 and Aurduino-MQ4 sensor) (Figure 77). The upper 

limit of MQ4 sensor was 10000 ppm. Above that results were degraded, and this was 

observed in some sampling ports. 
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Figure 76 CH4 sensor assembly used powered by a PINEG backup power bank. 

 



Chapter 5. Field Scale Bio-electrochemical Systems 

133 
 

 

Figure 77 Calibration of LI-7700 and Arduino-MQ4 sensor in variable CH4. The 

measurements were simultaneous in both systems. 

 

5.6.2 Contaminated Plume BES 

 

5.6.2.1 Electrodes design 

 

In the last decade, many works have been conducted in the emplacement BES due to the 

increased interest of the scientific community to utilize BES for practical applications 

(Santoro et al., 2017). However, the cost of a field-scale BES is still a limitation factor with 

bespoke core parts and components (Gajda et al., 2018). Here we show a simple, cost 

effective design that can be retrofitted into a borehole, consisted by standard, transparent, 

reusable PVC bailers and graphite tape. Identical graphite electrodes were installed inside 

clear-view bailers filled with Granular Activated Carbon (GAC) and placed in boreholes in 3 
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different locations in the area of interest. GAC was coupled with the electrodes as both 

sorption agent and high surface area material for the enhancement of the monitoring process, 

providing an economically viable solution in field scale applications. All BESs were active; 

one placed in clean borehole (SS1-OB1) as a control case, one placed as close as possible in 

the centre/core of the plume (SS4-OB4) and one in the fringe (BH3). Extensive analysis of 

SS1 in previous studies (Costeira et al., 2019) show the absence of contaminants and 

abundant of bacterial families dominated on site linked to hydrocarbon-contaminated 

environments. The electrodes were constructed from double layer graphite ribbon tape. 

Connecting wire was attached between the two layers of graphite strip simply by gluing 

them together with wire glue conductive adhesive. Prior to electrode installation water levels 

of the boreholes were taken, water parameters of the borehole water were measured. 

Groundwater samples were taken and stored immediately for chemical and microbial 

analysis to compare with the graphite electrode biofilm ecology. Graphite electrodes were 

installed down monitoring boreholes (piezometer dimensions: 50 mm diameter). All anodes 

installed at 9.75 m depth and 4.7 m and 4.1 m for the cathode electrodes placed in the centre 

and fringe of the plume respectively; while in the clean case the cathode electrode placed 

closely to surface acting as an air-cathode. The design of the electrodes can be seen in 

Figure 78. 
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Figure 78 Design of BES electrodes placed on site. 
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Figure 79 (a) The graphite tape connected to the wire, held inside clear-view PVC bailers, 

(b) constructed resistor boxes for fitting inside the boreholes. 

 

5.6.2.2 Monitoring the performance of the BES 

 

Following installation down the anode and cathode boreholes, the electrodes were allowed to 

equilibrate for a couple of days prior monitoring the voltage (Figure 80) in order to balance 

the charge and complete the electrical circuit (Elgrishi et al., 2018; K H Williams et al., 

2010). The cells operated at a constant resistor load of 10 kiloohms (10 kΩ). Periodical 

increase and increase of the external load occurred at selected days in order to calculate the 

polarization curves and assess the functionality of the BES as previously described in 

previous chapter. The external load was decreased exponentially from 10 mega ohms (10 

MΩ) until 10 ohms (10 Ω) and then back to the higher load every 2 minutes. 
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Figure 80 (a) Fully constructed electrode on site, (b) the electrode down the borehole, (c) 

downloading readings from the data logger in the field. 

 

5.6.2.3 Bacterial Community Analysis 

 

To study the bacterial communities, graphite tape samples with biofilm were taken (Figure 

81) after the removal of electrodes after 131 days of operation on site and added to 

PowerWater® Bead Tubes (Mo Bio Lab Inc). DNA was extracted from groundwater prior 

the installation and during the removal electrodes. The water samples filtered through glass 

microfiber filters GF/A with pore size 47 mm for the removal of sediments and then through 

nitrocellulose membrane filter 0.45 μm for the collection of bacterial community and added 

to PowerWater® Bead Tubes. The graphite electrodes were sampled at 10 cm intervals down 

the length of each electrode (Figure 81) and stored immediately to PowerWater® Bead 

Tubes. Tubes incubated with lysis solution overnight and agitation for breaking cells and to 

regulate measuring parameters prior the DNA extraction. The procedure followed is 

described in subchapter 3.3.4. 
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Figure 81 Extracting biochar samples and microbial DNA attached to the BES graphite 

sections. 

 

5.6.2.4 Chemical Analysis of groundwater 

 

Prior the choose of the selected boreholes, water parameters were measured across the site 

for the identification of the contamination level and as decision maker how and where 

degradation in the plume can be monitored, enhanced. After the selection for the installation 

of the BES groundwater from the each of the boreholes prior the installation and at the end 

of the experiment was analysed using 2-dimensional Gas Chromatography with a Flame 

Ionisation Detector (GCxGC FID) for detection of total petroleum hydrocarbons and Gas 

Chromatography with Mass Spectrometric Detector (GC-MS) for detection of semi-volatile 

organic compounds. GCxGC FID and GC-MS are powerful tools for environmental analysis 

and investigation of contaminant transformation (Lorenzo and Pico, 2017; Stauffer et al., 

2008). GCxGC FID and GC-MS analysis was performed by ChemTest in Newmarket, UK. 

 

5.6.1.5 Surface Area Analysis of GAC 

 

After the 131 days monitoring, the porous media from all the electrodes was collected, air-

dried and stored. The BET surface area of GAC (original and the samples from the 
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electrodes) was measured by a gas adsorption analyser (TriStar II 3020 Micrometrics). X-ray 

diffraction (XRD) analysis was performed to all GAC samples and to the initial untreated 

GAC on a Panalytical X’PERT PRO MDP diffractometer to examine any change in their 

structure due to precipitation processes. XRD is a rapid analytical technique primarily used 

for phase identification of a crystalline material and can provide information on unit cell 

dimensions. All samples were finely ground, homogenized before analysis. 
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5.7 BES Results and Discussion 

 

5.7.1 Sediment based BES 

 

Preliminary polarization curves helped in the optimization of the system and the electrical 

monitoring process (choose of proper external resistance). The low resistor part of the 

polarization curve (below 1 ohm) may be artificially high because using the nominal 

resistance values in the resistor box, not accounting for resistance of wiring and connections 

which may be higher in such cases. For example, if the resistance of the wires is about 1 

ohm, it gives unrealistic power output evaluation if computed to nominal resistances less 

than that. Since the polarization curve peaks about 100 ohms, there is no need to go further 

below 1-4 ohm. The lower power output in the polarization curve for the active cells may be 

require a longer interval for the cell recover the open circuit, also because they were 

connected for a week with low external loads (~ 6 - 20 ohm). Possibly keeping loads close to 

power peak of 100 ohms and wait a little for open circuit recovering may give us more 

realistic polarization curve for the active cells. In general, the cells are working as expected 

from a BES, with power of ~0.5 W with is high compared with published tests. 

 

In summary for the large-scale system in the Alto Tietê region in Sao Paulo, clear power 

curves have been observed and the current yield has been steady over the last months. These 

results are indicative that by connecting a buried organic material with the vadose zone, a 

biogeobattery with steady power output is generated. The power curves measured with an 

Arduino-powered system worked very well. This is an approach that can be explored in lab 

experiments or improved when looking for automatically monitored cells. Long-term 

monitoring, however, can become a problem. Failure in electrical connections and devices 

can cause failure in logging intervals. 
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Figure 82 Power curve of BES2. There is a notable peak in the curves of 77 and 83 days due 

to insertion of 2.5 kg of powder graphite at the cathode for enhancing the performance of the 

cell. 

 



Chapter 5. Field Scale Bio-electrochemical Systems 

142 
 

 

Figure 83 Power curve of BES2-Replicate. 

 

Many studies have shown the operation efficiency of BES at low as well as higher 

temperatures, within the range of 2°C up to 21°C (L. H. Li et al., 2013). In general, 

temperature is a crucial factor in the performance of BES for both contaminants’ removal 

and electricity production. The weather in Brazil varies, and the temperatures vary - average 

highs in the daytime are just short of 35°C, with nights at around 20°C. It's very humid too, 

as this is the height of the rainy season in Sao Paulo. Around 10 inches of rain can be 

expected each month, with rain every 1 in 2 days on average. The records of temperature and 

water content of soil ranges didn’t affect the current yield (Figure 84). 
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Figure 84 Current profiles of BESs with water content. There is no dependence of the 

current yield with soil moisture. 

 

Gas emission analysis showed a difference of CH4 production in BOX-1 and BOX-1R cells 

(Table 15). Results seem more qualitative suggesting than an induce attenuation is taking 

place but far away from to be a conclusive (quantitative) result. Moisture in the air from 

deeper ports may not properly removed and this probably may degrade data. Variations in 

BOX-1R deeper port suggest that CH4 production fluctuates along the days. The biochar 

layer seems to be effective in consuming such CH4 surplus by keeping the upper levels 

almost at the same level. This type of behavior suggesting the biochar barrier is working well 

but still many issues have to be addressed. Further work should consider the longer-term 

performance and monitoring, as well as further analysis of different types of biochars, i.e. 

controlling factors of suppress mechanism. 

  



Chapter 5. Field Scale Bio-electrochemical Systems 

144 
 

Table 15 CH4 emissions in ppm per volume. All measurements performed in triplicates and 

average values are presented.  X indicates measured values above sensor's sensitivity. 

 
BLANK BOX-1 BOX-1R 

Deep Medium Shallow Deep Medium Shallow Deep Medium Shallow 

21/04/2018 2995 163 11.7 9852 10.586 4.7 2776 3353 7.4 

28/04/2018 187.3 5.91 4.3 54.2 12.5 15.7 X 3983.3 31.2* 

07/05/2018 11.3 4.25 2.5 3.6 1.556 0.9 7404 153 2.4 

12/05/2018 8.4 3.49 1.8 2.7 1.706 1.1 X 74.36 4.0 

29/05/2018 3.5 1.35 0.8 0.5 1.92 0.8 X 6.36 1.2 

* Measurements with humidity (water trapped in the sampling tube). 

 

Methane production could also be enhanced by the biochar amendment in anaerobic soil. It 

has been reported that the addition of biochar in anaerobic treatment reactors increases the 

maximum production rates of hydrogen and methane, improves hydrogen and methane yield 

and shortens the lag period between the different anaerobic processes (González et al., 

2018). Biochar addition also enhances volatile fatty acid generation during hydrogen 

production (Cooney et al., 2016; Mumme et al., 2014; Sunyoto et al., 2016). These studies 

concluded that the role of biochar is to provide a porous substrate to support microbial 

metabolism and growth and promotes the methanogenic biofilm formation in the methane 

production stage. The efficiency of carbon modified anode materials has further been 

supported by Feng and Song (2016) for enhanced bio-electrochemical methane production. 

The monitoring of any potential anaerobic treatment phases (through the frequent 

measurement of volatile fatty acids, dissolved oxygen, hydrogen) was beyond the scope of 

this study, however it may have acted synergistically and is worthy of further investigation. 

 

5.7.2 Contaminated Plume BES 

 

5.7.2.1 Electrical monitoring 

 

One of the main hypothesis during BES design was the higher efficient of BES placed on the 

plume fringe compared with the other two locations that would have poor electrical outputs. 

The plume fringe BES had 194% higher electrical output than the control BES and 186% 

higher output than the centre plume BES during the monitoring period under 10 kΩ resistor 

operation. Figure 85 shows the effect of using a BES close to the fringe of the plume rather 

than in the centre through the measured voltage over time with BES 3 providing a higher 

signal. During the first days it is a clear lag phase to all BESs related with the adaption of the 

microbial community, followed an exponential growth phase and onwards it is expected a 
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stable population phase. It can be seen that the electrical responses of BES 3 reach a sharp 

increase after 20 days. This suggests that the BES 3 was rapidly colonized by degrading and 

electroactive microbes.  

 

Table 16 Average electrical output of BESs on site under 10 kΩ resistor operation. 

 Average Voltage (mV) 

BES 1 (control) 3.316 

BES 2 (plume centre) 7.611 

BES 3 (plume fringe) 219.587 

 

 

Figure 85 Voltage profiles of Bio-electrochemical Systems installed on site for 131 days 

monitoring. The selected points represent the measured voltage in 10 kΩ resistor operation. 

BES 3 is more effective in terms of voltage output. 

 

An almost linear drop in electrical response was observed for BES 1 (control) for the total 

period on site. BES 1 gave a high output with its installation, followed by linear drop 

compared with the other BESs that gave exponentially increased signals. The initial output 

shows the fast GAC saturation and onwards dropped drastically. Electrical variations were 
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recorded followed rainfall events, probably related with subsurface electrokinetic 

(streaming) potential from the motion of electrolytic fluids through the porous media. The 

groundwater by the flow during its path in the interconnected pores, carries with it electrical 

charges present at the mineral/water interface, generating an electric layer. Such electrical 

fields associated with groundwater flow are positive in the flow direction and have only 

minor component, up to 50 mV max (Revil et al., 2003) controlled by the spatial or temporal 

variation of the piezometric head. The exact magnitude is depending in the height of the 

piezometric head (Revil et al., 2003; Revil and Jardani, 2013). This can also be supported by 

comparing the voltage output of BES (Figure 86) and the average rainfall (Figure 87 

Average rainfall amount (mm) and rainy days on Belfast during operation period of BES on 

Gasworks site. Data retrieved from https://www.worldweatheronline.com/.) in the wider area 

of Belfast during the operational period. 

 

 

 

Figure 86 Voltage output of BES 1 during the operational period. 
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Figure 87 Average rainfall amount (mm) and rainy days on Belfast during operation period 

of BES on Gasworks site. Data retrieved from https://www.worldweatheronline.com/. 

 

https://www.worldweatheronline.com/
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Figure 88 Current curve of BES 1. Inert graph represents the current values of BES 1 with 

resistance of 10 kΩ, taken same day with the polarization curve measurements. 

 

In BES 2, the highly grossly contamination was a major limitation of biodegradation and as 

result not be able to provide a high and stable signal. This is also in agreement with Kim et 

al. (2007) who argued the effect of toxixity of contaminants in bio-electrochemical systems. 

High toxicity of contamination, including heavy metals, can inhibit bacterial metabolism and 

electron transfer mechanism, which results in a reduced electrical output (Kim et al., 2007). 

The electrical responses of BES 2 support the theoretical concept of electron acceptor 

depletion and inhibition of bacterial metabolism in the plume center. The responses showed 

a stable but low increase in the measured current and power that is not noticeable in the 

voltage profiles due to the over performance of BES 3. In Figure 89 it can be seen a 
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significant change after 65 days of operation indicating that a longer time frame might be 

required in the case of retrofitted substrates close to the plume core. 

 

 

Figure 89 Current curve of BES 2. Inert graph represents the current values of BES 2 with 

resistance of 10 kΩ, taken same day with the polarization curve measurements. 

 

In Figure 90 and Figure 92, the calculated current and power outputs of BES 3 respectively 

during the measurements across a wide range of resistance options are presented. The BES 3 

was more effective than the other BES on site in terms of current and power output that is 

related with the maximum microbial biodegradative activity occurring at the plume fringe. 

There is a clear lag phase to BES 3 on first week related with the adaption of the microbial 

community, followed an exponential growth phase between days 9 to 13 and from day 21 

and onwards a stable population phase, until day 120 which seems to start reaching a death 
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phase. Similar with the lab BES approach, the BES’s increased response is enhanced by the 

additional surface area of the GAC within the bailers. The average current output of BES 3 

was 20 μA during 131 days in the operational conditions. 

 

 

Figure 90 Current curves of BES 3. Inert graph represents the current values of BES 3 with 

resistance of 10 kΩ, taken same day with the polarization curve measurements. 

 

Current curve over days (inert graph of Figure 90) shows a clear fit to Monod’s growth 

curve (Monod, 1949) but also, to typical microbial growth during bacterial cultivation on 

batch experiments (Figure 91). Monod, (1949) developed a mathematical model for the 

growth of microorganisms in an aqueous environment taking into account also nutrient / 

growth factors (e.g. organic matter or oxygen) which widely used in environmental 
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engineering applications. This is also noticeable in the voltage profiles of the BES during the 

monitoring period (Figure 85). Monod’s equation proves also that when the ratio of the mass 

of microorganisms to the mass of substrate utilized is very large, (deficiency of available 

substrate) there is no efficient growth. There are also more recent models describing the 

stationary phase not as a truly steady phase but as a continuous non-linear pattern of drops 

and re-growth of cells (Lavric and Graham, 2010) due to the simultaneous birth and death of 

cells. However, this is not noticeable from our electrical output. 

 

 

Figure 91 Typical bacterial growth curve (modified from Abu Shmeis, 2018). 
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Figure 92 Power curve of BES 3. There is a noticeable increase after 20 days. 

 

5.7.2.2 Bacterial Community Analysis 

 

The bacterial communities have been sampled and analysis of the bacterial taxonomic 

diversity results of gasworks samples at phylum and family level are been expected for 

further verification. 
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5.7.2.3 Chemical Analysis 

 

Table 17 shows the results of the GC-FID analysis of the groundwater prior the installation 

and afterwards. SS4 had high levels of aliphatic and aromatic hydrocarbons (Total TPH 

29000 μg/L). The majority of the contamination was in the lighter aromatic fractions, which 

is characteristic of a carbureted water gas (CWG) process. Here we see increase ammonium 

degradation which can limit the aerobic degradation of organic contaminants by 

preferentially sequestering oxygen, and it often defines the aerobic/anaerobic boundary of a 

plume fringe. Aerobic ammonium oxidizer Nitrospira and members of Phylum OD1 were 

found at gasworks site in previous study (Costeira et al., 2019). Thus, the microbially 

mediated transformation of ammonia to nitrite and nitrate is likely to promote a well-defined 

electrochemical gradient within the plume that also helps to maintain its steady state. 
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Table 17 Aliphatic and aromatic hydrocarbons concentrations in μg/L and Ammonium concentrations in mg/L. 

TPH CWG & Ammonium 
BH3.D BH3.S SS4 OB4 SS1 

Prior After Prior After Prior After Prior After Prior After 

Ammonium 2.5 0.40 1.0 0.087 32 7.7 4.9 0.58 0.23 < 0.050 

Aliphatic >C5-C6 < 0.10 < 0.10 < 0.10 < 0.10 < 0.10 < 0.10 < 0.10 < 0.10 < 0.10 < 0.10 

Aliphatic >C6-C8 < 0.10 < 0.10 < 0.10 < 0.10 < 0.10 < 0.10 < 0.10 < 0.10 < 0.10 < 0.10 

Aliphatic >C8-C10 < 0.10 1500 < 0.10 < 0.10 65 1600 < 0.10 < 0.10 < 0.10 < 0.10 

Aliphatic >C10-C12 < 0.10 120 < 0.10 < 0.10 52 720 < 0.10 69 < 0.10 < 0.10 

Aliphatic >C12-C16 < 0.10 610 < 0.10 < 0.10 < 0.10 550 < 0.10 400 < 0.10 < 0.10 

Aliphatic >C16-C21 < 0.10 < 0.10 < 0.10 < 0.10 < 0.10 < 0.10 < 0.10 770 < 0.10 < 0.10 

Aliphatic >C21-C35 < 0.10 < 0.10 < 0.10 < 0.10 < 0.10 < 0.10 < 0.10 760 < 0.10 < 0.10 

Aliphatic >C35-C44 < 0.10 < 0.10 < 0.10 < 0.10 < 0.10 < 0.10 < 0.10 < 0.10 < 0.10 < 0.10 

Total Aliphatic Hydrocarbons < 5.0 2200 < 5.0 < 5.0 120 2900 < 5.0 2000 < 5.0 < 5.0 

Aromatic >C5-C7 520 7800 < 0.10 < 0.10 3600 2600 < 0.10 < 0.10 < 0.10 < 0.10 

Aromatic >C7-C8 73 2400 < 0.10 < 0.10 4700 3500 < 0.10 < 0.10 < 0.10 < 0.10 

Aromatic >C8-C10 270 2000 91 170 7800 3000 < 0.10 < 0.10 < 0.10 < 0.10 

Aromatic >C10-C12 220 2400 180 190 10000 2100 < 0.10 < 0.10 < 0.10 < 0.10 

Aromatic >C12-C16 61 700 300 290 2200 700 < 0.10 89 < 0.10 < 0.10 

Aromatic >C16-C21 < 0.10 < 0.10 9.6 < 0.10 250 < 0.10 < 0.10 34 < 0.10 < 0.10 

Aromatic >C21-C35 < 0.10 < 0.10 < 0.10 < 0.10 < 0.10 < 0.10 < 0.10 150 < 0.10 < 0.10 

Aromatic >C35-C44 < 0.10 < 0.10 < 0.10 < 0.10 < 0.10 < 0.10 < 0.10 < 0.10 < 0.10 < 0.10 

Total Aromatic Hydrocarbons 1100 15000 580 650 29000 12000 < 5.0 270 < 5.0 < 5.0 

Total Petroleum Hydrocarbons 1100 17000 580 650 29000 15000 < 10 2300 < 10 < 10 
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The BES 1 (SS1) is dominated by aliphatic and aromatic hydrocarbon concentrations below 

the detection limits which can also correlated with the low average current production during 

the 10 kΩ operation (~1.35 μA). The BES 2 (SS4) show high reduction removal for all the 

aromatic fractions and TPH but the average current production (~0.99 μA) during the 10 kΩ 

operation was lower than BES 1. The BES 3 (BH3) show increased TPH after the treatment 

period, probably related with breakdown and cleavage for the majority of the hydrocarbon 

fractions which have yet to degrade, and the higher current production (~21 μA) during the 

10 kΩ operation. It is worthy to be noted that retrofit a BES into contaminated ground does 

not necessarily generates a biogeobattery with steady power. As it is clear from all the 

results, the retrofitted wire-connected electrodes between the high organic matter (plume 

centre) and the overlying oxygen-rich layers not only don’t appear any sign of significant 

degradation but also not a steady power output is generated. Indeed, a contaminated plume is 

an area of high gradient of redox potential (redox reactions of the plume and availability of 

additional terminal electron acceptors in water table) and an electronic conductor for electron 

transfer (e.g. graphite electrodes) is a key element for bridging electrochemical processes. 

However, this is not the case in the plume centre. 

 

5.7.2.4 Surface Area Analysis 

 

BET surface area analysis didn’t not reveal any significant differences between the initial 

GAC and the treated ones (Table 18). The groundwater flow in the electrodes is not brought 

change in GAC’s physical characteristics. The measured values are similar with the 

published data and with the result of Chapter 3. Changes in the surface area of anode 

electrodes are related with sorption, while changes in the surface area of cathodes are related 

with precipitation. As it has been shown in other studies contaminant removal in BES is 

dominated by sorption and oxidation at anode and by precipitation and reduction at cathode 

electrodes (Colantonio, 2016; Ezziat et al., 2019). BES 2 was more contaminated but had 

less surface area (754.42 m2/g) impacted compared with BES 3 (739.24 m2/g). The lower 

surface area available in BES 3 could be an indication of increased microbial growth / 

biofilm on the electrode’s surface. Scanning Electron Microscopy (SEM) was beyond the 

scope of this study, however it could provide additional proof of that argument and is worthy 

of further investigation. 
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Table 18 BET Surface Area of GAC samples. 

GAC - Untreated 766.9098 m2/g 

GAC – BES 1 Anode (SS1) 770.2175 m2/g 

GAC – BES 1 Cathode (OB1) 733.4873 m2/g 

GAC – BES 2 Anode (SS4) 754.4243 m2/g 

GAC – BES 2 Cathode (OB4) 758.5940 m2/g 

GAC – BES 3 Anode (BH3.D) 739.2385 m2/g 

GAC – BES 3 Cathode (BH3.S) 751.5286 m2/g 

 

The XRD diffraction results (Figure 93) indicate that the crystalline minerals in each sample 

are prominently quartz and calcite however the main part of the material is either amorphous 

minerals or organic content. From the XRD we cannot do any quantitative interpretation, but 

we see that there is a change of the crystalline phase from the untreated sample and 

everything else. The change of the peaks as to the initial sample implies that the grain size 

increased, which confirms the presence of adsorption during the experiment period. 

 

 

Figure 93 XRD patterns of the untreated GAC and the GAC samples harvested from the 

electrodes after the monitoring period. 
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Principal component analysis was applied to XRD data in the 2θ range 10-50°. All data 

points from XRD were normalized by a centered log ratio and PCA analysis performed by R 

software. The PCA is plotted on 2 axes (Figure 94); the y axis or Principle Component 1 

(PC1) highlights the amount of precipitation. This is correlated with the BET measurements. 

Thus, the higher the free pore space of GAC, the more positive should be the value on the 

PC2 (GAC Untreated > OB4 > BH3.D > BH3.S > SS1 > OB1 > SS4). Some of the measured 

BET don’t follow precisely this pattern, probably related with overestimation of the surface 

area during BET analysis of GAC due to enhanced adsorption in micropores (Rouquerol et 

al., 2007). The second Principle Component (PC2) on the x axis is probably related to 

aerobic and anaerobic conditions present in each borehole. 

 

 

Figure 94 Principal Component Analysis of XRD data, PC1 (y axis) is dominated by amount 

of precipitation, PC2 (x axis) is dominated by anaerobic conditions. 

 

Visual evidences of reddish precipitates (Figure 95) suggest oxidation of GAC impregnated 

with iron in borehole OB1. Similar behaviour observed in all BES cathodes but not in such 

noticeable scale. The highly aerobic environment of the cathode in BES 1 and absence of 

organic compound in the anode leaded in the increased reduction of oxygen or iron oxides. 

Metal-reducing proteobacterium present in SS1 (Costeira et al., 2019) confirms the 
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metabolically utilization of iron oxides as a terminal electron acceptor, reducing Fe (III) 

oxides to Fe (II). Furthermore, the aerobic water from rainfall results in the additional 

oxidation of already reduced iron compounds in the cathode allowing the continuous iron 

cycling as it follows: 

 

𝐹𝑒2+ + 𝑂2 + 4𝐻+ → 𝐹𝑒3+ + 2𝐻2𝑂 

 

 

Figure 95 GAC samples from the interior of each electrode. It can be seen that OB1 (air-

cathode) undergo the greatest oxidation compared with the rest samples. 
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5.8 Conceptual models 

 

5.8.1 Sediment based BES 

 

Methane is primarily produced in water-logged anoxic soils by methanogenic archaeavia 

methanogenesis. Conversely, well-aerated upland soils are biological sinks for atmospheric 

CH4 (Dunfield, 2007). Soil CH4 uptake is driven by microbial oxidation of CH4 by 

methanotrophs from groups including α- and γ-proteobacteria, a group of obligate aerobic 

bacteria some of which feed solely on CH4 and others, along with genera such 

as Methylocella and Methylocapsa, that are facultive methanotrophs (Knief, 2015; Pratscher 

et al., 2011). Generally, both processes – methanogenesis and methanotrophy – can occur 

simultaneously in micro-sites within the soil, or can be stratified with CH4 production 

occurring in more highly anoxic depths, and CH4 consumption occurring in overlaying 

oxic soil horizons (Serrano-Silva et al., 2014). Methanogenesis could be surpassed by 

electrogenesis in a BES only if the organic matter used as substrate is deficient, since anoxic 

conditions are favoured by sufficient quantity of organic matter, subsequently favour CH4 

production. Since CH3COOH is an easily degradable organic substrate, a considerable 

amount of it can converted directly to electrons and carbonic acids (Figure 96) instead of 

methane, which contributes to lower methane production. BOX cells also showed an induced 

methane attenuation with effective consumption of CH4 surplus in biochar layers. It is thus 

concluded that a combined BES and BOX cell could give us the most efficient for 

consuming the surplus of CH4 emissions on site and it is proposed as treatment mechanism. 

 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/archaeon
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/genus
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/soil-horizon
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Figure 96 Schematic representation of BES mechanism on site. The anode enhances the 

electron transfer from the bio-electrochemical acetate oxidation, while the cathode facilitates 

the transfer from the electrode to methanotrophs. 

 

5.8.2 Contaminated Plume BES 

 

The presence of electrogenic bacteria and degraders (Costeira et al., 2019) within the plume 

indicates the ability of indigenous microbial community to produce and transfer electrons at 

the plume fringe. These observations point to the existence of a possible biogeobattery 

driven by the microbial interactions and the degradation of the contaminants. The shallow 

aerobic water body containing waste mainly from demolition works acts as the abiotic 

cathode, while the thin clay layer across the site separates it from the contaminated, oxygen-

depleted groundwater plume. However, additional investigations should be conducted for 

such an argument. The installation of BES can only promote this assumption by bridging 

these two redox couples. Further support for our assumption can be given from the installed 

BES on site. 

 

The electrical monitoring shows that the systems responded as expected with some important 

insights into the selected locations and the importance their identification prior the 

installation. When the BES 1 (control) electrodes were installed microbial growth on the 

electrodes had not occurred and thus voltage was negligible. In BES 2 (plume centre) due to 

the highly grossly contamination there is an excess of electron donors with respect to 
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available acceptors. BES 2 performance could be improved under amended conditions, such 

as coupling BES with an oxygen release compound for acceleration of the biodegradation. 

The BES 3 located in the boundaries / fringe of the contaminated plume is characterized by 

excess of electrogenic bacteria and degraders (Prommer et al., 2006). The optimized 

degradation at the fringe is what would be expected from a steady state plume such as this 

one (Doherty et al., 2015b; Meckenstock et al., 2015).  The anode of BES 3 was highly 

contaminated with anaerobic degraders utilizing the contamination as substrate. This resulted 

in a highly reducing and electron rich environment that transfer the excess of electrons in the 

cathode. The anode electrode was colonized by diverse range of microorganisms, including 

phylum which have been implicated in microbial EET within BES. The surrounding 

uncontaminated groundwater was replenishing the electron acceptors, resulting a microbial 

proliferation (Thornton et al., 2001). In all BESs, no attempt was made to harvest the 

electricity produced rather the electrode gives an indication of where the plume fringe is 

located and whether its microbial ecology is suited to degradation. From such a simple 

technique as sampling the microbial ecology across large electrodes within contaminant 

plumes further decisions can be made about how and where degradation can be monitored, 

enhanced or designed using larger or more active BESs. 
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Figure 97 Conceptual model of BES operation on site. BES 3 (plume fringe) is illustrated. 
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5.9 Conclusions 

 

The Technology Readiness Level in most of the current works on bio-electrosynthesis and 

bio-electrochemistry, including BES seems to be still very low (< TRL6), in the proof 

principle phase (TRL1-TRL4) (Holtmann and Harnisch, 2018). Although there are 

quantitative studies, especially in lab scale, there is lack or limited provided data to 

stakeholders to estimate the potential for industrial applications. Additionally, most of the 

lab scale studies are focusing in synthetic or low concentration feedstocks (Cecconet et al., 

2020) making BES a not so appealing choice from engineer community. There are many 

open questions associated with the sediment-based BES that were not addressed with this 

study, but some important issues were highlighted. BESs can be engineered at a larger scale; 

we provide some installation guidelines and monitoring schemes. The automatization of 

polarization curve acquisition may be useful in many cases. Power output is not conditioned 

by surface temperature / moisture and there is clear evidence of the improved cell 

performance due to the enhanced cathode area (powder graphite). 

 

This study is a proof of concept which demonstrates that unamended graphite can be 

colonized and electronically utilized by a phylogenetically diverse range of microbial 

communities in a contaminated groundwater plume. Furthermore, the change in population 

across the electrode reflects the position of the plume fringe and highlights where 

degradation can be optimized electrode technology in the subsurface. The large field scale 

indicates the viability of this technology for the development of field-scale BES technology 

as a sustainable remediation tool either for monitored natural attenuation or enhanced 

remediation processes. This is significant for other contaminated sites which may also 

support electrogenic microbial communities which may be capable of such colonization 

without substrate amendment.  Future work is needed to optimize the design of the BES for a 

biosensor to monitor microbial activity. Further research into the potential electrogenic 

activities of communities identified in this study will lead to a better understanding of the 

complex microbial interactions associated with natural attenuation of groundwater plumes. 
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5.10 Applications, Recommendations and Future Work 

 

5.10.1 Applications 

 

This study indicated the viability of a large scale in situ BES as enhancement and monitoring 

technique using retrofitted graphite electrodes to support bacterial growth and electrogenic 

interactions. The ability to retrofit pre-existing boreholes with simple and in-expensive 

electrodes makes this an attractive approach to monitoring bacterial populations. This allows 

the BES to act as a tool for monitoring natural attenuation is a sustainable and low-cost 

manner. The sediment-based study indicated that by connecting a buried organic material 

with the vadose zone, a biogeobattery with steady power output could be generated. The 

system didn’t produce high electrical power due to inherent limitations, such as the internal 

resistance of the set-up. Therefore, it may not be efficient the use of such a large-scale BES 

for massive energy production, but this does not preclude their application for waste 

treatment. 

 

5.10.2 Recommendations 

 

Extending bacterial community and chemical analysis in the site in Brazil would allow us to 

identify the exact mechanisms on site and enhance the adaptive fitness of our cells. The 

monitoring of any potential anaerobic treatment phases through the frequent measurement of 

volatile fatty acids, dissolved oxygen and hydrogen is worthy of further investigation. 

 

The BES placed closer to the plume core ideally it should have run for longer. This may 

have resulted in an increase in electrical response from a more stable colonized community 

on the electrodes. However, we intended to compare the results of BESs in different parts of 

the plume migration. 

 

5.10.3 Future Work 

 

Future work is needed to optimize the BES design. BESs have the potential to be a non-

intrusive monitoring tool in management and planning of remediation strategies and 

processes. Qualitatively there was a confounding correlation in the degradation factors of 

BTEX compounds and could be the focus of a future study. The Arduino-powered system 

approach used should be explored more in lab and improved when looking for a self-

sustaining automatically monitoring system. Future research using multidisciplinary methods 

are necessary to elucidate the methane production in a methane-driven BES.  
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Chapter 6. Post Restoration Monitoring 

 

6.1 Aim and Objectives 

 

This chapter considers the applicability of electrical geophysical methods to assess peatland 

health at a restored, actively degrading and an intact (control) location within the Garron 

Plateau at Northern Ireland. One big concern the last years is the restoration of peatlands 

since in 1960’s artificially drained peatlands to lower water level and improve agricultural 

production but afterwards it has been discovered that this had several environmental impacts 

and the natural restoration begun. Moore et al. (1996) state several reasons why it is 

important to record and monitor progress in peatlands restoration. Monitoring techniques 

used must be closely related to the restoration goals and objectives. Measuring a variety of 

physicochemical parameters is significant for peatland restoration. Indicators to assess the 

status / health of a peatland could be the reestablishment of the water table depth or the 

hydrological regime or the organic content. A high organic content is indicative of a healthy 

(intact) peatland. Actively accumulating peatlands dominated by high natural organic content 

by the humification of plants under water saturated and anaerobic conditions, while degraded 

/ drained peatlands dominated by the decomposition and loss of organic content. The Garron 

Plateau is the most extensive area of blanket bogs (4627 ha) in Northern Ireland, composed 

of a series of raised and flushed peat bog units and a number of oligotrophic (low primary 

productivity / low nutrient content) lakes. Raised bogs are discreet, raised, dome-shaped 

masses of peat occupying former lakes or shallower depressions in the landscape and 

generally contain deeper deposits (~ 4-8 m) and mainly supply of water and nutrients come 

from rainfall. Preliminary studies have demonstrated the use of geophysics for this purpose 

(McAnallen, 2018; McAnallen et al., 2018). There is a growing recognition that the 

integration of geophysical measurements into hydrological, process-based watershed studies 

could significantly advance our understanding of dynamic hydrological processes, especially 

at intermediate scales, such as in small watersheds to small basins. Geophysical studies can 

be used to improve the understanding of stratigraphy, hydrogeology and hydrochemistry of 

peatlands (Slater and Reeve, 2002). Near surface geophysics is a strengthening discipline 

within which hydrogeophysics is emerging, dealing with the application of geophysical 

methods to investigate subsurface hydrological and microbiological processes. Different 

microbial environments (aerobic-degraded, anaerobic accumulating) produce different 

geophysical signatures due to microbial changes in the peat structure. Through an analysis of 

three commonly applied electrode arrays, this chapter provides insight as to the best 

performing electrode configuration for near surface geophysical analysis of blanket 
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peatlands and an insight to biogeophysical mechanisms happen in the peat itself. To achieve 

the above aim, electrical resistivity and induced polarization measurements are carried out 

and correlated with the water level, moisture and organic content to reveal varying peatland 

health characteristics. 

 

6.2 Introduction 

 

The final stage in the remediation of any degraded or contaminated site is the post 

remediation / restoration monitoring stage. Normally, this stage would be planned from the 

outset as an integral part of the overall site remediation plan. As such it will be refined in 

conceptual site model that contains all information gathered in earlier stages (CLR11, 2004). 

However, in some cases it can be a stand-alone step. This could occur when the final 

monitoring is carried out a long time after completion of the remedial works or when this 

monitoring is carried out independently. At this point it should be noted that treatment 

process of peatlands does not aim to the remediation of peats but to bringing them back to 

their original state; therefore, from this point forward the term restoration will be used 

instead of remediation. Comprehensive post restoration monitoring should provide 

information that the conditions of the restored area comply with the restoration design 

criteria and that no further remediation activities are required. Sufficient measurements, 

including scanning, and samples need to be taken from the area of interest in order to 

characterise the condition of the site. 

 

Geophysical approaches do not completely replace laboratory analyses, but reduce the 

quantity required. Laboratory analyses can take both considerable time, e.g. one or more 

weeks, for testing and return of data, and be expensive relative to labour costs. Hence, their 

use should be optimised. Their samples would require digging and special shipping and 

handling considerations. Geophysical monitoring can allow decisions to made about surface 

properties in conjunction with sampling approaches. Electrical Resistivity Tomography 

(ERT) is one of the most widespread geophysical methods designed to measure the potential 

difference caused by injection of electrical current into the earth (Günther and Rücker, 2012) 

in 2D, 3D or even collecting time lapse (4D) data. Some typical applications of the ERT 

method are the mapping of buried wastes and structures, characterization and monitoring of 

contaminant plumes (Ntarlagiannis et al., 2016), geological characterization and especially in 

the hydrogeological investigations, such as moisture content (Zhou et al., 2001), 

groundwater quality (Ogilvy et al., 2009), groundwater-surface interactions (Cardenas and 
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Markowski, 2011), saltwater intrusion (Nguyen et al., 2009) and monitoring rising and 

falling water levels. 

 

The main parameter calculated by ERT is the bulk resistivity. The electrical resistivity 

expresses the difficulty with which a material conducts the electric current. The bulk 

resistivity represents a diffusion-controlled pathway at the grain surface (solid phase 

resistivity) – fluid / electrolyte interface (fluid phase resistivity) or even gas interface (gas 

phase resistivity). An important aspect of this is that resistivity generally depends on the 

hydrogeological conditions of the study area, the chemical composition of the water and the 

concentration of dissolved ions therein, the pore size of the formations, the possible bursts 

and incisions, temperature and pressure. The factors that affect and consequently regulate 

electrolytic treatment, and therefore the resistance of the subsurface, are variable, depending 

on the percentage and composition of the water circulating in the porosity (primary or 

secondary) of the subsoil rocks. The number of factors, as well as the frequent change of 

some of them, results in significant fluctuations in the values of electrical resistance, even 

within the same geological formation depending on the prevailing conditions. Sedimentary 

rocks, which are more permeable and may accommodate higher water content, are generally 

of relatively low strength. Concentrated rocks have intermediate and higher values of 

resistances and their final value depends on their degree of stress (tectonics, decomposition, 

etc.) and liquids that contain both primary and secondary porosity. 

 

The common principle of all electrical methods is to induce an electrical current into the 

earth and monitor signals, normally at the surface, generated by the current distribution. The 

distribution of electrical resistivity is calculated from the potential difference within a 

particular medium and on the geometrical position of four electrodes in the space. A constant 

current (I) is applied via two current electrodes and then by measuring the subsequent 

voltage (Vp) difference at two potential electrodes. It is not easy to directly calculate the 

specific resistivity, p, by electrical measurements since it has to be corrected as far as 

possible for all environmental effects and surrounding effects. For this reason, a physically 

non-existent quantity is initially calculated which is called apparent resistivity (pa), which is 

used to determine the actual specific resistivity and corresponds to the sensitivity of the 

subsurface if it was homogeneous. The subsurface is not homogeneous so that the actual 

specific resistivity can be easily calculated, that is, by simply applying the Vp/I ratio. 

Therefore, more complex methods are needed to determine the distribution of resistivity. 

These methods are based, on the one hand, on electrical quantities measurements and on the 

other hand, on theoretical relationships that express the model of the geoelectrical structure 

of the subsurface and whose relationships must be determined. These methods are based on 
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the concept of apparent resistivity. If the specific resistivity is not constant but varies on the 

surface layers, as in reality, it will depend on the positions of the electrodes and will vary 

when the distances of the electrodes vary. This value will no longer represent the actual 

resistor and is therefore called apparent resistivity. 

 

 

Figure 98 Principle of electrical measurements between current and potential electrodes. 

 

The response (Vp/I) is known as the transfer resistance and is multiplied by a geometric 

factor (K) that accounts for the layout and distances of electrodes to calculate the apparent 

resistivity (pa) as defined below: 

 

𝑝𝑎 = 𝐾 ∙
𝑉𝑝

𝐼
 

 

The way in which current and potential electrodes are arranged in space to measure apparent 

resistivity is called electrode array. There are many ways in which the four electrodes can be 

connected together to perform the measurement. For the sake of simplicity and ease of use in 

both the practical application and the interpretation of the data, mainly linear configurations 

are used in which the electrodes are positioned on an imaginary line with defined spacing. 

The choice of a particular array configuration depends on the requirements of the research, 

the objectives, the maximum depth of structures under consideration, the maximum desired 

vertical and horizontal resolution, the different sensitivity of each configuration to different 

environments, the signal-to-noise ratio of each configuration, and the ability to access and 

position electrodes at the desired locations. The signal-to-noise ratio is directly related to the 

geometric factor (K) as its values reflect the range of potential differences that can be 

measured with a particular device. Low geometric factors mean high dynamic values and 

therefore good signal to noise ratio. According to the above, one of the basic features of the 
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devices is the geometric factor, which is uniquely related to the distances between the 

electrodes. 

 

 

Figure 99 Basic electrode arrays. A and B are the current electrodes while M and N are the 

potentials electrodes. 

 

Main differences between the most commonly used configuration arrays are summarized 

below: 

• Wenner: The M, N potential electrodes are positioned between the electrodes A, B. 

The distances between the electrodes are equal to a. 

• Schlumberger: The current electrodes are located more than the distance of the 

potential electrodes. 

• Dipole-Dipole: Current electrodes are in distance from potential electrodes. The two 

dipoles have a fixed distance equal to α (AB = MN = a), while the distance between 

them is na. 

• Pole-Dipole: The potential electrodes are located between the current electrodes, but 

one of the current electrodes, usually B, is located much further than the other three 

electrodes. Thus, the distances BM and BN are considered infinite. 
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• Pole-Pole: This arrangement is obtained by moving apart the current electrode B and 

one of the potential electrodes, at least N, infinitely distant from the other electrodes 

A, M. 

 

ERT provides information on both lateral and vertical change of resistivity. One of the main 

features of the method is that it receives a large number of measurements containing useful 

information. This increases the resolution and spatial analysis of the method. Figure 100 

illustrates the two-dimensional dipole-dipole arrangement for a 20 electrode array, as well as 

the two-dimensional representation of the data. Each resistivity value is assumed to be 

positioned at the intersection point of two straight lines having the centre of the current and 

potential dipoles respectively and forming an angle of 45 ° to the horizontal plane. 

 

 

Figure 100 Schematic diagram of multi-electrode system for a 2D electrical survey 

(https://seg.org). 

 

The quality of the collected data in a given area depends on the reliability of the measuring 

instrument, but also on a number of other factors that create noise in the data. One of the 

factors that cause noise in the data may be the incorrect placement of the electrodes, as the 

incorrect calculation of the geometric factor will also affect the apparent resistivity values. 

Additional errors in measurements can be caused by poor contact and / or high ground 

resistance, poor quality or damaged cables, exogenous environmental noise (telluric currents 

and power lines). Some of the reasons mentioned above may be completely random, so 

errors may not have a specific distribution. An additional factor may be electromagnetic 

coupling. When a power transmitter is switched on or off then the phenomenon of 

https://seg.org/
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electromagnetic induction occurs between the transmitting and receiving cables. Coupling 

increases with frequency, electrode layout, cable length and ground conductivity. 

Instruments that use different cables to transmit and receive the signal are less affected (e.g. 

dipole-dipole and pole-dipole). Intense topographic changes can cause the current lines to 

spread or concentrate, resulting in low and high resistivity regions respectively. Thus, areas 

with a slope greater than 10° can cause significant errors. The effect of topography to the 

extent practicable can be modelled and taken into account when processing data. 

 

ERT has been commonly applied within a variety of environmental studies, with several 

ones noting particular success for peatland analysis (Munoz-Castelblanco et al., 2012; 

Samouëlian et al., 2005; Youssef et al., 2012). Within such studies, a common observation 

had been that the resistivity decreases as the water content in the peatland complex increases. 

This observation was supported by McAnallen (2018) for the Garron Plateau, albeit to a less 

obvious extent that may perhaps be due to the reduced resolution of the data provided by a 

large spacing 1.5 m between the electrodes. 

 

The Induced Polarization (IP) method is an extension of ERT method. It has been observed 

that when current is injected into the ground, the ground charges up, or polarizes, like a 

capacitor. When a current transmitted to the substrate with two current electrodes and it is 

abruptly turned off, there is an induced charge that takes a finite time to dissipate. The 

voltage at the two potential electrodes does not reset immediately, but, after undergoing a 

sharp significant decrease, then begins to exponentially decrease over time and takes several 

seconds (or even minutes) until this voltage is reset completely. The time taken for the 

charge to build up (or dissipate) varies not only with the chargeability of the ground, but also 

with the frequency of the applied current (Slater & Lesmes, 2002). Induced polarization (IP) 

methods have repeatedly been shown to provide more diagnostic information on organic 

contamination than conventional ERT method, including (bio)degradation processes (E. A. 

Atekwana and Slater, 2009; Ntarlagiannis et al., 2016). The phenomenon of induced 

polarization characterizes the degree to which the subsurface is able to store electrical 

charge, analogous to a capacitor (Sumner, 1976). This polarization occurs [1] at the interface 

between a metal and a fluid (electrode polarization), [2] at the interface between a non-metal 

(e.g. silica or clay minerals) and a fluid (membrane polarization), [3] in the inner dielectric 

boundary layers on a mesoscopic scale, or at the external electrode-sample interface on a 

macroscopic scale which leads in both cases to a separation of charges (Maxwell-Wagner 

polarization), [4] in the inner part of the electrical double layer at the interface between 

minerals and water (polarization of the Stern layer), and [5] in the outer part of the electrical 
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double layer (polarization of the diffuse layer) (Kemna et al., 2012; Leroy et al., 2008; 

Lesmes & Morgan, 2001; Marshall & Madden, 1959; Schmutz et al., 2010). 

 

The first source (electrode polarization) of IP occurs in metallic mineral grains found in 

porous media. When the two electrodes are inserted into the porous medium where there is a 

metallic grain, positive and negative charges accumulate to the right and left of the grain, 

resulting in opposite charges (ions) on both sides of the grain. When the current is set to 

zero, the ions begin to diffuse, but until they return to their former state some time elapses 

during which the grain acts as an electrical source whose voltage decrease exponentially with 

time. The source of this induced polarization is of geophysical interest for the identification 

of mineral deposits. The second source (membrane polarization) is the tendency created on 

the contact surfaces of some rocks (e.g. clay) with electrolytes composed of porous media 

with water. These rocks have on their contact surface with the electrolyte accumulated 

negative ions which attract a cloud of positive electrolyte ions and repel its negative ions. 

When external voltage is applied to the system, the negative ions are collected at one end of 

the electrolyte band leaving the other, thereby polarizing. This polarization is of no 

geophysical interest but unfortunately no distinction can be made between it and the 

electrode polarization and for this reason membrane polarization acts as a noise when 

applying IP method. The Maxwell-Wagner polarization is an interfacial polarization due to 

the discontinuity of displacement currents in a multiphase system with discontinuities of the 

dielectric permittivity and/or electrical conductivity at the interface between the different 

phases (Kemna et al., 2012). The Maxwell-Wagner polarization occurs in mixtures 

composed of segregated constituents with different dielectric permittivity and electrical 

conductivity (Chen and Or, 2006). The Maxwell-Wagner polarization is mainly responsible 

for polarization phenomena at the upper end of the considered frequency spectrum, typically 

above 1 kHz (Kemna et al., 2012). 

 

The Electrical double layer (EDL) appears on the surface of an object (solid particle, liquid 

droplet, gas bubble or porous object) when it is exposed to a fluid. The EDL refers to two 

parallel layers of charge surrounding the object. Electrical double layer polarization caused 

by the accumulation of charge carriers in some discontinuities at the porous material in the 

absence of metallic conductors (Schmutz et al., 2010) and has a significant influence on the 

behaviour of colloids and other surfaces in contact with solutions or solid-state fast ion 

conductors. EDL describes the electrochemical processes that are responsible to a large 

extent for the observed IP responses mainly in frequency domain (Attwa and Günther, 2013). 

The first layer, the surface charge (either positive or negative), comprises ions adsorbed onto 

the object due to chemical interactions. This first layer is called Stern layer and characterizes 
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the interfaces processes in the inner part of EDL. Stern layer polarization contributes to 

lower frequencies (bellow 100 Hz) during frequency domain measurements. The second 

layer in EDL is composed of ions attracted to the surface charge via the Coulomb force, 

electrically screening the first layer. It is loosely associated with the object and it is made of 

free ions that move in the fluid under the influence of electric attraction and thermal motion 

rather than being firmly anchored, thus called the diffuse layer. The presence of an externally 

applied electric field displaces the electrical diffuse layer. In the far-field, the cations move 

in the direction of the electric field and the anions move in the opposite direction (Kemna et 

al., 2012). It is worthy to note that diffuse layer polarization is closely related with 

membrane polarization in the current conceptualization of the electrochemical IP 

mechanisms (Kemna et al., 2012; Revil and Florsch, 2010). 

 

 

Figure 101 Electrical Double Layer (EDL) polarization associated with mineral grains; 

membrane polarization associated with mineral and pore constrictions (modified from 

Kirmizakis et al., 2019). 

 

This polarization effect can be observed both in time (IP) and frequency (SIP) domain. The 

IP effect appears as a residual voltage following termination of an applied current (time-
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domain) or as a frequency-dependent resistivity (frequency-domain). Conventional measures 

of the polarization include the phase angle (f), chargeability (M) and percentage frequency 

effect (PFE). Chargeability is measured in the time domain, whereas phase angle and PFE 

are measured in the frequency domain. The most common measurement of the IP effect is 

the chargeability (M), defined as (Ward, 1990): 

 

𝑀 =
∫ 𝑉𝑠𝑑𝑡

𝑡𝑓

𝑡𝑠

𝑉𝑝
∙

1

∆𝑡
 

 

where Vs is a residual voltage integrated over a time window defined between times t1 and t2 

after termination of an applied current, Vp is the measured voltage at some time during 

application of the current, and Δt equals the length of the integrated time window. Units of 

chargeability are typically quoted as millivolts per volt (mV/V). Figure 102 shows the IP 

waveform and the properties that have used for the calculation of M. For practical reasons, 

the actual value of Vs cannot be measured and another value lower than Vs is used. An 

equivalent measurement in the frequency domain is the percentage frequency effect (PFE). 

 

𝑃𝐹𝐸 =
𝜎(𝜔1) − 𝜎(𝜔0)

𝜎(𝜔0)
∙ 100 

 

where 𝜎(𝜔1) and 𝜎(𝜔0) are the conductivity measured at frequencies ω1 and ω0 (ω1> ω0). 

 

 

Figure 102 Time-domain IP signal and the measured parameters for the calculation of M. 

 



Chapter 6. Post Restoration Monitoring 

175 
 

An extension of chargeability measurements, widely used, is the normalized chargeability, 

calculated by dividing induced polarization and resistivity data. Normalized chargeability 

allows minimization of pore fluid electrical effects. Normalized chargeability reflects 

bioprecipitation, mineralization or accumulation of microbes present in the pore space and 

attached to the solid grains (Doherty et al., 2010). Normalized chargeability is an innovative 

approach to understanding mechanisms associated with the “Enzymatic Latch” hypothesis in 

degraded peatlands. This “Enzymatic Latch” is based on the concept that phenol oxidase can 

degrade phenolic compounds in the presence of oxygen and is thought to be significant in the 

decomposition of organic matter. Research is limited on this theory, especially on peatland 

sites under different drainage conditions and in vascular dominated peatlands. More recent 

works has shown that degradation of peat results in the creation of polarizable material in 

subsurface which can be measured by normalized chargeability (McAnallen et al., 2018). 

 

. 
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6.3 Material and Methods 

 

6.3.1 Site 

 

The Garron Plateau (Figure 103) contains the most extensive area of intact blanket bog in 

Northern Ireland, with an area of over 4650 ha. It holds the Dungonell reservoir, which is 

owned by Northern Ireland Water and provides drinking water to the surrounding area. 

Consequently, Northern Ireland Water own 2000 ha of peatland at the Garron Plateau 

(RSPB, 2012) and thus are considerably invested in the benefits of restoring the peatland. 

Peat depth is variable and consequently the peatland structure in highly diverse. Around 80% 

of Northern Ireland’s peatlands have been degraded in some way, mainly through drainage, 

reducing their capacity to capture and store carbon. Drainage introduces oxygen into the 

previously anoxic environment, causing rapid aerobic decomposition and loss of organic 

carbon. In addition, drainage can allow the ingression of oxygen to the subsurface promoting 

aerobic degradation of organic matter. Peatland restoration is a vital climate adaptation tool 

because healthy peatlands not only capture and sequester carbon, but as functional wetlands 

they can alleviate flooding and provide a clean, secure and cost-efficient drinking water 

supply. In response to degradation consequences, the Garron Plateau is a designated Area of 

Special Scientific Interest (ASSI), Special Area of conservation (SAC), Special Protection 

Area (SPA) and a Ramsar site. Although highly protected, previous sampling and analysis 

undertaken by the Department of Agriculture, Environment and Rural Affairs (DAERA) at 

the site in 2004, determined some areas to be in unfavourable condition and declared 

restoration as necessary. Restoration is typically applied to raise water levels to natural levels 

by blocking drainage ditches; reducing soil erosion and stabilizing water discharge. In 2011, 

the Royal Society for the Protection of Birds (RSPB) reported that the respective areas of 

active, degrading, and restored locations amount to 1005.79, 289.76, and 633.39 ha. The 

distance between the restored and active areas had been calculated to be 1.26 miles, whilst 

the distance between the restored and degrading locations had been 1.06 miles and the 

degrading and active calculated as 0.52 miles. The restored (Location 1) and degrading 

(Location 2) sites are dominated by vascular plants, with degrading site possessing rush 

pasture and acid grassland, while the control site is dominated by Sphagnum mosses. 

 



Chapter 6. Post Restoration Monitoring 

177 
 

 

Figure 103 Location of the Garron Plateau and associate sampling sites (McAnallen et al., 

2018). 

 

6.3.2 Methodology used 

 

6.3.2.1 Water levels 

 

One sampling grid had been installed for each location, with each grid covering an area of 

100 m2. Surrounding each sampling grid were nine piezometers (A-I) that were spaced at 

fifty metres apart at 0.5 m below ground level (Figure 104). Water table levels were 

monitored by a Waterline Envirotech (Ltd) dipmeter. 
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Figure 104 Sampling grid installed at each location. A-I indicate the 9 piezometers 

surrounding the sampling grid. 

 

6.3.2.2 Electrical Monitoring 

 

ERT and IP measurements were undertaken using an IRIS Syscal Pro system (www.iris-

instruments.com). The preliminary investigation carried out diagonally on each sample grid 

using an array of 24 electrodes spaced 1.5 m apart in the dipole-dipole configuration. After 

the modelling of the preliminary investigation, 0.5 m spacing has been chosen to provide 

sufficient lateral and vertical resolution to a depth of 1.6 m below the surface. Such 

penetration depth was sufficient, given that only near surface (~ 0.6 m) is to be investigated. 

The transect was carried out 20 m inland from piezometer D towards piezometer I on each 

sample grid using an array of 21 electrodes (here we used stainless steel) spaced 0.5 m apart, 

whilst two 60 m cables capable of holding 12 electrodes each were utilized. Dipole-Dipole, 

Wenner-Schlumberger and Schlumberger-Reciprocal arrays were selected. Wenner-

Schlumberger is a combination of Wenner and Schlumberger arrays providing slightly better 

horizontal coverage than dipole-dipole array and increased depth penetration by 

approximately 10% over the Wenner array alone (Hermawan and Putra, 2016). However, the 

Wenner-Schlumberger array decrease in sensitivity to vertical structures, along with a 

declined depth of penetration. Schlumberger reciprocal aimed to minimize possible noise. 

Before each run acquisition, the electrode grounding resistance (RS check) was measured to 

identify, and remedy, any contact resistance issues. IP measurements were acquired using a 

file:///C:/Users/40198884/AppData/Roaming/Microsoft/Word/www.iris-instruments.com
file:///C:/Users/40198884/AppData/Roaming/Microsoft/Word/www.iris-instruments.com
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pulse duration of 2000 milliseconds (ms). All electrode arrays / data collection protocols 

were constructed with Electre Pro software. Modelling of the resistivity and IP data was 

carried out using the 2D finite difference inversion program RES2DINV. 

 

6.3.2.3 Organic Content Analysis 

 

Peat samples had been collected at 1 m interval along the 10 m transect outlined (Figure 

105) to approximately 30 cm depth following the completion of the geophysical 

measurements for moisture and organic content analysis. The samples had first been weighed 

(wet weight) before placed into an oven at 30ºC to avoid disrupting the integrity of the 

samples (O’Kelly and Sivakumar, 2014). Regular weighing of the samples occurred for 

approximately 40 days for the determination of the moisture content. 

 

 

Figure 105 Peat sampling points along the geophysical transect. Peat samples collected 

every 1 m along the transect. 

 

Once the moisture had been completely removed from the peat samples, organic content 

analysis conducted by the loss on ignition method. After ignition of peat samples, it is 

intended that all remains will be the mineral portion of soil (Ball, 1964; Robertson, 2011). 

The amount of organic content that had been present in the sample will be represented by the 

difference in weight before and after ignition. The furnace temperature had been set to 375°C 

and the samples had been heated in the furnace for 16 hours at this temperature and then 
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allowed to cool for at least 2 ½ hours (Robertson, 2011). The following equation had been 

used to calculate the organic content as percentage content: 

 

𝑂𝐶(%) =
(𝑝𝑟𝑒 − 𝑖𝑔𝑛𝑖𝑡𝑖𝑜𝑛 𝑤𝑒𝑖𝑔ℎ𝑡) − (𝑝𝑜𝑠𝑡 − 𝑖𝑔𝑛𝑖𝑡𝑖𝑜𝑛 𝑤𝑒𝑖𝑔ℎ𝑡)

𝑝𝑟𝑒 − 𝑖𝑔𝑛𝑖𝑡𝑖𝑜𝑛 𝑤𝑒𝑖𝑔ℎ𝑡
× 100 
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6.4 Results and Discussion 

 

6.4.1 Water levels 

 

The mean water levels collected at each location are displayed in Table 19. The Control 

(actively accumulating peat) possesses the highest (shallowest) mean water levels, as 

Locations 1 (restored site) and 2 (degrading site) have mean water level at 0.41 cm and 0.7 

cm lower (deeper) respectively. Given that weather conditions had been dry prior collection; 

it is unlikely that precipitation affects the water levels between each location. Location 2 – 

degrading site displays lower maximum levels than Location 1 – restored site and the 

Control by 1.2 cm and 6.29 cm, respectively. The slightly higher water levels observed at 

Location 1 relative to Location 2 are consistent with a variety of studies (Holden et al., 

2011a; Wilson et al., 2011a), suggesting that restoration is an effective method for raising 

water table depths (albeit slightly). It is possible that ditch blocking at Location 1 has led to 

more overland flow via surface saturation (Shantz and Price, 2006) and lower discharge rates 

(Wilson et al., 2010), whilst the drains act to divert flow away from the transect at Location 

2 (Holden et al., 2011b). Without water level data prior to restoration, it is not feasible to 

confirm that restoration has raised water levels.  

 

Table 19 Mean water table levels in centimetres below ground level (cmbgl), including 

fluctuations (range) for selected locations. Measurements were taken twice a month for a 

period of 8 months. 

Sites Mean (cm) Maximum (cm) Minimum (cm) Range (cm) 

Location 1 - restored site 14.86 29.28 6.63 22.65 

Location 2 - degrading site 15.15 30.48 6.75 23.73 

Location 3 - control site 14.45 24.19 7.73 16.60 

 

Mean water table depths are still deeper at Location 1 – restored than at the Control, with 

maximum levels in Location 1 5.09 cm deeper. Restoration has not been successful in raising 

water table depths to intact levels at the Garron Plateau but it may be enough for sphagnum 

growth which increase the soil’s capacity to retain water and nutrients but has a neutral pH 

compared to peat. Alternatively, the Control may be supplied by water from upslope via 

saturation-excess overland flow or near-surface through flow for a long time after rainfall 

has stopped (Holden et al., 2011b). It is possible that this explains the inability of restoration 

to meet intact water table depths at Location 1 - restored, yet without collected data in this 

study to support this theory this can only be speculative. Locations 1 - restored and 2 - 

degrading display the highest fluctuation (range) in water levels, with fluctuations in 
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degrading site higher than restored site by 1.1 cm. This was expected since higher fluctuation 

range can lead to increased decomposition as oxygen is periodically introduced.  

 

6.4.2 Electrical Monitoring 

 

6.4.2.1 Preliminary investigation 

 

Figure 106 details the average resistivity values for the active, restored, and drained 

locations in the Garron Plateau. The active and restored locations displayed average 

resistivity values of 2.31 ohm, whilst the degrading location displayed values slightly higher 

with 2.34 ohm. Electrical resistivity also proved to be effective in indicating that the peat is 

shallowest in the degrading location with a thickness of 0.8 m, whilst the restored location is 

the deepest with a thickness of 1.8 m. 
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Figure 106 Electrical resistivity at (a) active, (b) degrading, (c) restored locations. Data are 

plotted on a log scale (McAnallen et al., 2018). Average conductivity values are also 

presented. 

 

We also applied IP to active, degrading and restored blanket peatland in the Garron Plateau 

(Figure 107). This study found that the active and restored locations have similar average 

chargeability values of 5.13 and 5.72 millivolts per meter (mV/V), respectively, whilst the 

degrading location displayed an average chargeability of 7.11 mV-V. Therefore, from these 

results IP had been highly effective in demonstrating that the degrading location is 

undergoing high rates of decomposition and loss of organic matter, which is consistent with 

results found in Slater et al. (2001). The success of IP in differentiating peatland health has 

further been supported by Slater and Lesmes (2002), Binley et al. (2015), whilst 

Mwakanyamale et al. (2012) argue that IP measurements should always be obtained where 

applicable to at least aid the interpretation of subsurface structures. However, IP has often 
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been characterised as a slow measurement (Pierwoła, 2013), whilst the noise levels for IP 

measurements are typically higher than for resistivity measurements to the extent that the 

resolution of the IP imaging results may be of lower quality than for resistivity 

(Mwakanyamale et al., 2012b). 

 

 

Figure 107 IP sections of whole profile as well as close up of the peat layer only at (a) 

active, (b) degrading and (c) restored locations. NB data are plotted on a log scale. Average 

chargeability values for the peat are also given in brackets (McAnallen et al., 2018). 

 

Although chargeability is a physical property related to conductivity / resistivity, it is highly 

complex as it is dependent on the bio-geochemical transformations occurring in the 

subsurface (Binley et al., 2015). The normalized chargeability (Figure 108) is a direct 

measure of polarization strength and is less influenced by fluid conductivity (Slater and 
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Reeve, 2002). In the case of peat which has undergone significant aerobic degradation, 

normalized chargeability may be related to the cation exchange capacity of the soils (Revil et 

al., 2017), in the case of peats is the negatively charged functional groups that sorb metals 

(Vile et al., 1999). The peat in the degrading location has the highest average conductivity of 

2.34 ohm/m, highest chargeability of 7.11 mV/V (Figure 107b) and therefore the highest 

average normalized chargeability of 0.33 mS/m (Figure 108b). As with resistivity (Figure 

106), both the active and restored locations have similar normalized chargeability values of 

0.025 and 0.029 mS/m, respectively (Figure 108a and Figure 108c). The degrading (Figure 

108b) and restored (Figure 108c) locations have an upper polarisable layer (top 30 cm 

below groundwater level in degrading and top 20 cm below groundwater level in restored). 

The active location (Figure 108a) seems slightly more homogenous and is less polarizable. 

Both the degraded and restored locations within the 1–2 m show increased levels of 

normalized chargeability when compared with active location suggesting that the peat close 

to surface had been altered due to degradation processes. 
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Figure 108 Normalized chargeability (MN) of sections of whole profile as well as close up 

of the peat layer only at (a) active, (b) degrading and (c) restored locations. Data are plotted 

on a log scale. Average chargeability values for the peat are also given in brackets 

 

6.4.2.2 Near surface investigation 

 

The performance of each array had been assessed at restored and degrading sites. It had been 

determined that two locations would be sufficient to confidently assess the performance of 

each array for peatland analysis, with the inclusion of a third location acting as a means to 

detect and avoid anomalous results. Given the small spacing of 0.5 m between the electrodes, 

all arrays had provided an equally high resolution. The dipole-dipole array provided the 

deepest depth of penetration of 1.641 m compared with Wenner-Schlumberger (1.593 m) 

and Schlumberger reciprocal (1.343 m) arrays due to the difference in the configuration of 
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measurement. The greatest horizontal coverage had been provided by the Schlumberger 

reciprocal array covering the range of 0.25-9.75 m of the overall 10 m transect, while dipole-

dipole and Wenner-Schlumberger arrays covered a range of 1.75-9.75 m due to noisy points 

and 0.75-9.25 m of the transect, respectively. Schlumberger reciprocal sections are presented 

in this chapter since they present the greatest ranges between resistivity and IP measurements 

and have the greatest horizontal coverage. Further sections for the rest arrays are provided in 

appendices. 

 

6.4.2.2.1 Electrical resistivity 

 

Measurement of resistivity is most commonly considered a function of water saturation and 

connectivity of the pore spaces, thus an increase in the water content is expected to result in a 

low resistivity. Similar to this argument, a degrading / contaminated site can lead to release 

of dissolved material / ions into the flowing groundwater. A high concentration of dissolved 

material makes the site electrically conductive. However, there can be no clear linear 

dependence of increased water saturation lowering resistivity values observed from the 

results. The differences in the water levels between Location 1 - restored and Location 2 - 

degrading are minimal, yet the resistivity results display significant differences with large 

range variations observed in all dipole-dipole sections (Table 20). Therefore, it is apparent 

that there are a variety of controls acting simultaneously upon the resistivity at each location 

(Murad, 2012), which owes to the assertion that peatlands cannot be generalised under one 

conceptual model (McAnallen et al., 2017). 
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Table 20 Raw ERT data comparing the performance of the different electrode configurations 

by location. Resistivity values are given by ohm-m. 

 Array 

Mean 

(ohm-m) 

Max. 

(ohm-m) 

Min. 

(ohm-m) 

Range 

(ohm-m) 

Location 1 

Restored site 

Dipole-Dipole 169.39 390.06 84.37 305.69 

Wenner-Schlumberger 170.59 291.31 95.54 195.77 

Schlumberger reciprocal 165.62 307.49 89.26 218.23 

Location 2 

Degrading site 

Dipole-Dipole 152.51 274.69 53.59 221.1 

Wenner-Schlumberger 146.98 242.8 81.45 161.35 

Schlumberger reciprocal 142.64 254.81 66.76 188.05 

 

Location 3 

Control site 

Dipole-Dipole 202.21 376.94 110.59 266.35 

Wenner-Schlumberger 195.19 336.22 108.05 228.17 

Schlumberger reciprocal 191.15 342.08 104.09 237.99 

 

Location 1 – restored is characterised by a mean resistivity of 181.51 ohm-m at near surface, 

with maximum and minimum values of 294.36 and 97.64 ohm-m, respectively. Decreasing 

resistivity with depth is apparent in Figure 109 Resistivity sections of Schlumberger 

reciprocal profile as well as close up of the near surface (0.6 m) at (a) restored (Location 1), 

(b) degrading (Location 2) and (c) control locations. Mean values of zoomed sections are 

provided. Changes in depth are illustrated as graphs under each section. for the 0.6 m depth 

sections. Most of the section is characterised by low resistivity values within the range of 

97.64 to approximately 130 ohm-m, with minor interruptions of slightly higher resistivity 

values of around 150 ohm-m at 5.7–6 m and 7-7.7 m in the x direction. Much of the section 

at 0.4 – 0.6 m is characterised by notably high resistivity values. Location 1 presents a high 

resistive spot for dipole-dipole in the first meter of the transect in depth of 0.5 m (Appendix 

D) that wasn’t observed in the other arrays. Taking into account that dipole-dipole was 

measured prior the other arrays and the greatest vertical coverage in the edges of the transect 

from the dipole-dipole compared the other two arrays, the high resistive spot which did not 

appear in Wenner-Schlumberger and Schlumberger reciprocal, it could be resulted from a 

periodic biogas emission. Biogas expulses electrically conductive pore fluid from the pores 

and replaces this fluid with non-conductive gas. The mean resistivity values are quite lower 

in Location 2 - degrading than the ones in Location 1 - restored. Location 2 is characterised 

by lower resistivity values of around 190 ohm-m, as opposed to values around 245 ohm-m 
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that characterised much of the lower part of Location 1. While similar values with restored 

site are observed at 0-0.2 m, wherein resistivity values are 100 to 120 ohm-m with minor 

interruptions of lower resistivity. The Control displays a profile similar to Location 1 – 

restored and clear differences with Location 2 - degrading as displayed in Figure 109 

Resistivity sections of Schlumberger reciprocal profile as well as close up of the near surface 

(0.6 m) at (a) restored (Location 1), (b) degrading (Location 2) and (c) control locations. 

Mean values of zoomed sections are provided. Changes in depth are illustrated as graphs 

under each section.. Restored site and Control display similar resistivity distribution in the 

near surface 0.4-0.6 m depth, above 270 ohm-m. Logically, a well saturated (actively 

accumulating) peat will had lower resistivity. However, the higher resistivity in Control is 

related with potentially higher organic content since when a peat is dominated by high 

organic content is less decomposed (mineralized) and normally less conductive (Asadi and 

Huat, 2009). Moreover, organic soils, in that case moss peat, have large capacity to retain 

cations (cation exchange capacity (CEC)), mainly carboxyl groups. At acidic pHs, these 

groups are dissociating and their protons can be replaced by other cations (H, Na, K, Ca, 

etc.). The fluid resistivity depends on the concentration of all the ions present, the greater 

their concentration, the lower the resistivity. Therefore, this seems to be the main mechanism 

controlling the resistivity values on selected sites. Thus, the higher the resistivity, the more 

accumulating / non-degrading should be the peat (Control > Restored > Degrading). 

 



Chapter 6. Post Restoration Monitoring 

190 
 

 

Figure 109 Resistivity sections of Schlumberger reciprocal profile as well as close up of the 

near surface (0.6 m) at (a) restored (Location 1), (b) degrading (Location 2) and (c) control 

locations. Mean values of zoomed sections are provided. Changes in depth are illustrated as 

graphs under each section. 

 

6.4.2.2.2 Induced Polarization 

 

Based on the results chargeability values decrease with depth. Location 1 displays a notable 

area at 0.2 m below subsurface of 9.5 to 10.32 mV-V between 6 and 7 m of the transect 
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(Figure 110 Induced polarization sections of Schlumberger reciprocal profile as well as 

close up of the near surface (0.6 m) at (a) restored (Location 1), (b) degrading (Location 2) 

and (c) control locations. Mean values of zoomed sections are provided. Changes in depth 

are illustrated as graphs under each section.). Just below this area very low chargeability 

values are located. These low chargeability values are reflected also in Figure 109 

Resistivity sections of Schlumberger reciprocal profile as well as close up of the near surface 

(0.6 m) at (a) restored (Location 1), (b) degrading (Location 2) and (c) control locations. 

Mean values of zoomed sections are provided. Changes in depth are illustrated as graphs 

under each section. as high resistivity points. Location 2 - degrading is characterized by 

higher chargeability values that the ones present in Location 1 - restored. This is better 

illustrated in the zoomed section along 6 and 10 m where the area of high chargeability 

values is presented. This area not only has higher values but also extends longer along the 

transect. 

 

Table 21 Raw IP data comparing the performance of the different electrode configurations 

by location. IP values are given by mV-V. 

 Array 

Mean 

(mV-V) 

Maximum 

(mV-V) 

Minimum 

(mV-V) 

Range 

(mV-V) 

Location 1 

Restored site 

Dipole-Dipole 5.96 8.34 4.48 3.86 

Wenner-Schlumberger 5.85 7.06 4.6 2.46 

Schlumberger 

reciprocal 

6.70 10.31 3.61 6.7 

Location 2 

Degrading site 

Dipole-Dipole 6.34 10.52 4.25 6.27 

Wenner-Schlumberger 6.29 8.12 3.96 4.76 

Schlumberger 

reciprocal 

7.06 11.14 3.93 7.21 

 

Location 3 

Control site 

Dipole-Dipole 8.08 18.11 0.191 17.91 

Wenner-Schlumberger 8.03 11.59 5.42 6.17 

Schlumberger 

reciprocal 

8.93 13.27 4.75 8.52 

 

Control displays higher chargeability values than the other two locations. This is in 

agreement with the argument of the high CEC mentioned in the resistivity subsection. High 

CEC and poorly degraded organic matter enhance the magnitude of IP response (Marshall 

and Madden, 1959; Merriam, 2007; Lee D Slater and Reeve, 2002; Titov et al., 2002; 

Vinegar and Waxman, 1984). Adsorption of groundwater ions on the peat could alter EDL 
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polarization and enhance membrane polarization mechanism. The cation adsorption on peat 

should further impede the flow of ions through the pore constrictions, enhancing the 

observed polarization. Its values decline with depth, with the upper 0.3 m section dominated 

by chargeability values above 10 mV-V across the transect. Relatively high values are also 

present between 0.3 to 0.6 m depth. Rest of section displays a range of 5 to 7 mV-V. 

 

 

Figure 110 Induced polarization sections of Schlumberger reciprocal profile as well as close 

up of the near surface (0.6 m) at (a) restored (Location 1), (b) degrading (Location 2) and (c) 
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control locations. Mean values of zoomed sections are provided. Changes in depth are 

illustrated as graphs under each section. 

 

6.4.2.2.3 Normalized Chargeability 

 

As mentioned previously, normalized chargeability provides a better representation of the 

solid properties than resistivity and chargeability alone. Whilst Location 1 - restored had not 

assessed prior to restoration, the normalized chargeability indicates significant lower values 

in restored than degrading site (Table 22). The sections are characterized by a planar, 

relatively homogenous depiction of the data, whereby values are somewhat constantly 

laterally (Figure 111). 

 

Table 22 Raw data of normalized chargeability comparing the performance of the different 

electrode configurations by location. Normalized chargeability values are given by mS-m. 

 Array 

Mean 

(mS-m) 

Max. 

(mS-m) 

Min. 

(mS-m) 

Range 

(mS-m) 

Location 1 

Restored site 

Dipole-Dipole 0.040903 0.082412 0.015459 0.066953 

Wenner-Schlumberger 0.039284 0.070607 0.018785 0.051822 

Schlumberger reciprocal 0.048518 0.091306 0.013101 0.078205 

Location 2 

Degrading 

site 

Dipole-Dipole 0.048485 0.10752 0.017562 0.089958 

Wenner-Schlumberger 0.048618 0.08787 0.022005 0.065865 

Schlumberger reciprocal 0.058528 0.111615 0.016625 0.094991 

 

Location 3 

Control site 

Dipole-Dipole 0.048685 0.163758 0.000546 0.163212 

Wenner-Schlumberger 0.046969 0.091618 0.018024 0.073594 

Schlumberger reciprocal 0.05546 0.118647 0.013886 0.104762 
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Figure 111 Normalized chargeability sections of Schlumberger reciprocal profile as well as 

close up of the near surface (0.6 m) at (a) restored (Location 1), (b) degrading (Location  2) 

and (c) control locations. Mean values of zoomed sections are provided. Changes in depth 

are illustrated as graphs under each section. 

 

Figure 112 presents the normalized chargeability section for the three different arrays in 

Location 2 - degrading. Similar figures for the other two locations can be found in the 

appendices. The dipole-dipole array displays isolated areas of low and high chargeability at 

Location 2. This is most evident between 7 and 8 m of the transect. The different arrays are 
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expected to yield different information, given the different sensitivity patterns provided by 

each electrode configuration. Dipole-dipole array is most sensitive to horizontal changes but 

less sensitive to vertical changes. 

 

 

Figure 112 Normalized chargeability sections of Location 2 comparing the performance of 

(a) dipole-dipole, (b) Wenner-Schlumberger and (c) Schlumberger-reciprocal. Mean values 

of zoomed sections are provided. Changes in depth are illustrated as graphs under each 

section. 
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6.4.3 Organic Content Analysis 

 

The highest moisture content observed in Control samples. This is indicative of the higher 

water table (Table 19) at this location with less fluctuation. Fully saturated peat, which is 

expected at the Control, has a delayed response to moisture loss, despite minimum water 

levels (Uhlemann et al., 2016). Moisture content at Locations 1 - restored and 2 - degrading 

is indicative of the similar water level results. During the moisture content analysis, Location 

1 lost the most water content in the first two weeks (Table 23). This loss slows down for the 

rest of the measurements, whilst the samples of Location 2 and Control continued to lose 

significantly more moisture. This lower water retention capacity of restored site could be 

indication of lower organic content present in the soil matrix (Price et al., 2002), possibly 

indicating higher current and / or historical peat decomposition leaching organic material 

from the solid matrix into the surrounding pore water. 

 

Table 23 Moisture content (MC %) of peat samples. Weight values are given by g. 

 Day 1 Day 8 Day 15 Day 18 Day 22 Day 36 Day 39 MC (%) 

Location 1 

Restored 
294.73 159.3 78.71 51.31 37.72 33.57 33.57 88.61 

Location 2 

Degrading 
471.08 352.7 255.21 191.29 125.08 54.99 54.99 88.33 

Location 3 

Control 
533.82 406.41 295.67 228.04 153.23 47.16 46.78 91.24 

 

The highest organic content observed in Control samples (Table 24). This is correlated with 

the moisture content, whereby the high organic content lead to high water retention 

capability. Peat is formed from partially decomposed organic matter (Parry et al., 2014), with 

organic matter content sometimes exceeding 98% (Hobbs, 1986). Consequently, a high 

organic matter content is indicative of a more intact peatland. According to that statement, 

Location 1 - restored appears to be the most decomposed location. Location 2 – degrading, it 

is known to be an actively location, displays minor difference with Control. Thus, it is 

possible Control to experience some degradation in the near surface where the samples 

extracted. 
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Table 24 Mean organic matter content (OM %) of peat samples by loss on ignition. Weights 

are given by g. 

 Pre-ignition weight 

(g) 

Post-ignition weight 

(g) 

OM (%) 

Location 1 – restored site 22.22 1.26 94.51 

Location 2 – degrading site 26.95 0.99 96.14 

Location 3 – control site 23.99 0.81 96.83 

 

A quantitative comparison between resistivity, chargeability, normalized chargeability and 

organic matter content is presented in Table 25 Mean values of the Resistivity (ERT), 

Chargeability (IP), Normalized Chargeability (NC) in Schlumberger reciprocal section and 

organic matter (OM) content of the three locations. The mean values of the electrical 

measurements refer to the zoomed (0.6 m) sections.. Control displays the higher organic 

content and resistivity, supporting the observation during the electrical analysis that the 

higher the resistivity, the more accumulating / non – degrading should be the peat (Control > 

Restored > Degraded). Degrading site possesses a higher organic content than restored, this 

may be reflective of the inability to restore the properties of peat prior degradation. 

 

Table 25 Mean values of the Resistivity (ERT), Chargeability (IP), Normalized 

Chargeability (NC) in Schlumberger reciprocal section and organic matter (OM) content of 

the three locations. The mean values of the electrical measurements refer to the zoomed (0.6 

m) sections. 

 ERT (Ω-m) IP (mV-V) NC (mS-m) OM (%) 

Location 1 – restored site 181.51 6.69 0.044 94.51 

Location 2 – degrading site 153.49 7.46 0.056 96.14 

Location 3 – control site 186.72 8.07 0.049 96.83 
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6.5 Conceptual model 

 

As seen in Figure 109 Resistivity sections of Schlumberger reciprocal profile as well as 

close up of the near surface (0.6 m) at (a) restored (Location 1), (b) degrading (Location 2) 

and (c) control locations. Mean values of zoomed sections are provided. Changes in depth 

are illustrated as graphs under each section. and Figure 110 Induced polarization sections of 

Schlumberger reciprocal profile as well as close up of the near surface (0.6 m) at (a) restored 

(Location 1), (b) degrading (Location 2) and (c) control locations. Mean values of zoomed 

sections are provided. Changes in depth are illustrated as graphs under each section., 

Location 1 - restored presents the higher resistivity and lower chargeability compared with 

Location 2 - degrading. Location 1 had displayed slightly shallower water levels and higher 

moisture content than Location 2, which would indicate higher peat saturation. The higher 

resistivity in Location 1 may instead be largely explained by a lower conductivity (Moreira 

et al., 2014; Wilson et al., 2011b), since resistivity is defined as the inverse of conductivity. 

This lower conductivity results from a lower quantity and quality of chargeable colloidal 

particles (Asadi and Huat, 2009) as a consequence of reduced peat decomposition, which in 

turn results in a lower cation exchange capacity (CEC) (Uhlemann et al., 2016). With a 

lower quantity and quality of chargeable colloidal particles and decreased CEC, the 

chargeability of the peat will also be reduced (Hobbs, 1986; Séguin et al., 2004; Slater et al., 

2006). Thus, the higher resistivity in Location 1 is likely strongly correlated to the lower 

chargeability, and vice versa for Location 2. 

 

The conductivity and chargeability of the pore water is influenced by the degree of 

decomposition (Slater et al., 2006; Uhlemann et al., 2016). With a higher chargeability and 

higher conductivity, Location 2 appears to be characterised by higher rates of decomposition 

within the 0.6 m depth. Given the lower water levels, including higher fluctuations, at 

Location 2, the increased chargeability may be explained by the ‘enzymatic latch’ theory 

(Freeman et al., 2001), certainly, at a depth of approximately 0.3 m where normalized 

chargeability is largely above 0.105 mS-m (Figure 111). Increased oxygen exposure during 

the deeper water table decline likely enhanced the activity of phenol oxidase (Freeman et al., 

2004; Romanowicz et al., 2015; Zibilske and Bradford, 2007) in Location 2 relative to 

Location 1. This elevated phenol oxidative activity will have acted to break down phenolic 

compounds (Feist and Hon, 1984) into phenoxy radicals and conjugated quinines 

(Sinsabaugh, 2010), which possess C=O double bonds and are thus electrophilic and polar 

(McAnallen et al., 2018). As quinones are produced, they alter the geophysical characteristics 

(chargeability) of the peat. However, the variation of chargeability between the two locations 

is quite significant compared with the variation between the water table declinations. Thus, it 
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is possible that external influences had also impacted oxygen availability. The ingression of 

vascular plants could increase the oxygen availability at near surface of restored and 

degraded site via oxygen diffusion to roots and this would result increased phenol oxidative 

activity (McAnallen et al., 2018). The vegetation assessment was beyond the scope of this 

study, however it may be worthy of further investigation for validation of this argument, 

especially in the case of density/influence differentiation of these plants due to restoration. 

 

Whilst degrading site possesses a higher organic content than restored site, this may not 

necessarily be reflective of current degradation (Ramchunder et al., 2009). This could instead 

be reflective of the inability of restoration to restore the properties of the peat to an intact 

state following previous degradation (Ramchunder et al., 2009). Normalized chargeability 

appears to be more effective in highlighting areas of actively degrading peatland than peat 

sampling analysis. Control displays higher normalized chargeability values than restored site 

and minor lower than degrading site which is in agreement with previous studies in Garron 

Plateau (McAnallen et al., 2018). This correlates with the organic content results as the 

difference between the organic content at degrading site and Control was significantly less 

than would be anticipated (Hobbs, 1986). 

 

Control displays high resistivity values probably related with the low peat decomposition and 

thus low conductivity, given the shallow mean water levels and high moisture content results. 

Control displays similar resistivity with restored site, excluding from approximately 5 – 9.75 

m in the x direction of the transect for the near surface. Meanwhile, the Control did possess 

the highest organic content at 96.83%. This data alone would suggest that the Control 

possesses the highest quality peat of all locations. A variety of studies (Mendonça et al., 

2015; Moreau et al., 2004; Moreira et al., 2014; Uhlemann et al., 2016) have noted biogas to 

be responsible for increasing resistivity within a number of geophysical studies, as non-

conductive gas expels electrically conductive pore fluid from the pores (Slater et al., 2007). It 

is possible that biogas migration has strongly influenced the high resistivity in Control. 

Certainly, this pattern in the full depth section between 5 and 9.75 m across the transect 

deviates from the lobe-like illustrations of high resistivity that can be observed in restored 

and degrading sites (Figure 109 Resistivity sections of Schlumberger reciprocal profile as 

well as close up of the near surface (0.6 m) at (a) restored (Location 1), (b) degrading 

(Location 2) and (c) control locations. Mean values of zoomed sections are provided. 

Changes in depth are illustrated as graphs under each section.). It is possible that the water 

table fluctuations may have supported biogas migration (Sinke et al., 1998), even though 

fluctuations were low relative to restored and degrading sites. Since, biogas had not been 

measured, this argument requires validation by geochemical analysis. Without this, it also 



Chapter 6. Post Restoration Monitoring 

200 
 

cannot be confirmed that restored and degrading sites were not influenced by biogas 

migration, too. 

 

Control displays the highest chargeability / normalized chargeability values, which are 

attributed mainly to the upper 0.2 m. It is possible that the deep-water level to have 

determined these values via the enzymatic latch hypothesis. Similar to degrading site, this 

decreased water table at the Control will have increased oxygen availability within the 

subsurface. 
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Figure 113 Conceptual model of restored (Location 1), degrading (Location 2) and intact (Control) sites. 
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6.6 Conclusions 

 

This study has been successful in demonstrating the suitability of geophysical methods to 

analysing peatland health. Different microbial environments on  Garron Plateau (aerobic-

degraded, anaerobic accumulating) produced different geophysical signatures due to 

decomposition / microbial changes in the peat structure. In this sense, the primary aim of this 

study has been achieved. In the absence of geophysical analysis, restored location may be 

considered as actively degrading, despite restoration efforts. The actively degrading location 

displayed a higher normalized chargeability than the restored and intact (Control) locations, 

thus indicating highest decomposition at degrading site. Normalized chargeability appears to 

be more effective in highlighting areas of actively degrading peatland than peat sampling 

analysis as it is dependent on the CEC and the surface area and the production of negatively 

charged functional groups during decomposition results in greater adsorption of positively 

charged metals. These results are consistent with McAnallen et al. (2018) for the Garron 

Plateau, and positively correlate with the water level, moisture content, and organic content 

data that had been collected from peat samples at each location. This study has sufficiently 

demonstrated how the combined use of geophysical techniques with chemical analysis can 

be used well together to assess peatland health provide an insight to biogeophysical 

processes happen in the peat itself. 

 

6.7 Applications, Recommendations and Future Work  

 

6.7.1 Applications 

 

Mapping peat is a common requirement for proposed developments in sensitive areas. There 

are several geophysical methods that can provide information to map the distribution and 

determine its thickness. Electrical geophysical methods are proven to exploit the electrical 

contrast between a peat deposit and the host sediments or bedrock but also as has 

demonstrated in this study are able to analyse peatland health with non-invasive way. 

 

6.7.2 Recommendations 

 

Although, the high chargeability at the Control had been unanticipated, whilst the high 

resistivity may be attributed to the detection of biogas. Biogas expulses electrically 

conductive pore fluid from the pores and replaces this fluid with resistive gas. The gas 

sampling and analysis was beyond the scope of this study; however, it may have acted 

synergistically and is worthy of further investigation. It has identified that the Control 
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requires regular monitoring. Research from this study alone cannot confidently explain 

resistivity and chargeability results at the Control. If the Control is actively degrading, it 

should certainly be a priority to restore minimum water levels to shallower depths. 

 

An electrode spacing of 0.5 m also proved to be effective in providing improved resolution 

of the peatland subsurface dynamics, whilst the Schlumberger reciprocal array demonstrated 

the broadest horizontal coverage of the 10 m length transect for each location. This array 

also provided a clear planar-like depiction of resistivity and chargeability data, with an 

apparent heightened sensitivity to detecting chargeability. For these reasons, this study 

would recommend the application of the Schlumberger reciprocal array for similar sized 

transects of 10 m that aim to investigate to a peatland depth of 0.6 m. 

 

6.7.3 Future Work 

 

This study has identified a variety of areas for future research. Further investigation into the 

factors influencing water levels at the Control should be undertaken, with the intention to 

determine the reasons for the deep minimum water levels. All locations should be regularly 

monitored to provide a temporal assessment of peatland health. Monitoring should follow 

similar methodology as in this study to identify if high resistivity and chargeability values in 

the Control are simply transient or not. Future work around the geochemical analysis should 

also be considered. The lack of research into the influence of porosity and hydraulic 

conductivity had also limited resistivity analysis and should be investigated in future 

research. Alternative geoelectrical / geophysical techniques could also be investigated to 

assess peatland health including ground penetrating radar (GPR). The coupled techniques 

could also handle complex conductivity and dielectric permittivity, meaning the conceptual 

model could be extended to study these alternative techniques.  
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Chapter 7. Conclusions 

 

7.1 Restatement of Research Objectives 

 

The main interest of this work was to explore the potential of biogeophysical approaches to 

monitoring and remediation of contaminated sites. These approaches are of interest as they 

have low cost, inexpensive, non-intrusive attributes – making them good candidates as 

sustainable remediation tools. We aim in the investigation of the degradation potential and 

the electroactive properties of indigenous microorganisms in the contaminated sites and 

investigate novel aspects associated with identification, remediation and post remediation / 

restoration monitoring with specific emphasis on evaluating geophysical / electrical methods 

to monitor microbial mechanisms in subsurface. We develop an understanding of how 

geophysical methods and multiple electrode types (graphite, Ag-AgCl) can be integrated into 

this discipline. In order to achieve this, a number of objectives were set out testing a variety 

of scales to monitoring microbial activity around the electrodes in near real time. An extent 

literature review on issues related to contamination of land and groundwater contamination, 

various methods for the identification, physicochemical alterations from microbial processes 

and contaminant absorption, as well as problems and solutions for remediation was 

conducted. A modified bench scale Bio-Electrochemical System (BES) has designed as an 

ex-situ technology to degrade contaminants in groundwater. The power produced used as a 

real time biosensor of how the microbial ecology of the system operates. Following the 

bench scale BES, two cases of in-situ field scale BES tested as biosensors.  First approach 

was a soil-based BES in contaminated site in the Alto Tietê region in Sao Paulo. Second 

approach was a groundwater-based BES in a steady state plume at Northern Ireland. 

Sandbox experiments conducted for geophysical / geochemical quantification of contaminant 

transport, coupled with a collaborative numerical model for an integrated tool in the 

management and remediation design of groundwater resources. Additionally, geophysical 

measurements used to analyse peat at active, degrading and restored location at Garron 

Plateau, showing the efficiency of bio-geophysical monitoring to shed light on biological 

processes. Overall, this work demonstrates that geophysical / electrical methods exhibit 

significant potential as a monitoring tool of microbial / physical processes in the subsurface. 
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7.2 Overview 

 

7.2.1 Chapter 3 

 

In this work, the electrical output of the BES used to potentially observe the biodegradation 

processes, bacterial community analysis to see the adaptive fitness of the bacterial 

community structure to the conditions that we were testing, and successful removal of 

groundwater contamination. It provides a novel, cost effective and sustainable remediation 

approach for contaminated groundwater. This work asks, can accepted remediation 

approaches (sorption by Granular Activated Carbon - GAC) be improved upon by the 

incorporation into a BES. GAC is conductive and we have found that it can successfully act 

as an anode that allows microbial colonization and further biodegradation of gasworks 

contamination.  We show that the electrical output quickly increases and stabilizes 

suggesting rapid colonization of the BES by microbes. Principal Coordinate Analysis also 

shows that the microbial communities quickly adapt to GAC and BES environments 

allowing improved degradation of contaminants. 

 

7.2.2 Chapter 4 

 

Here we show an engineered pilot tank study for the monitoring of contaminant transport. 

The main purpose of this study was to examine the efficiency of subsurface measurements to 

identify plume movement using both experimental and numerical methods. Self-Potentials 

and geochemical measurements measured the motion of potassium permanganate solution in 

a controlled plexiglass tank. Even though changes over time were small in magnitude, they 

were still measurable due to the large resistivity and conductivity contrast of the solution in 

the host medium, making it a good oxidant candidate when incorporated with electrical 

monitoring techniques. The results from a numerical model from collaboration with a 

researcher working on the REMEDIATE project are presented to show the match between 

observed, simulated and measured data in order to emphasize how the simulation-

optimisation models of groundwater and contaminant transport can be a powerful tool in the 

optimisation of remediation design. The simulation coupled groundwater flow and reactive 

transport of contaminant and oxidant. The combined experimental and modelled experiment 

it could be used in different cases for the optimization design of remediation and reduce the 

cost. It is natural for decision makers to want assurance that the numerical models are valid. 

The Sandbox experiment can be used not only as an experimental method for validating 

simulations but also visualising, predicting a solute transport. 
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7.2.3 Chapter 5 

 

Following the bench scale BES, two field scale BES were tailored to determine the prospects 

and viability of a scale-up system as biosensor. One main difference of this chapter and 

chapter 3 is that this BES is a more passive in-situ method using our system as a decision-

making tool, compared with chapter 3 that was an active remediation method. The aim of the 

first approach was the design of a soil-based BES, in direct contact with sediments, in a 

landfill site. A final conceptual model has been created summarizing this information and 

presents the main processes and interactions of a BES when incorporated in topsoil of places 

with methane escaping. There are many open questions that were not addressed with this 

chapter, but some important issues were obtained. BESs can be engineered; we provide some 

installation guidelines and monitoring schemes. The automatization of polarization curve 

acquisition may be useful in many cases. 

 

The second approach demonstrates a BES in operational environment at a steady state 

groundwater plume in a former manufactured gas plant of Northern Ireland. The approach 

presented has significant differences with the first approach presented in the same chapter. 

The plume field BES had a different architecture and significantly, it was emplaced in direct 

contact with water rather than sediments. A conceptual site model developed prior the 

application of any intrusive investigation, based on historical land-use data and physical 

parameters, taking into account the boundaries of the site, local geology / hydrogeology, 

land-use activities and potential pathways and contaminant receptors. Based on the 

conceptual model we identified the areas of interest for BES installation. Three cost effective 

BES designs, consisted by standard, reusable PVC bailers and graphite tape, decided to be 

installed on the wider area, covering a control / clean area (BES 1), the centre (BES 2) and 

the edge (BES 3) of the plume. The identification of the centre and mainly the edge (fringe) 

of the plume prior the installation was of vital importance, since the fringe is not only the 

location where the electron acceptors are replenished by the surrounding uncontaminated 

groundwater but also the point where the strongest redox occurs. Due to the microbial 

proliferation / strong reducing environment the plume fringe is considered to be the area of 

mist natural attenuation. One of the main hypotheses during BES design was the higher 

efficient of BES placed on the plume fringe compared with the other two locations that 

would have poor electrical outputs. The plume fringe BES had 194% higher electrical output 

than the control BES and 186% higher output than the centre plume BES during the 

monitoring period. It is worthy to be mentioned again that retrofit a BES into contaminated 

ground does not necessarily generates a biogeobattery with steady power. As it is clear from 

all the results, the retrofitted wire-connected electrodes between the high organic matter 
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(plume centre) and the overlying oxygen-rich layers not only don’t appear any sign of 

significant degradation but also not a steady power output is generated. A final conceptual 

model has been created summarizing the information collected from electrical, microbial and 

chemical analysis and presents the main processes and interactions. 

 

Both proposed BES were robust, low cost, long-life and easily deployed on site. Once 

deployed, constant electrical monitoring with time serve as a first level warning to detect 

irregularities in the bioremediation process (i.e., low electron donor concentration). BESs 

have longer life than conventional, battery-operated sensors deployed in subsurface 

environments. Provide reliable long-term monitoring data to facilitate improved management 

of the remediation process, process selection and determination of treatment endpoint. 

 

7.2.4 Chapter 6 

 

The final stage in the remediation / restoration of any degraded or contaminated site is the 

post remediation / restoration monitoring stage. This chapter considers the applicability of 

electrical geophysical methods to assess peatland health at a restored, actively degrading and 

an intact (control) location within the Garron Plateau at Northern Ireland. It has 

demonstrated the use of geophysics for this purpose (McAnallen et al., 2018)￼ different 

microbial environments (aerobic - degraded, anaerobic accumulating) that produce different 

geophysical signatures due to microbial changes in the peat structure.. Through an analysis 

of three commonly applied electrode arrays, this chapter provides insight as to the best 

performing electrode configuration for near surface geophysical analysis of blanket 

peatlands and an insight to biogeophysical mechanisms happen in the peat itself. A final 

conceptual model (Figure 113) has been created summarizing this information and presents 

the main processes and interactions within active, degrading and restored peat locations at 

Garron Plateau. The actively degrading location displayed a higher normalized chargeability 

than the restored and intact (Control) locations, thus indicating highest decomposition at 

degrading site. Restored site presents the higher resistivity and lower chargeability compared 

with degrading. This may instead be largely explained by a lower conductivity, since 

resistivity is defined as the inverse of conductivity. This lower conductivity results from a 

lower quantity and quality of chargeable colloidal particles (Asadi and Huat, 2009) as a 

consequence of reduced peat decomposition, which in turn results in a lower cation exchange 

capacity (CEC) (Uhlemann et al., 2016). With a higher chargeability and higher 

conductivity, degrading site appears to be characterised by higher rates of decomposition 

within near subsurface (~0.6 m). Control displays high resistivity values probably related 

with the low peat decomposition and thus low conductivity, given the shallow mean water 
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levels and high moisture content results. Supporting the argument that the higher the 

resistivity, the more accumulating or non-degrading should be the peat (Control > Restored > 

Degraded). Degraded site possesses a higher organic content than restored, this may be 

reflective of the inability to restore the properties of peat prior degradation. It is possible that 

biogas migration has strongly influenced the high resistivity in Control. It is possible that the 

water table fluctuations may have supported biogas migration (Sinke et al., 1998), even 

though fluctuations were low relative to restored and degrading sites. Since, biogas had not 

been measured, this argument requires validation by geochemical analysis. Without this, it 

also cannot be confirmed that restored and degrading sites were not influenced by biogas 

migration, too. Research from this study alone cannot confidently explain resistivity and 

chargeability results at the Control. If the Control is actively degrading, it should certainly be 

a priority to restore minimum water levels to shallower depths. 

 

7.3 Concluding Remarks 

 

This study aimed to monitor / characterize biological processes in contaminated / degraded 

sites, using multi-disciplinary (geophysical, geochemical, microbial) approaches to 

understand the transfer of electrons over a variety of scales related with microbial activity. 

Although the primary aim of this study has been achieved and biogeophysics is a rich field 

of research with ongoing advancements continually improving the existed techniques, still 

there is a further scope of research. There is need to understand further electron transfer 

process in biogeochemical systems through detail geo-physical and geo-chemical 

observations for establishing relation models between the electrical and microbial signals 

observed at graphite electrodes. Additional subsurface information obtained from other 

techniques can be incorporated into geophysical and geochemical observations to provide 

improved understanding of the underlying mechanisms. Future work around the analysis of 

the different types of GAC, i.e. surface area as a controlling factor in the power / current 

generated vs sorption capacity in the BES units should also be considered. In GAC 

containing media, geophysical methods could be used to characterize GAC concentration 

and / or monitor GAC related processes. Future work is needed to optimize the BES design. 

BESs have the potential to be a non-intrusive monitoring tool in management and planning 

of remediation strategies and processes. 
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Table A.1 Polarization curve worksheet. Same worksheet used for the field BES 

measurements. 

   DATE       

              

      
DDP 

(AgCl) 
ddp 
(mV) 

i 
(µA) 

P 
(nW) 

ddp 
(mV) 

i 
(µA) 

P 
(nW) 

1 10000000 10M               

2 600000 600K               

3 500000 500k               

4 200000 200k               

5 150000 150k               

6 100000 100k               

7 60000 60k               

8 50000 50k               

9 30000 30k               

10 20000 20k               

11 10000 10k               

12 6000 6k               

13 5000 5k               

14 3000 3k               

15 2000 2k               

16 1500 1.5k               

17 1000 1k               

18 600 600               

19 500 500               

20 200 200               

21 150 150               

22 100 100               

23 50 50               

24 20 20               

25 10 10               

          

  100000 100k            

  10000 10k            

  100000 100k            

  10000 10k            

          

    

after 
PC 
meas.        

      load 10k    

      ddp      

 

 

  



Appendix A - Additional Information for Chapter 3 

237 
 

Table A.2 Raw data of bacterial taxonomic diversity (143 families represented) of sample 

used during bench scale BES with groundwater from a former manufactured gas plant. 

GAC BES 
GAC 

Control 
Glass 

Beads BES 
Glass Beads 

Control 
Teflon 

Control  
0.16000164 0.158295493 0.163503114 0.199281592 0.19274912 Pseudomonadaceae 

0.0818768 0.033739168 0.117913546 0.085078318 0.036185606 Comamonadaceae 

0.060164635 0.042612679 0.070500396 0.061912613 0.070777486 Caulobacteraceae 

0.044664733 0.061747735 0.065167276 0.058732776 0.071006799 Unclassified 

0.019979703 0.01529813 0.045337248 0.0447886 0.060538656 Sphingomonadaceae 

0.021158597 0.009349408 0.039430675 0.030396891 0.047720055 Porphyromonadaceae 

0.059426545 0.006940176 0.040336732 0.014085502 0.012405838 Rhodocyclaceae 

0.019979703 0.027542583 0.02860387 0.027193499 0.015341046 Bradyrhizobiaceae 

0.021384125 0.023378478 0.028993818 0.025532917 0.015765275 Xanthomonadaceae 

0.028724026 0.058128929 0.005505155 0.007537393 0.006489561 Burkholderiaceae 

0.008457288 0.010588725 0.008578867 0.03106819 0.035635255 Enterobacteriaceae 

0.011778696 0.012343598 0.023224874 0.012896008 0.014504053 Sphingobacteriaceae 

0.013634174 0.021217109 0.011354383 0.01596985 0.012509029 Peptococcaceae 

0.014054475 0.009864964 0.015552064 0.013732187 0.014951214 Unclassified Bacteroidales 

0.014167239 0.015456763 0.011297038 0.009351078 0.014641641 Anaerolinaceae 

0.012260505 0.011520692 0.011182347 0.013319986 0.013277228 Spirochaetaceae 

0.002296282 0.002429061 0.011411728 0.017630432 0.0253047 Weeksellaceae 

0.006407036 0.00524479 0.009737244 0.025662466 0.008736829 Methylophilaceae 

0.002296282 0.043941227 0.00198415 0.003120952 0.00324478 Staphylococcaceae 

0.008939097 0.00343043 0.02166508 0.009645507 0.009596753 Unclassified.Rhizobiales 

0.01409548 0.015070096 0.005963918 0.00725474 0.007166034 Moraxellaceae 

0.010845831 0.014871805 0.006583248 0.004993523 0.007601729 BA008 

0.006232765 0.009349408 0.010058378 0.005393947 0.011752296 Chromatiaceae 

0.006478795 0.02310087 0.008269202 0.003120952 0 Chitinophagaceae 

0.01360342 0.01958121 0.001617139 0.001177718 0.002809085 Bacillaceae 

0.015407641 0.017053003 0.00198415 0.002638087 0.001146565 Unclassified Streptophyta 

0.006642815 0.00642462 0.008028352 0.007902485 0.00902347 Campylobacteraceae 

0.007462916 0.007009577 0.008028352 0.007725827 0.007521469 Helicobacteraceae 

0.007606434 0.015427019 0.004140336 0.004852196 0.004999025 Unclassified Thermoanaerobacterales 

0.002716583 0.002805814 0.008028352 0.017865976 0.005503514 Rhizobiaceae 

0.014679802 0.002429061 0.00668647 0.004557767 0.007945699 Flavobacteriaceae 

0.013408646 0.011044794 0.001617139 0.002355435 0.00324478 Alicyclobacillaceae 

0.006150755 0.004649918 0.00606714 0.006972088 0.006581286 Crenotrichaceae 

0.005709951 0 0.007168171 0.006866094 0.010192967 Sphaerochaetaceae 

0.004582312 0 0.009737244 0.006760099 0.007773714 Rhodobacteraceae 

0.005422916 0.000991454 0.006789692 0.004074903 0.010250295 Rhodospirillaceae 

0.005330654 0.003132994 0.003245748 0.006665882 0.00902347 UnclassifiedSphingomonadales 

0.008754575 0.00139795 0.003624227 0.008326463 0.004861438 Hyphomicrobiaceae 

0.007534675 0.013523428 0.002293815 0 0.002293131 Planococcaceae 

0.003833971 0.00139795 0.0095308 0.007808268 0.002568307 Unclassified Burkholderiales 

0.001445427 0.005522397 0.008188919 0.008326463 0.001616657 Alcaligenaceae 

0.00945166 0.001715215 0.004140336 0.004404664 0.005377392 Unclassified Clostridiales 
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0.006642815 0 0.005505155 0.006760099 0.005847484 Acholeplasmataceae 

0.001025126 0.018331978 0.001146907 0.002037451 0.001983558 Methylobacteriaceae 

0 0.017340525 0.00198415 0.002355435 0 Unclassified Myxococcales 

0.005884222 0.007872142 0.002293815 0.002355435 0.00324478 UnclassifiedRickettsiales 

0.004695076 0.008120006 0.002809923 0.003120952 0.002809085 Unclassified OPB41 

0.007944725 0.000991454 0.003245748 0.003721588 0.003806597 Clostridiaceae 

0.007667941 0 0.001146907 0.003120952 0.007166034 Mycobacteriaceae 

0.005525428 0.011213341 0.001146907 0 0.001146565 Paenibacillaceae 

0 0.01422736 0.001617139 0.001660582 0.001146565 Pirellulaceae 

0.001025126 0.00139795 0.004862887 0.004852196 0.006283179 Unclassified Mollicutes 

0.001025126 0.000991454 0.001146907 0.004852196 0.010387883 Isosphaeraceae 

0 0 0.00606714 0.005393947 0.006879393 ML635J40 

0.001773468 0 0.003440722 0.004074903 0.00857631 Dehalococcoidaceae 

0.004695076 0.009666673 0.002293815 0.001177718 0 Lachnospiraceae 

0.008139499 0.007931629 0.001146907 0 0 Propionibacteriaceae 

0.002296282 0.000991454 0.003624227 0.004074903 0.00596214 Desulfobulbaceae 

0.003403418 0.001715215 0.003968299 0.004557767 0.00324478 Unclassified Betaproteobacteria 

0 0.014405822 0.001146907 0 0.001146565 UnclassifiedWCHB107 

0.007391157 0.000991454 0.004140336 0.002355435 0.001616657 Oxalobacteraceae 

0.001773468 0.010449922 0.001146907 0.001660582 0.001146565 Coxiellaceae 

0.004100503 0.009141203 0 0.001660582 0.001146565 Micrococcaceae 

0.012045229 0.000991454 0.001146907 0 0.001616657 Unclassified OP112 

0 0.000991454 0.001617139 0.005393947 0.007773714 Microbacteriaceae 

0.002901106 0 0.003968299 0.004993523 0.003623147 Tissierellaceae 

0.001445427 0.000991454 0.003968299 0.004074903 0.003806597 Carnobacteriaceae 

0 0.011520692 0.001146907 0 0.001616657 At425_EubF1 

0.005709951 0.003965815 0 0.001177718 0.001616657 Pelobacteraceae 

0.002511558 0.001715215 0.002569072 0.002638087 0.002809085 UnclassifiedOP3 

0.001445427 0.006345303 0.00198415 0.001177718 0.001146565 Hydrogenophilaceae 

0 0.009666673 0 0.001177718 0.001146565 Syntrophaceae 

0.002716583 0.009250263 0 0 0 Brucellaceae 

0.009226133 0.000991454 0 0 0.001616657 Xanthobacteraceae 

0.001025126 0.000991454 0.004289434 0.002037451 0.003439696 Bacteroidaceae 

0 0.007148381 0.002293815 0.001177718 0.001146565 Erysipelotrichaceae 

0.002050252 0.000991454 0.003039305 0.002638087 0.003038398 Desulfobacteraceae 

0 0.008298467 0 0.001660582 0.001146565 Sinobacteraceae 

0.003833971 0.000991454 0.002293815 0.002355435 0.001616657 Acetobacteraceae 

0 0.009666673 0.001146907 0 0 Unclassified TM71 

0.001445427 0 0.003039305 0.003120952 0.002809085 Synergistaceae 

0.004920604 0.003836926 0 0.001177718 0 Corynebacteriaceae 

0.001025126 0.003132994 0.001146907 0.002037451 0.002568307 Unclassified KD3145 

0 0 0.00198415 0.001660582 0.006179988 Procabacteriaceae 

0.009564424 0 0 0 0 Trueperaceae 

0.002050252 0.001715215 0.001617139 0.002037451 0.001983558 Unclassified ZB2 

0.001445427 0 0.00198415 0.002037451 0.003806597 R445B 

0 0 0.001146907 0.007984925 0 Planctomycetaceae 
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0.001025126 0 0.002809923 0.002638087 0.002568307 Ruminococcaceae 

0.003700704 0 0.001146907 0.001177718 0.002568307 Veillonellaceae 

0.001445427 0.001715215 0.001617139 0.002638087 0.001146565 Unclassified.BD49 

0.002716583 0.00139795 0.00198415 0.002355435 0 Eubacteriaceae 

0.004223518 0.000991454 0.001146907 0 0.001983558 RFP12 

0.001025126 0.000991454 0.001146907 0.002885408 0.001983558 Cloacamonaceae 

0.003967237 0 0.001617139 0.001177718 0.001146565 Erythrobacteraceae 

0.005330654 0.000991454 0 0.001177718 0 Unclassified Thermoleophilia 

0.001025126 0.000991454 0 0.002355435 0.002809085 Bacteriovoracaceae 

0.005884222 0 0.001146907 0 0 Unclassified.BD73 

0.006724825 0 0 0 0 Unclassified RB41 

0.001025126 0 0.00198415 0.001177718 0.001983558 Nocardiaceae 

0 0 0.001617139 0.001660582 0.002809085 Shewanellaceae 

0.001025126 0.004957268 0 0 0 Syntrophorhabdaceae 

0.005802212 0 0 0 0 Kineosporiaceae 

0 0.000991454 0.001617139 0.002037451 0.001146565 Syntrophomonadaceae 

0 0.005690944 0 0 0 Aeromonadaceae 

0.001025126 0 0.001146907 0.001177718 0.002293131 Unclassified PBS25 

0 0 0.001617139 0.002037451 0.001983558 Dehalobacteriaceae 

0.001025126 0.00139795 0 0.002037451 0.001146565 Unclassified OD1 

0 0 0 0 0.005503514 Verrucomicrobiaceae 

0.004469549 0.000991454 0 0 0 Gaiellaceae 

0.001773468 0.00343043 0 0 0 Micromonosporaceae 

0 0 0.001617139 0.001177718 0.002293131 ML1228J1 

0 0 0.001146907 0.001177718 0.002293131 Phyllobacteriaceae 

0 0 0.001617139 0 0.002809085 Puniceicoccaceae 

0.001025126 0.000991454 0.001146907 0.001177718 0 kpj58rc 

0 0 0.001617139 0 0.002293131 Unclassified.GIF9 

0.001025126 0 0.001617139 0.001177718 0 Unclassified.SJA4 

0 0 0.003807732 0 0 Unclassified Stramenopiles 

0 0.000991454 0 0.001177718 0.001616657 Unclassified ML615J28 

0 0 0 0.002037451 0.001616657 Ellin6075 

0 0 0 0.001660582 0.001983558 Microthrixaceae 

0 0 0.001146907 0.002355435 0 Hyphomonadaceae 

0.001773468 0.001715215 0 0 0 Methylococcaceae 

0 0 0 0.001177718 0.002293131 Unclassified ML635J21 

0.001025126 0 0.001146907 0.001177718 0 Unclassified PL11B10 

0 0 0.001617139 0.001660582 0 Unclassified WS1 

0.002050252 0 0 0 0.001146565 X429 

0 0 0.00198415 0 0.001146565 Thermodesulfovibrionaceae 

0.003075378 0 0 0 0 Unclassified MIZ46 

0.002901106 0 0 0 0 Koribacteraceae 

0 0 0 0.001660582 0.001146565 UnclassifiedActinomycetales 

0 0 0 0.001660582 0.001146565 Methylocystaceae 

0 0 0 0.001660582 0.001146565 Alcanivoracaceae 

0 0 0 0.001177718 0.001616657 Desulfovibrionaceae 
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0 0 0.001617139 0 0.001146565 Unclassified mle18 

0.002716583 0 0 0 0 Unclassified.Gemm1 

0 0.000991454 0 0.001660582 0 Chthoniobacteraceae 

0 0 0 0 0.002568307 Unclassified Alphaproteobacteria 

0 0 0 0.002355435 0 Unclassified Phycisphaerales 

0 0.002220856 0 0 0 Unclassified Ellin6529 

0 0 0.00198415 0 0 Unclassified WPS2 

0 0 0 0 0.001983558 Frankiaceae 

0.001773468 0 0 0 0 Unclassified FW68 
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Figure A.1 Complementary chemical results of Mubuoy Lab BES. The differentiation of the initial values between the first 3 runs and the last 3 runs is due to 

2 different samplings in the site of interest. 
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Figure A.2 Complementary chemical results of Mubuoy Lab BES. The differentiation of the initial values between the first 3 runs and the last 3 runs is due to 

2 different samplings in the site of interest. 
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Figure A.3 Complementary chemical results of Mubuoy Lab BES. The differentiation of the initial values between the first 3 runs and the last 3 runs is due to 

2 different samplings in the site of interest. 
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Figure A.4 Complementary chemical results of Mubuoy Lab BES. The differentiation of the initial values between the first 3 runs and the last 3 runs is due to 

2 different samplings in the site of interest. 
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Figure A.5 Complementary chemical results of Mubuoy Lab BES. The differentiation of the initial values between the first 3 runs and the last 3 runs is due to 

2 different samplings in the site of interest. 
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Figure A.6 Complementary chemical results of Mubuoy Lab BES. The differentiation of the initial values between the first 3 runs and the last 3 runs is due to 

2 different samplings in the site of interest. 
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Figure A.7 Complementary chemical results of Mubuoy Lab BES. The differentiation of the initial values between the first 3 runs and the last 3 runs is due to 

2 different samplings in the site of interest. 
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Figure B1 Voltage variations of SP measurements in the tank. The tracer reaches SP1 almost 

immediately.  
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Figure B2 Total Dissolved Solids (TDS) concentrations of selected sampling ports below SP 

electrodes. Peaks in the concentrations are in agreement with the anomalies in SP monitoring. 
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Table B1 Comparison of permanganate measured concentration at sampling points to TPM predicted 

concentration for observation points (OP) 3,6 and 10 during 3 layers’ experiment. 

Time (min) Sample point Measured Conc. (mg/L) TPM (mg/L) RMSE (%) 

5 

OP3 (9) 812.8 784.35 3.5 

OP6 (11) 499.2 467.75 6.3 

OP10 (13) 499.2 490.21 1.8 

10 

OP3 (9) 1435.52 1385.28 3.4 

OP6 (11) 401.92 467.75 16.3 

OP10 (13) 499.2 490.21 1.8 

15 

OP3 (9) 1980.16 1910.85 3.5 

OP6 (11) 1141.76 1069.83 6.2 

OP10 (13) 445.44 437.42 1.8 

20 

OP3 (9) 2161.92 2086.25 3.5 

OP6 (11) 1764.48 1653.32 6.3 

OP10 (13) 931.2 914.44 1.7 

25 

OP3 (9) 2167.68 2091.81 3.5 

OP6 (11) 2064 1933.97 6.3 

OP10 (13) 1690.24 1659.82 1.8 

30 

OP3 (9) 2225.92 2107.25 5.3 

OP6 (11) 2193.28 2000.61 8.7 

OP10 (13) 1902.08 1867.84 1.8 

35 

OP3 (9) 2173.44 2127.63 2.1 

OP6 (11) 2077.44 2010.23 3.2 

OP10 (13) 1698.56 1903.35 12 

40 

OP3 (9) 2183.68 2148.02 1.6 

OP6 (11) 1975.04 2055.1 4.05 

OP10 (13) 1956.48 1921.26 1.8 
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Table C.1 Ground Conditions Summary (Ground Check Ltd). 

Exploratory 

Hole 

Reference 

Completion 

Depth (m) 

Stratum Base Depth (m) Bedrock 

Top (m) Made 

Ground 

Recent 

Deposits 

Glacial 

Deposits 

SS01 20.20 3.6  10.2 10.20 

SS02 25.00 2.7  11.8 11.80 

SS03 22.00 10.1  11.8 11.80 

SS04 19.00 9.2   9.20 

SS05 26.50 3.5  15.5 15.50 

SS06 20.00 3.0  7.9 7.90 

SS07 19.00 3.4  8.9 8.90 

SS08 19.00 5.8  8.8 8.80 

SS09 20.80 5.4  10.5 10.50 

SS10 23.50 5.0  12.4 12.40 

SS11 21.00 10.9   10.90 

OB01 2.00 3.6  >5.0  

OB02 4.00 3.2  >4.0  

OB04 7.80 7.5  >7.8  

OB05 4.00 3.0  >4.0  

OB06 3.00 2.2  >3.0  

OB07 4.00 3.6  >4.0  

OB08 6.00 5.6  >6.0  

OB09 8.50 >8.5    

OB10 6.50 6.3  >6.5  
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OB1 OB2 OB4 OB5 OB6 

     

Figure C.1 Main logs of Gasworks site. Depths mentioned on this table refer to the encountered depths and not the total thickness of each layer. 
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OB7 OB8 OB9 OB10 WS200 

     

Figure C.2 Main logs of Gasworks site. Depths mentioned on this table refer to the encountered depths and not the total thickness of each layer. 
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WS202 WS204  WS206 WS210 BH101 

     

Figure C.3 Main logs of Gasworks site. Depths mentioned on this table refer to the encountered depths and not the total thickness of each layer. 
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BH102 E02  E08 SS3 BH100 

     

Figure C.4 Main logs of Gasworks site. Depths mentioned on this table refer to the encountered depths and not the total thickness of each layer. 
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BH03 DG01  DG02 

 

   

Figure C.5 Main logs of Gasworks site. Depths mentioned on this table refer to the encountered depths and not the total thickness of each layer.  
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Figure C.6 Voltage profile of BES 1 (SS1-OB1) in Gasworks during the monitoring period. 

The operating resistor was 10 kΩ. 

 

 

Figure C.7 Voltage profile of BES 2 (SS4-OB4) in Gasworks during the monitoring period. 

The operating resistor was 10 kΩ. 
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Figure C.8 Voltage profile of BES 3 (BH3) in Gasworks during the monitoring period. The 

polarization anomalies in the figure were caused by pumping generator close to the installed 

BES activated during rainfalls for keeping Lagan river’s water level below overflow level. 

The operating resistor was 10 kΩ.  
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Figure D.1 Resistivity sections of Location 1 for the (a) dipole-dipole, (b) Wenner-

Schlumberger and (c) Schlumberger reciprocal arrays. Mean values of zoomed sections are 

provided. Changes in depth are illustrated as graphs under each section. 
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Figure D.2 Resistivity sections of Location 2 for the (a) dipole-dipole, (b) Wenner-

Schlumberger and (c) Schlumberger reciprocal arrays. Mean values of zoomed sections are 

provided. Changes in depth are illustrated as graphs under each section. 
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Figure D.3 IP sections of Location 1 for the (a) dipole-dipole, (b) Wenner-Schlumberger 

and (c) Schlumberger reciprocal arrays. Mean values of zoomed sections are provided. 

Changes in depth are illustrated as graphs under each section. 
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Figure D.4 IP sections of Location 2 for the (a) dipole-dipole, (b) Wenner-Schlumberger 

and (c) Schlumberger reciprocal arrays. Mean values of zoomed sections are provided. 

Changes in depth are illustrated as graphs under each section. 
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Figure D.5 Normalized chargeability sections of Location 1 for the (a) dipole-dipole, (b) 

Wenner-Schlumberger and (c) Schlumberger reciprocal arrays. Mean values of zoomed 

sections are provided. Changes in depth are illustrated as graphs under each section. 
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