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Abstract
The groundwater-surface water (GW-SW) interface has received interest due to its active role in
governing GW-SW exchanges, and its implications for environmental health at reach to catchment
scales. This thesis advances geophysical methods for characterising the GW-SW interface; in
addition it has broader implications for general hydrogeophysics. Three key areas are explored: (1)
electromagnetic induction (EMI) characterisation of a riparian wetland, (2) field and laboratory
induced polarisation (IP) methods to assess biogeochemical properties of a riverbed, and (3) timelapse electrical resistivity imaging (ERI) monitoring of a river and neighbouring riparian zone.
Advances in EMI instruments and inversion methods are such that there is interest in using EMI to
obtain electrical conductivity models. The ability of EMI methods to resolve hydrogeological
properties is assessed here. An inversion algorithm was developed to obtain models of sharply, and
smoothly, varying conductivity. It was demonstrated that data collected at 1 m elevation ought to
be inverted using a Maxwell based forward model, as opposed to a cumulative sensitivity forward
model. Additionally, it was found that measurement noise has more influence on the convergence
of inversions for data collected at greater elevations. In comparison, raw EMI data were used to
resolve peat depth of the wetland (RMSE=18%) and correlated well with peat hydraulic
2
conductivity (R =0.8). These findings demonstrate that in many cases use of inversion methods is

unnecessary; this also simplifies data collection as calibration of EMI data is therefore unimportant.

Links between induced polarisation (IP) and hydrologically/biogeochemically relevant properties
have been shown in the laboratory. In this work, riverbed sediments are characterised using lab and
field based IP methods, and measurements of grain size, cation exchange capacity and surface area.
Contrasts of riverbed sediments could be resolved using lab IP; additionally, relationships to
surface area matched published studies. Electrical contrasts were more significant at frequencies
higher than those typically used in the field; this indicates the benefit of using multi-frequency field
IP devices. It was not possible to resolve electrical contrasts with the field data because of
complications, such as erroneous fixing of river resistivity and the influence of micro-topography.
This work highlights the necessity of forward modelling to confirm results of aquatic ERI surveys.

Time-lapse ERI was used to resolve GW-SW exchanges on a GW dependent Chalk river.
Correlation analysis was used to identify areas of the subsurface that exhibited similar hydrological
patterns. Despite development of an inversion workflow to account for a changing stage, resistivity
patterns in the riverbed were too extreme to be attributed to dynamics in the riverbed and were
attributed to inversion artefacts. It was, however, possible to reveal the complex interplay of
changing GW levels, biological activity, precipitation and vegetation cutting, and its influence on
5

the riparian zone. This study highlighted how correlation statistics could be used to summarise
large ERI data sets and reveal complex patterns and improve conceptual understanding of site
hydrology.
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1 Thesis Structure and Aims
1.1 Introduction
The groundwater-surface water (GW-SW) interface has received particular interest due to its active
role in governing GW-SW exchanges and its implications for environmental health at reach to
catchment scales. Resolving properties and processes of the GW-SW interface is of critical
importance, for instance, characterisation of structural heterogeneity exerts a strong influence on
the spatial heterogeneity of interactions and associated residence times. Furthermore, textural
properties, including cation exchange capacity and surface area, influence the biogeochemical
potential of the GW-SW interface and govern its ability to transform nutrients and pollutants. In
addition to spatial heterogeneity, exchanges across the GW-SW interface can be highly dynamic as
a result of relative changes in river and GW levels. In recent years, there has been increased interest
in the use of geophysical methods for characterising the GW-SW interface.

This thesis comprises a total of six principal chapters; Chapter 2 provides an overview of the
interest in characterisation of the groundwater-surface water (GW-SW) interface and a discussion
of numerous relevant geophysical studies. Chapter 3 comprises a detailed overview of electrical
methods in addition to several functions suitable for processing and inverting geoelectrical data.
Chapter 4 includes an overview of electromagnetic induction (EMI) methods in addition to several
functions suitable for processing and inverting EMI data. The latter three of the six chapters focus
on three distinct, predominantly field based, investigations; Chapter 5 deals with hydrogeological
characterisation of the Boxford Wetland, UK, using EMI methods, Chapter 6 deals with the use of
field and lab based induced polarisation (IP) methods to characterise the riverbed properties of the
River Leith, UK, and Chapter 7 deals with using time-lapse electrical resistivity imaging (ERI) to
characterise dynamic processes in the River Lambourn and adjacent Boxford Wetland, UK. In
addition, a discussion chapter, Chapter 8, is included to assess whether the thesis aims were met
and to provide future directions.

1.2 Thesis Aims
The six main chapters are written such that they are coherent in isolation. Although this means that
there is inevitable overlap between chapters, this has been kept to a minimum and similar
explanations are typically presented from different angles to reiterate concepts without repetition.
Furthermore, although consistent abbreviations are used throughout, they are defined in each
13

chapter as they appear in the text. Nonetheless, the six chapters operate as coherent piece of work
in order to address the following principal research questions:
1. How be s t can EM I me thods be us e d to re ve al s ubs urface s tructure ; what is gaine d
from inve rting EM I data as oppos e d to dire ct us e of raw me as ure me nts ?
In recent years there has been increased applications involving inversion of EMI data.
However, despite this, there are still a number of important issues to address; for instance,
although a number of inversion algorithms that implement Maxwell-based forward models
exist, the cumulative sensitivity forward model is still commonly used. Moreover, the
necessity of device calibration is unclear, with some authors advocating that it is essential,
whereas other authors do not. Perhaps the most important aspect to consider is if models of
electrical conductivity obtained from inversion of EMI data offer enhanced characterisation
over the direct use of raw measurements. For instance, whereas inversion of EMI data is
fairly novel, raw EMI measurements have had a long history of validated application.
To address these issues, an inversion algorithm was developed to model EMI data, and in
addition to several functions to process EMI data, all of which are discussed in Chapter 4.
The performance of Maxwell based and cumulative sensitivity based forward models is
also assessed in Chapter 4, for the case where EMI devices are operated at ground level
and at 1 m elevation, in addition to characterising the effect of errors on the inversion
process. In Chapter 5 the ability of inverted and raw EMI data to provide information about
the subsurface structure is compared with an extensive intrusive data of peat depths.

2. Are e lectrical prope rties observed at the laboratory s cale resolvable at the fie ld s cale
and what implications this has for obtaining quantitative information at fie ld s cale ?

In comparison to laboratory based IP methods, the application of IP methods at field scale
is rare. Furthermore, despite the fact that a number of properties relevant to the GW -SW
interface being highly correlated to electrical properties, applications in aquatic
environments are even rarer. To address the above question, laboratory based IP
measurements were conducted on intrusively obtained riverbed samples to characterise
their electrical properties over a range of frequencies. In addition, measurements of the
grain size distribution, cation exchange capacity and surface area were measured using
standard laboratory practices. Field surveys of IP were then used to assess whether
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properties observed in the laboratory could be resolved in the field, and synthetic examples
were used to assess issues of aquatic based electrical surveys. Whilst the laboratory, field
and synthetic data are discussed in Chapter 7, it is also important to note that inversion of
field and synthetic data was facilitated through several ERI and IP modelling tools that
were developed; these tools are discussed in Chapter 3.
3. Can ERI be us e d to re ve al late ral and ve rtical GW-SW e xchange be twe e n in
rive rbe ds and riparian zone s ?
Time-lapse ERI is commonly used to characterise changes in subsurface hydrological
processes, given that signals associated with lithological properties can be assumed
constant and changes can be attributed to changes in saturation, pore water conductivity
and temperature. To address this research aim, a time-lapse ERI array was installed
laterally across a riverbed and robust methods of error quantification were used in order to
assess its ability to characterise lateral and vertical river exchanges, see Chapter 7. In
addition, as with Chapter 6, the work presented in Chapter 7 relies on the modelling tools
presented in Chapter 3.

1.3 Thesis Structure
The content of each chapter is summarised as follows:
Chapter 2 provides an outline of the GW-SW interface, before providing an overview of commonly
used geophysical methods. Three principal areas of geophysical characterisation of the GW-SW
interface are then considered: (1) structural characterisation, (2) mapping zones of GW -SW
connectivity, (3) revealing dynamic processes. The various strengths, challenges and areas of
interest for geophysical research are then discussed. It is important to note that this chapter was
published in its entirety (McLachlan et al., 2017), and as a result reiterates points mentioned in the
justifications of why the research was necessary.

Chapter 3 provides an extensive overview of ERI and IP methods; moreover it outlines a series of
R functions that were written to serve as a wrapper to facilitate inversion of geoelectrical data using
R2 and cR2. R2 and cR2 are robust inversion algorithms for forward and inverse modelling of
resistivity

and

complex

resistivity

data

(see

http://www.es.lancs.ac.uk/people/amb/Freeware/R2/R2.htm). In addition to providing a description
of the code structure, several examples are used to highlight several aspects of geoelectrical
characterisation. Specifically, a synthetic example demonstrating the difference between data
collected using dipole-dipole and Wenner measurement sequences is presented, followed by
15

another synthetic example demonstrating the effect of fixing different regions with the inversion
(this is particularly relevant for modelling electrical data acquired in rivers, Chapters 6 and 7).
Finally, an example highlighting the data processing and error modelling capabilities of the
functions is provided for a field IP data set collected at an archaeological site in Lancaster, UK.

Chapter 4 comprises a description of EMI methods and provides the background for a series of R
functions used to process and model EMI data. In addition to providing a description of the code
structure, several examples are used to highlight issues involved in subsurface characterisation
using EMI methods. For instance, comparisons between using the cumulative sensitivity forward
model and a Maxwell based forward model are made, and implications of noise for cases where an
EMI device is operated at 0 and 1 m elevation are discussed.
Chapter 5 is concerned with the use of EMI methods to characterise a riparian wetland. In this work
an extensive set of intrusively derived peat depths were used to assess the performance of EMI
methods. Methods involving the use of raw EMI measurements and EMI inversion were tested.
Furthermore, the influence of data calibration and the effect of treating the subsurface as two and
three-layer cases were investigated. In addition to peat depths, correlation between organic matter
content, pore water conductivity and hydraulic conductivity were also investigated.
Chapter 6 investigates the ability of laboratory and field based IP methods to characterise the
biogeochemical properties of riverbed sediments. Samples of the riverbed were obtained intrusively
and characterised using laboratory based IP and measurements of cation exchange capacity, grain
size distribution and surface area. Field IP was also used to assess whether the electrical properties
observed in the laboratory could be observed at field scales. Following this, a number of synthetic
modelling examples were used to explore pitfalls of aquatic electrical imaging.
Chapter 7 is concerned with using time-lapse ERI to characterise interactions between a GW fed
river and the subsurface. Specifically, the ability of time-lapse ERI to resolve GW-SW exchanges
was investigated. Data were modelled using a workflow to allow for appropriate treatment of the
dynamic river level using both independent and difference inversions. Furthermore, a method for
characterising time-lapse errors in the difference inversion was implemented. A detailed discussion
explaining the interactions occurring in the riparian zone is also included.
Chapter 8 summarises the principal findings of the work included in this thesis, addresses if the
research aims were met and provides some recommendations for future research.
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2 Geophysical Characterisation of
the Groundwater-Surface Water
Interface
2.1 Introduction
It is widely recognised that groundwater (GW) and surface water (SW) form a continuum and are
not isolated components (Winter et al., 1998; Malard et al., 2002; Sophocleous, 2002). GW -SW
interactions have significant implications for water quantity, water quality, and health of aquatic
ecosystems, at site to catchment scales (Winter et al., 1976; Stanford and Ward, 1993; Findlay,
1995; Boulton et al., 1998, 2010; Buss et al., 2009; Harvey and Gooseff, 2015). For instance,
contaminated GW discharge can degrade streams, lakes, deltas and wetlands, and associated
habitats; conversely, GW discharge may also supply vital nutrients and act as a thermal buffer to
maintain ecological functions (Power et al., 1999; Brunke and Gonser, 1997; Hayashi and
Rosenberry, 2002; Marzadri et al., 2013a, 2013b). Over-abstraction of GW can also result in the
redistribution or disappearance of SW resources (Winter et al., 1998), and in coastal regions, the
contamination of fresh water aquifers (Ingham et al., 2006).

The transition zone between SW environments and GW systems, the GW-SW interface, is
important as it governs the exchange of water, nutrients, and pollutants (Kalbus et al., 2006; Buss et
al., 2009; Fleckenstein et al., 2010; Lin et al., 2010; Lansdown et al., 2015). Despite conceptually
representing an interface, the term GW-SW interface is commonly used to describe alluvial
sediments proximal to SW bodies, e.g. streambeds, lake-beds, riparian zones, and flood plains.
Therefore, it typically has vertical extents of up to several metres and horizontal extents in the
order of hundreds of metres. It is important to note that here the term GW-SW interface is not
synonymous with the hyporheic zone (HZ). The HZs definition can be ambiguous and is discipline
dependent (Stanford and Ward, 1988; Triska et al., 1989; Tonina and Buffngton, 2009; Boulton et
al., 2010; Ward, 2016; Hester et al., 2017); it is perhaps best described as the region of the GW -SW
interface that occurs non-continuously in both space and time, and permits the mixing of both GW
and SW (e.g. Gooseff, 2010). Therefore, its presence is not as ubiquitous as commonly assumed
and mixing is actually often limited to narrow zones (Hester et al., 2013, 2017). The physical
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dimensions of the hyporheic zone are also difficult to define; however, the majority of HZ studies
focus on lateral scales of < 10 m and vertical scales of < 1 m (Ward, 2016).
There are numerous established methods that exist for characterisation of the GW-SW interface
(e.g. see Cook and Herczeg, 2000; Stonestrom and Constantz, 2003; Bridge et al., 2005; Greswell
et al., 2005; Kalbus et al., 2006; Rosenberry and LaBaugh, 2008; Fleckenstein et al., 2010).
However, despite providing direct measurements, use of piezometers, seepage meters, and
boreholes may be limited by site conditions, environmental protection, or installation costs. In this
way information may be spatially limited and unrepresentative. Conversely, tracer experiments
(e.g. Findlay et al., 1993; Triska et al., 1993; Harvey et al., 1996; Harvey and Fuller, 1998;
González-Pinzón et al., 2015; Xie et al., 2016) provide information that is averaged over larger
volumes and therefore may fail to characterise spatial heterogeneity, e.g. identifying low mobility
and high mobility zones in the subsurface (Singha et al., 2008).

In the past two decades, near surface geophysics has been increasingly used in characterisation of
the GW-SW interface, in addition to other environmental applications (Binley et al., 2015;
Parsekian et al., 2015; Singha et al., 2015). Geophysical techniques are sensitive to geophysical
properties of the subsurface and hence act as proxies for geological, hydrological, and
biogeochemical parameters. It is important to note that while advances in geophysical instruments
and subsequent modelling have allowed for more reliable data interpretation, geophysical data can
still be ambiguous, and often special consideration is required for the deployment of geophysical
tools in different settings. Nonetheless, geophysical tools offer the unprecedented opportunity to
characterise subsurface parameters at vertical scales of centimetres to hundreds of metres,
horizontal scales of metres to hundreds of metres, and temporal resolutions of minutes to hours.
Furthermore, given that multi-disciplinary research has been essential in GW-SW interface
research (Newbold et al., 1982; Bencala, 1984; Valett et al., 1993; Sophocleous, 2002; Wojnar et
al., 2013; Ward, 2016), the wider application of geophysical tools would be beneficial.

This review focuses on various geophysical tools relevant to characterising properties and
processes of the GW-SW interface. In this review, the GW-SW interface and GW-SW interactions
are first considered, common geophysical approaches are outlined, various geophysical
applications are then reviewed, and finally, avenues of future research are discussed. Although
important in governing zones of GW-SW interaction, more general geophysical studies
investigating properties of the bedrock aquifers are not included here, but have been the subject of
a number of reviews (e.g. Rubin and Hubbard, 2005; Linde et al., 2006; Singha et al., 2007;
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Holliger, 2008; Hubbard and Linde, 2011; Binley et al., 2015; Singha et al., 2015; Boaga, 2017).
However, large scale airborne geophysical studies, which typically sense to depths of tens to
hundreds of metres, are considered as they have the potential to provide a large scale context for
processes occurring across the GW-SW interface. Moreover, these applications fit well into the
requirement that GW-SW interactions ought to be considered at catchment scales (Kaika, 2003;
Hering et al., 2010; Buss et al., 2009; Harvey and Gooseff, 2015).

2.2 The Groundwater-Surface Water Interface
The GW-SW interface is subjected to exchanges spanning multiple spatial scales (Tóth, 1963;
Woessner, 2000). At large scales, GW flow paths are principally influenced by hydrostatic forces
arising from topography and geology, and occur on scales of metres to hundreds of kilometres
(Tóth, 1963; Freeze and Witherspoon, 1967; Winter et al., 1998). On smaller scales, flow paths
originating in the SW may temporarily enter the subsurface and allow for GW-SW mixing. These
flow paths are commonly referred to as hyporheic exchange flows (HEFs) and are principally
governed by geomorphological features (Elliot and Brooks, 1997; Käser et al., 2009; Boano et al.,
2014; Hester et al., 2017). HEFs are generally reported to be driven by hydrodynamic forces
induced by sand dunes, and cobbles at millimetre to centimetre scales or by hydrostatic forces
generated by pool-riffle sequences, sediment bars, meanders, and riparian zones at metres to tens of
metres (Harvey et al., 1996; Woessner, 2000; Lautz and Siegel, 2006; Tonina and Buffngton, 2007,
2009; Käser et al., 2009, 2013; Stonedahl et al., 2010, 2013; Boano et al., 2014). In this way,
hydrological pathways are typically viewed as being nested within in each other, Fig. 2.1. In
reality, this distinction is somewhat arbitrary as HEFs have been stated to occur laterally over
hundreds of metres (Boano et al., 2014). Ideally, the point at which the water originating from SW
more closely resembles the GW, following GW-SW mixing, is the point at which it becomes
groundwater recharge regardless of where and when it returns to the surface.
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Figure 2.1: (a) Various scales of groundwater flow paths and their relation to (b) macro-scale and
(c) micro-scale exchanges in a river and neighbouring riparian zone (after Tóth, 1963; Winter et
al., 1998; Stonedahl et al., 2010).

The GW-SW interface is also influenced by temporal variability across scales of milliseconds to
years. For instance, turbulent flow in rivers can drive GW-SW mixing within several millimetres of
the sediment-water interface on timescales of milliseconds to seconds (Menichino and Hester,
2014; Chandler et al., 2016). On larger time scales, periodic variations in precipitation, snowmelt,
evapotranspiration, and flood pulses can modify, or reverse, GW-SW interactions (Boano et al.,
2008; Loheide and Lundquist, 2009; Wondzell et al., 2010; Larsen et al., 2014; Zimmer and Lautz;
2014; Dudley-Southern and Binley, 2015; Malzone et al., 2016; Schmadel et al., 2016). GW-SW
interactions can also be influenced by waves and tides (Harvey et al., 1987; King et al., 2009;
Bianchin et al., 2011), or driven by density contrasts (Musgrave and Reeburgh, 1982; Webster et
al., 1996; Boano et al., 2009).
Properties and processes of the GW-SW interface are therefore highly spatially and temporally
variable. Lithological heterogeneity in alluvial deposits cans influence permeability, dispersivity,
subsurface residence times, and zones of GW-SW exchange. Bedrock aquifers can also dictate
whether interactions are localised (e.g. in fractured or karstic settings) or distributed (e.g. in clastic
aquifers), and consequently they influence hydrological and biogeochemical conditions at the GW SW interface (Nagorski and Moore, 1999; Gandy et al., 2007; Kennedy et al., 2009). Temporal
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variability in hydrostatic forces can influence locations and timings of GW-SW interactions, the
interactions of GW and HEFs, and consequently biogeochemical reactions (Boano et al., 2014).
Biogeochemical properties, such as cation exchange capacity, redox gradients, and thermal
gradients, have long been known to be important (e.g. Bencala et al., 1984; von Gunten et al., 1991;
Winter et al., 1998; Power et al., 1999) but are highly variable, making it difficult to predict
pollutant attenuation and nutrient cycling. Furthermore, there have been a limited number of
investigations into HZ and GW-SW interface processes across different orders of streams, and their
relevance to the catchment (e.g. Gomez-Velez and Harvey, 2014; Kiel and Cardenas, 2014;
Marzadri et al., 2017). Therefore, field methods that provide spatially and temporally complete data
sets about geological, hydrological, and biogeochemical information at site to catchment scales are
required (Buss et al., 2009; Boano et al., 2014; Harvey and Gooseff, 2015; Ward et al., 2016;
Hester et al., 2017).

2.3 Geophysical Approaches
The general premise of geophysics is to obtain information about the geophysical properties of the
subsurface to infer information about geological, hydrological, and biogeochemical properties
(Binley et al., 2015). Geophysical properties can be interpreted using petrophysical models,
calibration with other methodologies (both non-geophysical and geophysical), and analysis of
temporally distributed data sets of dynamic processes. Geophysical techniques considered here are
electrical resistivity (ER), induced polarisation (IP), self-potential (SP), electromagnetic induction
(EMI), ground penetrating radar (GPR), and seismic methods (Table 1). Furthermore , forward,
inverse, and petrophysical modelling are also briefly discussed due to their importance in data
interpretation. Fundamental geophysical theory (e.g. Telford et al., 2010) is beyond the scope of
this section, and instead focus is given to the basic principles of field and modelling techniques.
Applications of temperature sensing in GW-SW interface studies are also beyond the scope of this
review (e.g. Stonestrom and Constantz, 2003; Irvine and Lautz, 2015; Hare et al., 2015; Irvine et
al., 2016; Wilson et al., 2016).
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Table 2.1: Commonly used field based geophysical methods including their typical applications,
spatial sensitivities and acquisition times.
Geophysical
Technique

Geophysical
property

Electrical
Resistivity

Electrical Resistivity/
Conductivity

Induced
Polarisation

Electrical Resistivity/
Conductivity and
Chargeability

Spectral Induced
Polarisation

Resistivity/
Conductivity and
Chargeability (with
frequency
dependency)

Self-Potential

Electrical potential

Electromagnetic
Induction
Ground
Penetrating Radar
Seismic

Electrical
conductivity/
resistivity
Dielectric
permittivity, electrical
conductivity
Bulk density, elastic
moduli

Typical
investigation
depths

Typical acquisition
time for 100 m
transect

Metres to tens
of metres

Tens of minutes

Metres to tens
of metres

Tens of minutes to
hours

Water content, clay content,
surface area, hydraulic
conductivity, pore water
conductivity, porosity, lithology

Metres to tens
of metres

Tens of minutes to
hours

Hydrological flux, hydraulic
conductivity, redox gradients

Metres

Seconds to minutes

Water content, clay content,
salinity

Metres to
100s of metres

Seconds to minutes

Water content, porosity,
stratigraphy

metres to tens
of metres

Seconds to tens of
minutes

Porosity, lithology

metres to tens
of metres

Tens of minutes

Hydrogeological properties
Water content, clay content,
pore water conductivity,
porosity, lithology
Water content, clay content,
surface area, hydraulic
conductivity, pore water
conductivity, porosity, lithology

Electrical Resistivity
ER methods are used to determine subsurface electrical resistivity by injecting low frequency (<1
kHz) electrical currents into the ground with two current electrodes and measuring the resultant
voltage between two or more potential electrodes (Binley, 2015). ER methods are typically
minimally invasive as they commonly involve placing stainless steel electrodes several centimetres
into the subsurface, however, in some cases borehole ER is used for enhanced characterisation (e.g.
Slater et al., 1997; Crook et al., 2008; Wilkinson et al., 2010; Coscia et al., 2011, 2012). In
environmental applications the ER signal is typically dependent on the characteristics of the pore
water and grain-fluid interface (Glover, 2015). Modern ER instruments are capable of
systematically using different combinations of electrodes arranged in lines or grids to image the
subsurface in 2D or 3D surveys (Loke et al., 2013). These types of surveys are often referred to as
ER imaging (ERI) or ER tomography (ERT). In addition to 2D and 3D surveys, temporally
distributed measurements can be used to monitor dynamic processes (e.g. Ward et al., 2010a;
Johnson et al., 2012; Uhlemann et al., 2016).
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Induced Polarisation
IP methods are effectively an extension of ER methods and use low frequency (< 1 kHz) currents
to assess the capacitive properties of the subsurface (Binley, 2015). The IP signal typically arises
due to the temporary accumulation of ions in porous media following the injection of an electric
current (Kemna et al., 2012). Whereas the ER signal is dependent on the properties of both the pore
fluid and the porous media, the IP signal is more closely associated with the properties of the grainfluid interface (Revil et al., 2012). IP can therefore provide information about lithological
properties with less influence from pore water conductivity (Vinegar and Waxman, 1984; Kemna et
al., 2000; Lesmes and Frye 2001; Weller et al., 2013; Glover, 2015). As with ER methods, IP
measurements can be made using two current electrodes and two potential electrodes. Modern
multichannel systems permit the use of multiple potential dipoles simultaneously in addition to
recording the full waveform of the IP signal. Induced polarisation can be conducted in either the
time or the frequency domain (Revil et al., 2012). Time domain IP methods involve injecting a
direct electrical current between the current electrodes before abruptly switching it off and
measuring the voltage decay over a specific time interval between the potential electrodes.
Frequency domain IP involves injecting alternating electrical currents and measuring the
impedance and the phase lag of the current and voltage waves. Frequency domain IP methods can
also be carried out using multiple frequencies to assess the frequency dependent impedance and
phase shift between injected current and measured voltage, this is typically referred to as spectral
IP (SIP).

Self-Potential
Unlike ER and IP methods, SP methods are passive in that they measure naturally occurring
voltages within the subsurface (Jackson, 2015). The SP method is relatively simple in that voltages
can be measured using non-polarising electrodes and a high impedance voltmeter (Minsley et al.,
2007). Non-polarising electrodes are required to minimise polarisation at the electrode surface and
a high impedance voltmeter is required to avoid current leakage in the voltmeter (Re vil et al.,
2012). Under natural conditions the SP signals arise from electro-kinetic, electrochemical and
thermoelectric effects (Wynn and Sherwood, 1986; Revil et al., 2012; Jackson, 2015). The electrokinetic effect, or streaming potential, arises from the advective transfer of excess charges through
porous materials (Rizzo et al., 2004). The electrochemical effect originates from the presence of
ion and electron concentration gradients, such as those resulting from redox conditions (Sato and
Mooney, 1960; Revil et al., 2010). The thermoelectric effect is caused by the differential thermal
diffusion of ions in pore fluid, and electrons and donor ions in porous media (Wynn and Sherwood,
1986).
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Electromagnetic Induction
Whereas ER, IP, and SP use low frequency (< 1 kHz) electrical currents, electromagnetic methods
(e.g. EMI and GPR) use higher frequency signals to induce electromagnetic effects in the
subsurface. EMI instruments operate in either the frequency domain (FDEMI) or the time domain
(TDEMI) and use primary and secondary coils to determine subsurface electrical conductivity and
magnetic susceptibility (Everett and Meju, 2005; Fitterman, 2015). In FDEMI systems a primary
current with a specific angular frequency is generated in the primary coil; this induces a primary
magnetic field that is out-of-phase with the initial current. The primary magnetic field creates an
electromagnetic force that induces eddy currents in the subsurface and a consequent secondary
magnetic field. The secondary magnetic field is detected by the secondary coil and is used to infer
information about in phase and out-of-phase components of the subsurface electromagnetic
properties. In TDEMI systems, a current is typically passed around the primary coil before it is
abruptly switched off. This current generates a primary magnetic field which induces an
electromagnetic force, both of which are in-phase with the primary current. The electromagnetic
force generates eddy currents that decay by ohmic dissipation following termination of the primary
current. The decay of the eddy currents produces a secondary magnetic field and its rate of change
through time is measured by the secondary coil to infer subsurface conductivity (Nabighian and
Macnae, 1991). Modern FDEMI instruments contain multiple secondary coils and can be used to
detect information from several depths simultaneously. EMI systems have advantages over
electrical methods in that they do not require contact with the sub surface, allowing for easier usage
in waterborne or airborne surveys (e.g. Butler et al., 2004; Binley et al., 2013; Harrington et al.,
2014).
Ground Penetrating Radar
As with EMI, GPR methods use electromagnetic signals to assess subsurface properties. However,
the frequencies used in GPR are higher (10 MHz to 2 GHz), such that the signal travels by wave
propagation, rather than by diffusion. In GPR systems a high frequency signal is emitted into the
subsurface via a transmitter antenna before it travels to the receiver antenna, e.g. by reflection from
an interface of contrasting electrical properties (Huisman et al., 2003; Annan, 2005; van der Kruk,
2015). The amplitudes and travel times of the returning waves are then used to determine dielectric
properties and locate boundaries in the subsurface. Field studies often involve time domain GPR
systems and typically use frequencies between 50 and 500 MHz. Frequency domain systems are
also available, and in some cases using wider bandwidth permits more accurate modelling of the
subsurface (Lambot et al., 2004, 2006). The depth of penetration of the signal is dependent upon
the electrical conductivity of the subsurface and the frequencies used. Due to frequency dependent
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attenuation mechanisms, higher frequencies do not penetrate to as great depths but permit higher
resolution images. Furthermore, highly electrically conductive environments may attenuate the
signal and reduce the penetration depth.

Seismic Methods
Seismic methods operate similarly to GPR but use the propagation of acoustic energy to infer
information about the mechanical properties of the subsurface (Steeples, 2005; Schmitt, 2015).
Seismic surveys are classified as reflection, refraction, or surface methods. Reflection methods rely
on reflected energy from boundaries between media with different seismic velocities, refractive
surveys rely on refractive waves that curve as they move through velocity gradients and surface
methods rely on boundary waves that propagate along the surface. For all methods, signals are
recorded using geophones and for reflection and refraction methods, a source (e.g. sledgehammers,
explosives or weight drops) is required to create seismic waves. Although sources can also be used
for surface methods, passive sources can also be used (e.g. Louie et al., 2001). See Rabbel (2010)
for a comprehensive review of near surface reflection and refraction applications.
Geophysical Modelling
Forward modelling is used to calculate the data that would theoretically be observed for a given
distribution of geophysical properties. The underlying principles of geophysical methods are
generally well understood, so the creation of synthetic data sets from a model of geophysical
properties is relatively straight forward (Binley, 2015). Forward modelling serves two key
purposes: (1) to aid survey design and (2) to assist in inversion and interpretation of data. For
instance, different geophysical methods and measurement schemes have different strengths and
weaknesses. Therefore, by making reasonable estimates of the subsurface properties the usefulness
of a geophysical technique can be assessed prior to its deployment (Terry et al., 2017). Forward
modelling may also be useful in guiding interpretation of unusual features; moreover, prior to
sufficient computational power, geophysical data were often interpreted by comparing data with
forward models, such as ER sounding curves (Loke et al., 2013).
Inverse modelling is the process of determining the distribution of subsurface geophysical
properties based on observed geophysical data and any prior information. The principles of
geophysical inversion are beyond the scope of this paper but information can be found elsewhere
(e.g. Aster et al., 2005; Tarantola, 2005; Menke, 2012; Linde et al., 2015). The majority of inverse
problems are ill-posed in that there can be an infinite number of solutions for one geophysical data
set. In order to constrain the inversions, regularisation may be used to introduce assumptions to
prevent over fitting of data and stabilise solutions, e.g. lateral smoothing in stratified deposits
(Constable et al., 1987; Tarantola, 2005). Moreover, uncertainty can further be reduced by carrying
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out joint or coupled inversions. In hydrogeophysics, joint inversions involve incorporation of
various geophysical and hydrogeological data sets (e.g. Linde et al., 2006; Herckenrath et al.,
2013), while coupled inversions model geophysical data within the bounds of prior hydrological
models (e.g. Hinnell et al., 2010; Huisman et al., 2010).

In order to be of use in hydrogeology, geophysical models are often interpreted in terms of
geological, hydrological, or biogeochemical parameters. Although geophysical data can be
interpreted qualitatively (e.g. by looking at resistivity patterns), by monitoring dynamic processes
(Johnson et al., 2012; Singha et al., 2015), or through combination with other methods (e.g. DayLewis and Lane, 2004; Moysey et al., 2005; Huisman et al., 2010; Miller et al., 2014),
petrophysical relationships are commonly used.
Petrophysical and pedological relations can be used in joint inversions to relate two independent
geophysical methods (e.g. Hoversten et al., 2006; Zhang and Revil, 2015) or after geophysical
inversion to translate geophysical data. Although mechanistic petrophysical models exist (e.g.
Leroy and Revil, 2009; Montaron, 2009; Revil et al., 2012), the majority of models used are semiempirical or empirical. For instance, models have been developed to relate electrical conductivity
and porosity (Archie et al., 1942; Waxman and Smits, 1968), to link water content with dielectric
permittivity (Topp et al., 1980), and to interpret IP responses with surface area, grain size, and
permeability (Vinegar and Waxman, 1984; Börner and Schön, 1991; Slater and Lesmes, 2002;
Binley et al., 2005; Slater et al., 2007; Weller et al., 2013, 2015a, 2015b, 2015c). It is also
important to note that electrical conductivity is also linked to temperature, and as a result, ERI
monitoring studies are often corrected for temperature (e.g. Brunet et al., 2010; Chambers et al.,
2014a; Uhlemann et al., 2016).

2.4 Geophysical Characterisation of GW-SW
Interactions
Geophysical applications to characterise properties and processes at the GW-SW interface can be
split into three principal areas: (1) characterising subsurface structure, (2) mapping zones of GW SW connectivity, and (3) monitoring hydrological processes. Whereas structural characterisation
and GW-SW exchange mapping have included studies at site and catchment scales, monitoring
dynamic processes has been conducted solely at site scales. In this section various geophysical
applications relevant to characterising the GW-SW interface are discussed. The majority of studies
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have focused on freshwater streams and rivers; however, studies have also been conducted in
wetlands, deltas, and lakes.

2.4.1 Structural Characterisation
Structural characterisation is essential as the structure governs hydrological properties and
subsequent processes. Although minimally intrusive, calibration of geophysics with intrusive
methodologies is often required to interpret geophysical information (e.g. Zhou et al., 2000;
Chambers et al., 2014b). Also, in some cases, borehole methods involving ERT, IP, GPR, or
seismic methods may be used for increased resolution of the deeper subsurface (e.g. Slater et al.,
1997; Huisman et al., 2003; Kemna et al., 2004; Crook et al., 2008; Dorn et al., 2011). Nonetheless,
geophysical methods provide a level of resolution that would be unachievable through the use of
point measurements alone.

Small Scale Structural Characterisation
Several applications have used geophysics to characterise subsurface structure at the Hanford
Nuclear Site (Washington, US) to assess pollution pathways to the Columbia River (Johnson et al.,
2015). For example, Slater et al. (2010) used waterborne ERI and IP surveys to determine the
contact depth of a high permeability unit and low permeability sections of the underlying unit.
Depressions in the contact interface were interpreted to be palaeo-channels, and were shown to be
areas of GW discharge by using distributed temperature sensing. Land based IP surveys were also
conducted at the site and were effective in revealing contrasts between the two units and locating
palaeo-channels (Mwakanyamale et al., 2012). The locations of these palaeo-channels were also in
agreement with later studies that used temporally distributed ERI to monitor GW-SW interactions
(Johnson et al., 2012; Wallin et al., 2013), as discussed in Section 4.3. Also at the Hanford Site,
Williams et al. (2012a-d) used seismic surveys over several tens of kilometres to interpolate the
sandstone-basalt interface between boreholes. They identified significant lows in the contact and
determined additional potential pollution pathways to the Columbia River.
A number of geophysical studies have also been conducted at a riparian wetland (Boxford, UK).
Crook et al. (2008) used surface and down borehole ER methods to reveal geological boundaries
beneath the neighbouring River Lambourn. In the wetland, Chambers et al. (2014b) used ERI, soil
probing, and borehole data to characterise the 3D structure of the subsurface. They identified
different superficial deposits, determined the depth to the chalk bedrock, and identified the
weathering profile within the chalk, all of which are likely to have important hydrological
implications, Fig. 2.2. Loke et al. (2015) compared a standard ERI Wenner array and an optimised
array, and found that the optimised array was able to locate geological interfaces with greater
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accuracy. In another study, surface GPR revealed that the gravels subdivide into a lower section of
chalky gravels and an upper section of coarse flint gravel (Newell et al., 2015). The study also
found that gravels below a depth of 2 m were relatively structureless, whereas the shallower gravels
displayed potential point bar lateral accretion surfaces in association with the peat channels, which
are likely to have further implication for hydrology of the site.

Figure 2.2: 3D resistivity model of the Boxford riparian wetland. Solid volumes are shown
for regions with resistivities of less than 50 ohm.m in blue, peat, and with resistivities greater
than 150 ohm.m in orange, gravel (Chambers et al., 2014b).

Geophysics has also been employed successfully for site scale structural characterisation in a
variety of other settings. Crook et al. (2008) used ERI to evaluate the structure and volume of
alluvial deposits in Oregon (US), highlighting how it could be used to provide valuable information
to model biogeochemical exchange. In comparison, Mermillod-Blondin et al. (2015) characterised
alluvial structure using GPR in the Rhone River (Lyon, France). They identified two lithofacies,
and installed piezometers to monitor hydraulic heads and temperature changes. Samples were also
taken to assess water chemistry, sedimentology, and bacterial and invertebrate assemblages. They
found that HEFs were faster in the cobble/gravel facies than the gravel/sand facies, and that faster
flow led to a greater delivery of organic carbon and an increase in microbial activity. Revil et al.
(2005) demonstrated how ERI can be used to determine the 3D geometry of a palaeo-channel and
showed that SP can be used to determine preferential flow paths (Camargue, France). Several
studies have also indicated how multiple geophysical techniques can be used to more accurately
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characterise the subsurface structure (e.g. Gallardo and Meju, 2004; Günther and Rucker, 2006;
Jafar-Gardomi and Binley, 2013). For instance Doetsch et al. (2012a) and Zhou et al. (2014) were
able to improve structural characterisation at the Thur River, Switzerland by structurally guiding
ERI inversion with GPR data.

As well as constraining geological boundaries, geophysics has been used to enhance the spatial
extent of hydrogeological information. For example, Doro et al. (2013) correlated ERI with slug
and pumping tests at the River Steinlach, Germany and Miller et al. (2014) used ERI and
permeameters at several alluvial floodplains in Oklahoma, US. Although the majority of structural
studies provide static images of the system, SW systems, particularly rivers, are characterised by
dynamic erosional and depositional patterns. This dynamic nature is known to have important
hydrological and biogeochemical implications for processes in the GW-SW interface (Elliot and
Brooks, 1997; Packman and MacKay, 2003). Toran et al. (2012) used ERI to determine changes in
sedimentation following installation of a restoration structure, however the dynamic nature of
riverbeds is more widely studied in civil engineering where scouring may lead to undermining of
bridge foundations (Anderson et al., 2007). Several methods (e.g. echo sounding, intrusive
measurements, bulk electrical conductivity probes) have been used to assess changes in channel
bed geometry (Prendergast and Gavin, 2014). However, GPR and seismic methods have been
particularly useful as they can provide information about the channel geometry and sediment
structure beneath the sediment-water interface without the need for intrusive measurements (Webb
et al., 2000; Prendergast and Gavin, 2014).

Large Scale Structural Characterisation
Large scale structural characterisation has typically used airborne TDEMI (AEM) in association
with other data sets. Harrington et al. (2014) used AEM, geological maps, and environmental
tracers to infer aquifer architecture beneath a large river in north-western Australia at the catchment
scale, Fig. 2.3. They postulated zones of GW discharge which could be useful in targeting sites for
future investigation. AEM has also been used alongside geological mapping data to reveal
sedimentary structures and faults (Jørgensen et al., 2012), with ERI to reveal geological variability
in deltaic deposits (Meier et al., 2014), with borehole data to identify hydro-facies in glacial
deposits (He et al., 2014), with seismic methods to identify the bedrock-superficial interface
(Oldenborger et al., 2016), and with hydrogeological modelling to aid in predicting nitrate
reduction at catchment scales (Refsgaard et al., 2014). Although AEM dominates regional scale
geophysical surveys, other techniques have also been used. Froese et al. (2005) used ERI and GPR
at 20-40 km intervals, along with lithological descriptions of bank cuttings to characterise alluvial
deposits along a 1000 km reach of the Yukon River (North America), and Ball et al. (2006) used
waterborne ERI and geological borehole data to characterise leakage potential in the Interstate and
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Tristate Canals (US). Columbero et al. (2014) also used waterborne ERI surveys to characterise the
subsurface structure of a glacial lake (NW Italy). They identified an area where lacustrine silts had
reduced thickness, and found that this region coincided with anomalous SP signals. They
tentatively suggested that SP could be used to locate zones of GW discharge.

Figure 2.3: Combined plot showing (A) river water sample locations and AEM survey line
with respect to basement geology, (B) isotope data, (C) chemical data, and (D) an inverted
conductivity-depth section with litho-stratigraphic interpretation. Solid black lines in (A) and
(D) represent faults, dashed lines and arrows in (D) represent lithological boundaries and
groundwater flow directions. The conductivity-depth section is vertically exaggerated with a
V:H ratio of 1:100 (Harrington et al., 2014).
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2.4.2 Mapping Zones of Groundwater-Surface Water Exchange
A principal consequence of structural heterogeneity is that it generates variability in GW -SW
connectivity. Identification of zones of enhanced GW-SW connectivity is important for informing
water management and locating areas of potential environmental significance (Buss et al., 2009;
Binley et al., 2013). Methods for assessing spatial variability in GW-SW exchange (e.g. seepage
meters and piezometers) can be labour-intensive to install. Several geophysical applications have
demonstrated how geophysics can exploit the contrasts in electrical and thermal properties of SW
and GW to identify areas of GW-SW interaction at site to catchment scales more quickly. In this
way geophysics can be used as a reconnaissance tool for qualitatively identifying important areas
for further study or as an additional data source to extrapolate information between traditional
measurements.

Local Scale Mapping of Groundwater-Surface Water Interactions
Although contrasts in the electrical properties of GW and SW are relatively small (e.g. between 10
and 150 mS/m) in freshwater environments, several geophysical studies have been successful in
revealing areas of GW-SW exchange. For instance, Mansoor et al. (2006, 2007) used waterborne
ERI to detect locations of elevated pore water conductivities within an urban wetland which arose
due to leaching from marginal landfill sites during rainfall events. Nyquist et al. (2008) mapped
locations of GW-SW exchange within a stream section at metre-scale resolution by comparing 2D
ERI sections collected at high and low stage. Differences in the inverted models were interpreted as
zones of GW-SW exchange; these zones correlated with the thinning of a clay layer located
beneath a carbonate aquifer and the overlying alluvium. FDEMI methods have also been used to
reveal contrasts in electrical conductivity and locate zones of GW-SW connectivity. Butler et al.
(2004) used FDEMI and seismic methods to locate a clay aquitard and the extent of a c lay window
recharge zone. Binley et al. (2013) used waterborne FDEMI surveys alongside piezometric data
and chemical sampling (Heppell et al., 2014) to reveal spatial variability in GW discharge. Areas of
high electrical conductivity were correlated with upwelling of more solute-rich GW, while areas of
low electrical conductivity coincided with areas exhibiting horizontal hydraulic gradients, Fig. 2.4.
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Figure 2.4: Comparison of interpolated hydraulic heads obtained from piezometers and
electrical conductivity obtained from waterborne EMI survey. (a) Horizontal profile obtained
from 100 cm deep piezometers. Symbols show measurement locations. (b) Vertical profile
obtained from 20, 50, and 100 cm deep piezometers. The dashed line shows measured stage
profile. (c) Map of riverbed electrical conductivity obtained from Geonics EM38. Hydraulic
heads are shown in masl (meters above mean sea level) (after Binley et al., 2013).

Contrasts in electrical conductivity have also been used in coastal environments where the contrasts
can be much larger. For instance, Zarroca et al. (2014) used ERI methods in association with
piezometric and natural tracer data in a coastal wetland. They were able to identify zones of
focused upwelling and distinguish between local and regional GW flow paths, and detect the
intrusion of seawater which converged in the wetland. Kinnear et al. (2013) demonstrated that
FDEMI could be used to map lateral variability in electrical conductivity. They found that fresh
GW discharge in the brackish Ringkøbing Fjord (Denmark) was constrained to the shoreline and
demonstrated the potential for geophysical techniques to aid in assessing water budgets over larger
areas.

Catchme nt Scale Groundwate r-Surface Wate r Conne ctivity M apping
Similarly to structural characterisation, there have been several applications to map GW -SW
connectivity at larger scales (hundreds of metres to tens of kilometres). Paine (2003) used field
based FDEMI to determine ranges in electrical conductivity and AEM to locate salinisation
sources, in addition to assessing lateral extent and intensity of salinisation, by developing
relationships from borehole water samples in northern Texas (US). In the Venice Lagoon (Italy),
Viezzoli et al. (2010) used AEM to assess saltwater intrusion in the coastal aquifer and to
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characterise the transition between fresh water saturated sediments and overlying saltwater
saturated sediments beneath the lagoon. Kirkegaard et al. (2011) used AEM in the Ringkøbing
Fjord (Denmark) finding that buried valleys beneath the lagoon were characterised by high salinity
waters while some areas of the lagoon were characterised by fresher waters. ERI has also been used
to map locations of GW-SW discharge. Kelly et al. (2009) used a towed waterborne ERI array and
tracer data to differentiate between local and regional GW discharge along a 50 km river reach in
South East Australia.

2.4.3 Monitoring Groundwater-Surface Water Interactions
In addition to using contrasts in the geophysical properties of GW and SW to map areas of
exchange, geophysical techniques have been used to monitor and quantify processes of the GW SW interface at local scales (metres to tens of metres). Aside from heat tracing methods,
geophysical monitoring studies have almost exclusively involved ERI. However, Christiansen et al.
(2011) demonstrated how time-lapse gravity measurements can be used to assess river-riparian
zone exchanges. ERI methods are somewhat analogous to monitoring wells in tracer experiments in
that changes in resistivity are used to infer changes in hydrological properties or conditions (e.g.
saturation or pore water conductivity). ERI can be used to image the entire region immediately
beneath an electrode array. This means that low mobility zones, which are likely to be important in
biogeochemical cycling given the long residence times, can also be detected (Singha et al., 2008;
Toran et al., 2013b).
Temporally distributed ERI surveys have been used at the Hanford Site (US) to monitor inland
water intrusion in relation to changes in river stage and to detect high and low mobility zones in the
riparian zone (Johnson et al., 2012; Wallin et al., 2013). They used time-series and time-frequency
analysis to reveal the timing and location of GW-SW interactions. Cardenas and Markowski (2011)
imaged a flood cycle in a dam-regulated river, finding that the HZ was laterally discontinuous and
varied with time. In addition to surface electrodes, cross borehole ERI has been used to increase
sensitivity at depths and locate areas of high and low permeability by monitoring 3D hydrological
processes within the riparian zone of the Thur River, Switzerland (Coscia et al., 2011, 2012). At the
Boxford riparian wetland, Uhlemann et al. (2016) found that peat exhibited a two-layer behaviour
separated by an intermittent clay layer; the upper layer showed a reduction in resistivity during the
summer due to increased pore water conductivity and the lower layer exhibited an increase in
resistivity during the winter months due to the reception of resistive GW.
Studies in fresh water environments have also used salt tracers to artificially induce electrical
conductivity contrasts. For instance, Ward et al. (2010a) estimated the relative areas of the HZ by
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comparing a pre-injection ERI model with subsequent post-injection ERI models, Fig. 2.5. More
recently, Ward et al. (2013) monitored changes in the HZ finding that hydraulic gradients parallel
and perpendicular to the valley gradient had minimal influence on HZ extent and that the HZ extent
increased with decreasing vertical gradients away from the stream. Similarly, Toran et al. (2013a)
found that persistence of the saline tracer was more dependent on thickness and grain size rather
than on the presence of restoration structures. Recently, Clemence et al. (2017) used a 3D array to
obtain 7 m × 1 m × 1 m resistivity images of the subsurface following the injection of a tracer into
the subsurface and note the importance of accurate characterisation of stage le vel for inverse
modelling.

ERI and salt tracer studies have also been used to monitor processes in the riparian zone. To
investigate the importance of voids in the riparian zone Menichino et al. (2014) created an artificial
macro-pore and monitored intra-meander flow using ERI. They found that their open macro-pore
enabled more solute transport and increased solute tailing, both of which are likely to be important
in hydrological and biogeochemical processes. Whereas Doetsch et al. (2012b) used a 3D ERI
monitoring array to estimate riparian zone infiltration velocities and found agreement with
monitoring well data.

Similar to mapping zones of exchange, the natural conductivity contrasts in coastal environments
can be used to monitor GW-SW interaction processes. Swarzenski et al. (2007) investigated
bidirectional exchange between a coastal aquifer and sea water using ERI, electromagnetic seepage
meters, and geochemical tracers. They found that the tide strongly influenced hydraulic gradients
such that during high tides GW discharge was reversed and seawater infiltrated into the coastal
aquifer. In a similar experiment, Henderson et al. (2010) found that their ERI also indicated
suppressed GW discharge, whereas temperature measurements indicated GW discharge c ontinued
at high tide. Their sensitivity modelling indicated that during high tide electrical current was
preferentially focused in the conductive SW and that consequently, the resistive GW could not be
easily resolved. This demonstrates the issue that methods may be limited in certain environments, it
therefore highlights the importance of forward modelling to realise the sensitivity of geophysical
data.
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Figure 2.5: Electrical resistivity imaging of solute transport in subsurface of a stream during a
21-hour injection. Transects run perpendicular to the stream, with flow direction out of the
page. (A) Pre-injection electrical resistivity model. (B) Model sensitivity as a function of
physical location. (C-G) Time-lapse ERI results, at time elapsed after beginning the
conservative solute injection. Colour indicates percentage change in bulk resistivity from
background conditions. (H) Interpretation of resistivity images. Resistive feature in pre injection model is interpreted to be an abandoned cobble bed (Ward et al. 2010a).

2.5 Discussion
Geophysical techniques have successfully provided information about processes and properties
relevant to the GW-SW interface, with research focusing on three key areas: (1) characterising
structure, (2) mapping zones of GW-SW interaction, and (3) monitoring dynamic processes.
However, studies of properties and processes in the GW-SW interface would benefit from
continued geophysical input, for which there are several avenues of potential research. In this
section the strengths, challenges, and recent developments in geophysical techniques are discussed
alongside opportunities for the future.
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2.5.1 Strengths of Geophysics
It is convenient to organise geophysical techniques into more general themes to consider their
strengths as tools to: (1) guide more focused investigations, (2) supplement other data sets, and (3)
monitor dynamic processes. These strengths are also apparent in other fields of near surface
geophysics (e.g. Singha et al., 2015; Binley et al., 2015; Parsekian et al., 2015). Their presence
highlights the scope of geophysics for studies concerned with the GW-SW interface and more
general environmental applications.
Reconnaissance Tools
Often the usefulness of data can only be appreciated following the instrumentation of a site. By
targeting specific sites based on preliminary geophysical investigations it may be possible to save
resources and obtain more representative and useful information. In addition, at catchment scales
the decision to select a particular site may be purely incidental to land access and prior
instrumentation. At local scales FDEMI (e.g. Butler et al., 2004; Binley et al., 2013) and ERI (e.g.
Mansoor and Slater, 2007; Nyquist et al., 2008) have been shown to be capable of identifying
zones of hydrological interest. Additionally, geophysics has also been used to locate areas of
biogeochemical interest. For example, Uhlemann et al. (2017) used ERI to guide biogeochemical
and hydrological sampling of an arsenic contaminated aquifer in Cambodia (see also Richards et
al., 2017) by characterising its sedimentological setting. In this way, geophysics can also be used to
improve the confidence that intrusive data are representative or appropriate for characterisation of
the site.

Additionally, geophysics has also been used as a reconnaissance tool at catchment scales; AEM has
been used for locating palaeo-channels (Worrall et al., 1999; Abraham et al., 2012) and areas of
GW-SW connectivity (Jørgensen et al., 2012; Harrington et al., 2014). As noted by Kruse (2013),
there is significant potential for combining remote sensing data with aerial and land based
geophysics. These methods are highly complementary given that remote sensing data and typically
sensitive to the surface and/or shallow subsurface (< 1 m) whereas geophysical techniques may be
sensitive up to depths of several tens or hundreds of metres (Parsekian et al., 2015). Geophysics
and remote sensing have been combined in permafrost studies, for instance AEM (Pastick et al.,
2013) and ground based ERI and GPR (Yoshikawa and Hinzman, 2003) were used alongside
remote sensing data to assess the thickness and distribution of permafrost. Approaches such as
those employed by Wilson et al. (2016), whereby lakes were prioritised based on their geological
setting before thermal imagery was analysed, could be enhanced by inclusion of geophysical data.
The combination of remote sensing data and geophysics would be useful in linking surface and
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subsurface properties and would be a powerful tool in GW-SW interaction studies. Furthermore,
these applications could provide additional constraints for catchment scale considerations of HEFs
(e.g. Kiel and Cardenas, 2014; Gomez-Velez and Harvey, 2014).

Supplementing Other Data Sets
Geophysical measurements that are sensitive to geological, hydrological or biogeochemical
properties can be used to reduce interpolation uncertainty and increase the spatial coverage of
information. The combination of methods has additional advantages in that by combining different
data sources, poor sensitivity and other methodological limitations can be reduced. Combining data
sets is common in GW-SW interface research. For instance, González-Pinzón et al. (2015)
combined centimetre scale probes with chemical tracers, piezometers, fibre optic distributed
temperature sensing, temperature sensors, and ERI to improve conceptual understanding of a river
reach at several scales. The development of integrated and standardised approaches may also be
beneficial for generating common data sets through use of ‘out of the box’ tools . This would allow
comparison of field sites and improve conceptual models. For example, a table of tried and tested
methods for a several types of environments could be generated; however, it is important to note
that field sites may require specific tools. Multi-method approaches are similarly used in
hydrogeophysical research to combine geophysical techniques with hydrological and geophysical
techniques (e.g. Moyse et al., 2005; Hinnel et al., 2010). The grouping of traditional and
geophysical applications can improve the spatial extent of available information across a range of
scales and improve the quantitative interpretation of geophysical data. To date, most geophysical
studies of the GW-SW interface have focused on characterising the geological structure. Future
applications should endeavour to extract information about the hydrological and biogeochemical
properties of the subsurface.

Monitoring Dynamic Processes
Processes occurring at the GW-SW interface can be highly dynamic. It can be difficult to
characterise these processes with traditional methods as they can interrupt processes and
continuous measurements may not be possible. In this review, the ability of ERI to characterise
dynamic processes has been demonstrated (e.g. Ward et al., 2010a; Johnson et al., 2012; Wallin et
al., 2013). These strengths are also highlighted in related fields where ERI and IP have been used to
monitor contaminant transport, biological activity and biogeochemical processes (e.g. Michot et al.,
2003; Garre et al., 2011; Slater and Atekwana, 2009; Johnson et al., 2010; Flores-Orozco et al.,
2011; Chen et al., 2009; Singha et al., 2015). It is anticipated that knowledge from these fields
could be applied to characterisation of the GW-SW inter face. In addition, temporally distributed
surveys of other geophysical methods may be beneficial, for example, FDEMI could be used to ex
tend the information obtained in ERI monitoring studies and temporally distributed GPR, or
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seismic, surveys could be used to better characterise the dynamic nature of riverbed
geomorphology.

2.5.2 Challenges of Geophysics
Despite the progress made by geophysics, it is also important to appreciate the c hallenges of
geophysical methods. These are related to geophysics in general and are on-going issues in
geophysical research. The principal challenges of geophysical techniques are that: (1) measurement
and modelling uncertainty, (2) site specific considerations are often needed, and (3) geophysics
needs to be processed and modelled for quantitative interpretation. These limitations greatly
contribute to the reluctance to adopt geophysical techniques in environmental studies. Here these
challenges are discussed briefly, but it is anticipated that by addressing the issues more thoroughly,
application of geophysics in environmental sensing will become more common.

Measurement and Modelling Uncertainty
Geophysical data and modelling methods can be uncertain. For instance, despite the broad
recognition of errors in geophysical measurements, they can be poorly dealt with and as a result,
incorrect interpretations of geophysical data can be made (Binley et al., 2015). For instance, GPR
and EMI survey devices often need to be corrected for instrument drift (Jacob and Hermance, 2004;
De Smedt et al., 2016), and error weighting of data needs to be appropriate in geophysical
measurements to prevent over fitting of data Particular interest regarding this has been given to
errors in ERI data. Typically, stacked or reciprocal measurements are used to assess the quality of
measurements and weight them appropriately in inverse modelling (Binley, 2015; Singha et al.,
2015). Stacked errors are obtained from consecutive repeat measurements for each current
injection, and reciprocal errors are obtained by reversing the measurement sequence and
conducting a secondary survey. Reciprocal measurements are typically viewed as being more
robust, as stacked measurements may underestimate measurement error (Tso et al., 2017).

However, it should be noted that if the process of interest is occurring faster than a direct and
reciprocal measurement scheme, then reciprocal errors may not be so useful (e.g. Ward et al.,
2010a). Additionally, some studies have also looked at assessing the value of information within
geophysical images in order to assess how reliable geophysical models are (e.g. Oldenburg and Li,
1999; Daily et al., 2005). For instance, Oldenburg and Li (1999) use a depth of investigation
method to assess the vertical reliability of ER and IP models. More recently, Jafar-Gardomi and
Binley (2013) investigated the information content of combined ERI, FDEMI and GPR data sets,
and Nenna and Knight (2013) assessed the benefit of adding geophysical data to assess the
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maintenance of a coastal aquifer. Methods similar to these could assist in determining the value of
data assimilation and help to aid in survey design.
Site Spe cific Cons ide rations
In all applications, it is important to consider the target, scale of interest and the likely subsurface
properties in order to return the most beneficial information. For instance, larger electrode spacing
in ERI and IP or lower frequencies in GPR surveys will permit characterisation to deeper depths,
but will sacrifice resolution (Binley et al., 2015; van der Kruk, 2015). Forward modelling tools
such as Terry et al. (2017) can help to guide survey design based on the targets of interest and the
expected subsurface properties. In some cases, geophysical surveys may also be optimised; for
example, in ERI electrode number, position and measurement geometry can be designed to
improve spatial resolution whilst removing unnecessary measurements and consequently reducing
measurement time (Wilkinson et al., 2006, 2012; Loke et al., 2015).

It is useful to briefly note some considerations necessary to applications in SW bodies. The water
column can be problematic as it can create current focusing effects in methods influenced by
electrical conductivity. For instance, in in-stream ERI surveys, the depth of investigation required;
the river level, and electrical conductivity of river water should be taken into consideration when
deciding the electrode spacing; furthermore consideration of whether use floating arrays or bed
electrodes is also important (Snyder et al., 2002). These measurements can also aid in interpretation
of data (e.g. Slater et al., 2010; Binley et al., 2013). However, it should be noted that additional
constraints make it more difficult to solve inverse problems, and errors in measurements of water
depth or in-stream electrical conductivity may generate significant inversion artefacts (Day-Lewis
et al., 2006). ERI studies in SW bodies have involved static arrays (Nyquist et al., 2008; Crook et
al., 2008) and towed arrays (e.g. Kelly et al., 2009; Slater et al., 2010). The latter methodology has
benefits in that it can improve survey productivity; however, it precludes error quantification
(Slater et al., 2010) and requires various electrode spacings to improve vertical resolution (Allen,
2007). In addition to resolution and methodology considerations, some geophysical applications
may not be appropriate for the setting. For example, the use of salt tracers and ERI may be
prohibited in ecologically sensitive areas, or GPR signals may be attenuated in highly electrically
conductive areas.

Extracting Quantitative Information
Recovering quantitative information from geophysics is a major challenge and has been the subject
of numerous reviews (e.g. Rubin and Hubbard, 2005; Singha et al., 2007; 2015; Loke et al., 2013).
Hydrogeological information can be extracted from geophysical data by using petrophysical
relationships, interpreting time-lapse data and through combination with other techniques.
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Petrophysical models are commonly used due to their simplicity; however, their usage can be
problematic. As noted by Singha et al. (2015) translation of geophysical images with poorly
resolved heterogeneity or inversion artefacts will be erroneous, the support volumes of geophysical
and hydrological parameters are often different, meaning conversions can be poor, and the
resolution of geophysical images can be spatially and temporally variable such that petrophysical
transformations may be inconsistent. Geophysical information can also be interpreted temporally
without the need for petrophysical transformations. Johnson et al. (2012) and Wallin et al. (2013)
used time-series and time-frequency analyses of the Columbia River stage and ERI to reveal
preferential pathways, whereas Ward et al. (2010b) demonstrated that temporal moments of ER and
solute transport data were well correlated for diffusive transport in the HZ. Geophysical data may
also be interpreted from the combination with other techniques. For example, calibrating
geophysical and hydrological data at point scale and estimating the correlation at field scale (DayLewis and Lane, 2004), by using changes in geophysical properties to calibrate hydrological
models (e.g. Binley et al., 2002), or by coupled (e.g. Hinnel et al., 2010) and joint inversions
(Kowalsky et al., 2005; Johnson et al., 2009).
As noted, many applications to characterise the structure of the GW-SW interface (i.e. static
surveys) have

revealed geometry of geological deposits. Future applications should aim to

characterise properties such as permeability, surface area, and cation exchange capacity. Although
petrophysical models are often used to translate static geophysical data following inversion, there
has been recent resurgence of interest in joint inversions. Joint inversions use petrophysical
relations to link multiple geophysical data sets with each other, or with hydrological data sets. They
have demonstrated significant potential in recovering hydrological properties (Kowalsky et al.,
2005; Johnson et al., 2009; Jardani et al., 2013; Soueid-Ahmed et al., 2014, 2016) and are a
promising direction for quantitative interpretation of geophysical surveys of the GW -SW interface.
However, these methods are rarely routinely employed given the different sensitivities from
different geophysical methods and site specificity.

2.5.3 Recent Developments in Geophysical Applications
Since the advent of hydrogeophysics during the 1990s (Binley, 2015), geophysical techniques have
evolved from their traditional exploratory usage to being capable of characterisation of
hydrological states and dynamic processes. Additionally, in more recent years the field of
biogeophysics, which aims to relate the biological processes and modifications of the subsurface to
geophysical properties, has emerged (Atekwana and Slater, 2009). Biogeophysical applications
have typically involved characterising reactive conditions (e.g. Naudet et al., 2003; Sassen et al.,
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2012; Chen et al., 2013), detecting biogeochemical by products (e.g. Slater and Binley, 2006;
Comas et al., 2007; 2014; Parsekian et al., 2011), detecting changes to physical structure as a result
of microbial activity (e.g. Williams et al., 2005; Slater et al., 2008), or monitoring plant-water
interactions (e.g. Michot et al., 2003; Shanahan et al., 2015). In addition, the usage of unmanned
vehicles in environmental research has vastly increased and it is expected that automated
deployment of miniaturised geophysical devices could become common in future years. In this
section developments in: (1) electrical resistivity monitoring, (2) induced polarisation, (3) selfpotential, (4) multi-coil electromagnetic induction, and (5) unmanned vehicles, and their potential
application to answer current needs in GW-SW interface characterisation are discussed.

Electrical Resistivity Monitoring
ERI is one of the most commonly and widely applied geophysical methods. There has been
significant interest in developing low power, automated instruments for long term monitoring (e.g.
Daily et al., 2004; Kuras et al., 2009; Ogilvy et al., 2009; Chambers et al., 2015). These instruments
have the potential to provide spatially extensive data sets with high spatial and temporal resolution.
Moreover, instruments can also transmit data to high performance computers to allow for real time
monitoring of subsurface processes (Singha et al., 2015). For instance, computational advances in
inversion schemes, e.g. image differencing to avoid regularisation in the time dimension (Wallin et
al., 2013) or parameterisation based on the physics of plume shape evolution (e.g. Miled and
Miller, 2007; Pidlisecky et al., 2011), are promising tools for extracting hydrological information
from ERI monitoring data. As noted, time-lapse ERI to monitor processes in the HZ typically do
not use reciprocal measurements as a more robust estimate of error as acquisition times are perhaps
too long for revealing the processes of interest. ERI acquisition times could be reduced using
multichannel systems, optimised electrode arrays (e.g. Wilkinson et al., 2012), or shorter current
injection. However, it should be noted that use of short injection times could result in unreliable
measurements of resistivity (Binley, 2015). Also, although most studies have been conducted over
periods of several hours, longer ERI monitoring studies such as that of Uhlemann et al. (2016)
could be used to aid in revealing seasonal variation in GW upwelling or river-riparian zone
interactions.
Induced Polarisation
Despite being less commonly used than ERI, many modern ERI instruments are also capable of IP
measurements. Although ERI is more robust in that it has higher signal-to-noise ratios, the IP
signal is more closely related to geological characteristics and petrophysical relationships exist for
relating IP signal to surface area, permeability and cation exchange (Vinegar and Waxman, 1984;
Börner and Schön, 1991; Slater et al., 2007; Revil et al., 2012; Weller and Slater, 2015). These
properties have clear relevance to the GW-SW interface, however, IP studies of the GW-SW
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interface have been limited (e.g. Slater et al., 2010; Mwakanyamale et al., 2012). The limited
application, in comparison to ERI, is probably due to the complexity associated with analysis of
data. Nonetheless, it is anticipated that IP would be beneficial in revealing variability in
permeability, surface area and cation exchange capacity, and potentially biogeochemical processes
(e.g. Flores-Orozco et al., 2011; Chen et al., 2009; 2013), at the GW-SW interface.
Self-Potential
Similar to IP, usage of SP in GW-SW interaction studies has been less frequent; however, there are
several possible applications. The SP signal arises from electro-kinetic, electrochemical, and
thermoelectric sources. SP has been used to characterise hydraulic properties during pumping tests
(Rizzo et al., 2004; Revil et al., 2008; Soueid Ahmed et al., 2014, 2016), through palaeo-channels
(Revil et al., 2005), through fractures (Wishart et al., 2006, 2008), and in arctic hill slopes (Voytek
et al., 2016). Applications in GW-SW interface research could involve assessing the spatial and
temporal variability of GW discharge (e.g. Colombero et al., 2014) or HEFs, or characterising
hydraulic conductivity. However, perhaps the most intriguing use of SP at the GW-SW interface
would be to characterise the variability in redox conditions. SP has been used to extend the spatial
coverage of redox measurements obtained from monitoring wells associated with a contaminant
plume at the Entressen Landfill in France, Fig. 2.6 (see Naudet et al., 2003, 2004; Arora et al.,
2007; Linde and Revil, 2007). Naudet et al. (2004) removed the electro-kinetic contribution using
piezometric head data and found that the SP signal and redox potential values showed good
2

correlation (R = 0.85). It is, however, important to note the differentiation of SP sources may be
more complex in the GW-SW interface, and the electro-kinetic effect may dominate the signal.
Any work involving SP would need to account for all sources of the SP signal appropriately in
addition to adequate understanding of redox chemistry.
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Figure 2.6: Map of self-potential obtained by linear interpolation of measurements made at 10
m resolution in first 2 km from landfill site and 20 m elsewhere. Hydraulic gradients obtained
from piezometers (Naudet et al., 2004).

Multi-Coil Electromagnetic Induction
In recent years, FDEMI instruments have been increasingly used in hydrological investigations due
to their improved reliability and stability (Boaga, 2017). Furthermore, FDEMI methods have the
advantage over ERI in that they do not require contact with the ground and can therefore be more
productive. Modern FDEMI instruments contain multiple coils and are able to provide information
about vertical variability in addition to lateral variability. They therefore make it possible to extend
the application of FDEMI beyond qualitative mapping of GW-SW interactions (e.g. Butler et al.,
2004; Binley et al., 2013; Kinnear et al., 2013). In addition, as noted recently by Christiansen et al.
(2016), the majority of studies present apparent electrical conductivity, e.g. without appropriate
data processing or inverse modelling. Advances in data filtering and inversion schemes, such as
EM4Soil (EMTOMO, 2013), Aarhus Workbench (Christiansen et al., 2016) or FEMIC (Elwaseif et
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al., 2017), permit more accurate modelling of subsurface conductivity structure and may lead to
more reliable subsurface characterisation using FDEMI.
Furthermore, temporally distributed FDEMI surveys similar to Robinson et al. (2012), Shanahan et
al. (2015) and Huang et al. (2017) could prove useful in GW-SW interface characterisation. For
instance, FDEMI instruments could be used to investigate diurnal dynamics of salt water wedges in
coastal environments or seasonal changes in GW upwelling, provided there are substantial
contrasts in the electrical conductivity of GW and SW. It is important, however, to note that some
authors (e.g. Lavoué et al., 2010) argue for the need to calibrate FDEMI with ERI, this may be
particularly true in time-lapse measurements where ambient conditions, or the operator, may
influence the readings obtained.
Unmanned Vehicles
Given the significant increase in the availability and application of automated ground based,
waterborne and aerial technology in many aspects of environmental sensing, the translation to
geophysical sensing is inevitable. Automated aerial, terrestrial, and waterborne vehicles would
offer the capability for precise and repeatable data collection. Unmanned aerial vehicles (UAVs)
have the ability to fly at lower elevations ( 30 m) than typical aircraft, and are therefore able to
provide high-resolution data sets without sacrificing productivity. Geophysical applications using
automated vehicles have predominantly involved magnetic mapping to locate man-made features
(Stoll, 2013; Phelps et al., 2014). Automated vehicles may also be able to simultaneously process
and contour data, and transmit information in real time (Phelps et al., 2014). Furthermore,
automated systems could be programmed in such a way that anomalous regions are resurveyed in
higher resolution automatically.
The majority of unmanned aerial vehicles are small (< 25 kg) and are limited to lightweight
instruments; however, larger vehicles capable of carrying heavier payloads are available
(Whitehead et al., 2014a, 2014b). It can be envisaged that miniaturisation (or weight reduction) of
geophysical tools, and the increasing pay loads of UAVs, could allow for increased collection of
automated aerial geophysical data. However, non-aerial geophysical applications could easily be
adapted to use automated vehicles; for instance, roving surveys using plate electrodes for ERI
(Christensen and Sørensen, 1998), large scale FDEMI surveys (Christiansen et al., 2016) or
waterborne surveys (Kelly et al., 2009; Binley et al., 2013; Colombero et al., 2014) would not be
difficult to automate and may aid in collection of data across larger scale, e.g. to investigate
parameters at catchment scales.
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2.6 Summary
Geophysical tools have clear application in revealing geological, hydrological and biogeochemical
heterogeneity at the GW-SW interface. Geophysical tools are highly complementary to traditional
tools as they are sensitive to regions of the subsurface that are not always reachable by direct
measurements. The majority of geophysical applications have focused on characterising subsurface
structure, revealing spatial variability in GW-SW interactions and imaging hydrological processes.
Data sets obtained from these field studies have significant potential to improve characterisation
and modelling of parameters at the GW-SW interface. Over the last 20 years, geophysical methods
have grown to be powerful tools in hydrogeological research, in part due to the view that
geophysical tools are used to aid hydrogeological problems alongside traditional methods.
Geophysics provides valuable practical tools for assessing many unknowns of the GW -SW
interface. Moreover, although caution in quantitative interpretation of geophysical data is
warranted, attempts at improving uncertainty quantification, inversion routines and translating data
are on-going. Efforts to provide solutions to these issues can only continue to improve confidence
in geophysics so that its potential can be more widely appreciated and applied across a variety of
scales. In recent years, there has been significant development in techniques and methodologies in
parallel research areas, some of which would enhance the information obtained in studies of the
GW-SW interface. Continued integration of geophysical methods would be beneficial in
characterising hydrological and biogeochemical heterogeneity in the GW-SW interface and
understanding the implications for water quality and ecological health.
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3 Processing and Modelling
Electrical Resistivity and Induced
Polarisation Data
3.1 Introduction
Electrical resistivity (ER) and induced polarisation (IP) methods have a long history,
predominantly in resource exploration. More recently, advances in techniques, and growing interest
in the dependency of geoelectrical properties on several hydrological properties, have led to a wide
range of hydrogeophysical applications. For instance, ER is strongly linked to porosity, saturation
and pore water conductivity. In comparison, IP methods, which are effectively an extension of ER
methods, are more closely linked to electrical characteristics of the grain surface, as opposed to the
pore space. ER methods have been used to characterise geological structure (e.g. Rayner et al.,
2007; Hirsch et al., 2008; Chambers et al., 2014), and to image hydrological processes (e.g. Ward
et al., 2010; Uhlemann et al., 2016; Mary et al., 2019). IP methods have been used to characterise
geological structure (e.g. Slater et al., 2010; Mwakanyamale, 2012), image microbial processes
(Saneiyan et al., 2018), and characterise hydraulic conductivity in both the field (e.g. Hördt et al.,
2007; Benoit et al., 2018) and laboratory (e.g. Slater et al., 2007).

Initially, ER methods focused on qualitative determination of lateral and vertical variation in
electrical properties. For instance, early hydrogeophysical work included Zhody and Jackson
(1969) who used sounding methods to look for deep groundwater in Hawaii. However, early
quantitative use of sounding methods have also included sounding curves to produce 1D models of
electrical resistivity or developing empirical relationships by combing ER and hydrogeological
methods (e.g. Sir Niwas and Singhal, 1985). Furthermore, sounding techniques are still widely used
today, particularly in developing countries or where the target of interest is deep (e.g. Chandra et
al., 2012; Ekwe et al., 2012; Khalil, 2010). Profiling methods are also used today, particularly in
archaeological studies (e.g. Gaffney, 2008) and in waterborne surveys (e.g. Ball et al., 2006) to
reveal lateral variations in resistivity. The development of multi-electrode and multi-channel ER
and IP devices is such that permit the simultaneous collection of sounding and profiling data can be
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automated. This coupled with robust inversion algorithms, is such that the majority of applications
nowadays may be referred to as geoelectrical imaging.
Inversion methods are used to iteratively model a subsurface distribution of geoelectrical properties
that match observed ER and IP. In the majority of cases, electrodes placed on the surface are used
to characterise the distribution of geoelectrical properties in the subsurface. The obtained model of
geoelectrical properties is dependent upon the spatial sensitivity of the measurements, model and
measurement errors and, of course, the electrical properties of the subsurface. By utilising different
electrode geometries, and adequately accounting for model and measurement errors, the image
resolution can be improved. The past three decades have seen a number of significant
improvements such that the application of 2D, 3D and time-lapse imaging is increasingly common;
consequently, geoelectrical methods are a fundamental tool for hydrogeophysicists.
In this chapter an overview of the basic principles behind ER and IP are discussed, including data
acquisition and inverse modelling. Several R based functions used in this thesis to facilitate
inversion through R2 and cR2 are then presented. R2 and cR2 are well-tested codes for inversion of
ER and IP data that have been used in a wide variety of applications (e.g. Terry et al., 2017; de
Sosa et al., 2018; Cheng et al., 2019). These inversion algorithms lack a graphical user interface but
use several text documents as an input; the R functions described here provide a means to generate
these input files in order to facilitate the inversion process. In addition, these functions deal with
processing and error modelling of data, generation of triangular meshes via Gmsh (Geuzaine and
Remacle, 2009), and plotting of inversion results. Some capabilities of these functions, and the R2
and cR2 inversion algorithms, are presented to demonstrate necessary steps in processing and
modelling field data, and generating and modelling synthetic data. Specifically, three case studies
are presented: (1) a comparison of Wenner and dipole-dipole measurement geometries using
forward and inverse modelling, (2) the effect of modifying regularisation within the inversion for a
synthetic case, and (3) the processing and error modelling of field IP data prior to inversion.

3.2 Electrical Resistivity and Induced Polarisation
3.2.1 Background
Electrical methods typically involve using two current electrodes to inject a current into the ground
and another set of two electrodes to measure the resulting potential difference. Resistivity methods
commonly use a DC source to obtain a transfer resistance from Ohm’s Law (R = V P /I), where V P is
the primary voltage and I is the current, Fig. 3.1. Stainless steel is generally the electrode material
of choice, as it is durable, does not typically suffer from changes in electrical contact due to
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corrosion, and is relatively cheap. However, other electrode materials have also been used,
including graphite, porous pots, and platinum (e.g. LaBreque and Daily, 2008; Kuras et al., 2015).
It is important to note that often a background voltage (self-potential) may be observed but can be
easily removed as a result of the shape of the injected waveform, Fig. 3.1a. DC surveys typically
involve frequencies of 0.5 to 2 Hz and a use switched square wave to minimise electrode
polarisation and consequent erroneous measurements, Fig. 3.1a. Typically, on-off time for the
injected current is around 0.5-1 s; it is important to note here that where significant capacitive
properties exist in the subsurface, longer injection times may be required to ensure that the V P is
reached, Fig. 3.1b.

Figure 3.1: Injected currents and observed voltages in: (a) DC resistivity, (b) TDIP, and (c)
FDIP.
The charge-up effect before V P is reached is exploitable and forms the basis of the IP method. As
with ER measurements, IP measurements are typically made by injecting a current using an
electrode pair and measuring the electrical potential across another electrode pair. This charge -up
effect is also reciprocated by a decay following cessation of a DC source, where the voltage drops
immediately to a secondary voltage before decaying to the background potential, Fig. 3.1b. Siegel
(1959) defined the V S /V P ratio as the apparent chargeability to provide a measurement of the
capacitive effect of subsurface polarisable bodies; however, difficulty in obtaining V S is such that
the integral chargeability is commonly used. The integral chargeability, M a , is given by:

(3.1)

where, t1 to t2 is the time interval of the measurement and the integral is obtained through sampling
of the voltage at discrete times between t 1 and t2 , Fig. 3.1b. The integral chargeability is dependent
on the timing and duration of sampling window; furthermore if the off time is too short the signal
may not have decayed fully before the next cycle leading to errors in subsequent measurements.
When using a DC source this method is commonly referred to as time-domain IP (TDIP); however,
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the capacitive effects of the subsurface can also be determined using an AC source. When an AC
source is used the method is often referred to as frequency domain IP (FDIP). In FDIP, the
phenomena can be expressed as a complex resistivity comprising a real component obtained from
the ratio of peak voltage and peak current, and an imaginary component is obtained from the
difference between voltage and current (expressed as a phase angle, φ, Fig. 3.1c). Thus, the
measured potentials are complex values containing information about the resistivity and
polarisation of the subsurface.

In the field, FDIP instruments typically use frequencies between 0.5 and 25 Hz, measurements
made at lower frequencies can be time-consuming whereas measurements made at higher
frequencies may be subject to inductive coupling effects. FDIP measurements made in the
laboratory are less limited and frequencies between 1 mHz and 1000 Hz are commonly used.
Furthermore, recently there has been work to develop correctional procedures to extend
characterisation beyond 1000 Hz (e.g. Wang et al., 2019). Laboratory applications are often
concerned with the behaviour of materials across a broad range of frequencies and are consequently
referred to as spectral IP (SIP) methods. Several laboratory-based SIP studies have focussed on
linking the spectra of and the hydrological properties and electrical properties (e.g. Slater et al.,
2007).

3.2.2 Electrode Geometry
ER measurements can be expressed as either transfer resistances or as apparent resistivities. The
latter is effectively the resistivity of a homogenous earth that would provide the same transfer
resistance as measured. That is to say that for a homogenous earth the measured apparent resistivity
would match the resistivity of the subsurface, regardless of the electrode geometry. In reality the
subsurface is heterogeneous, nonetheless apparent resistivities are perhaps more meaningful as a
unit as they give a direct indication of the bulk or average subsurface resistivity in the vicinity of
the electrodes. The relationship between transfer resistance, R, and apparent resistivity, ρ a , is
determined by the geometric factor, k :

(3.2)

The geometric factor is governed by the positions of four electrodes used to make the
measurement. Different array geometries have different sensitivity patterns such that they will have
different apparent resistivities for the same heterogeneous subsurface; common geometries are
displayed in Fig. 3.2. For instance, Wenner measurements have poor depth sensitivity but are good
at resolving lateral contrasts, whereas dipole-dipole measurements have a greater depth of
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investigation but a lower lateral sensitivity. Unlike the apparent resistivity, integral chargeability
and phase angle are extrinsic properties uninfluenced by a geometric factor. In addition, phase
angles can be approximated, for a reference frequency, from chargeability via a linear relation, i.e.
φ = cM, where c is typically in the range of -1 to -1.5 and depends on the measurement windows
used. The benefit of this assumption is that TDIP data can easily be expressed as an apparent
complex resistivity and modelled using complex resistivity algorithms.

Figure 3.2: Common measurement arrays and their geometric factors: (a) Wenner, (b)
Schlumberger, and (c) dipole-dipole.

3.2.3 Measurement Errors
ER and IP measurements conducted in the field can be influenced by a number of sources of errors.
In order to interpret field results these errors must be understood and adequately characterised. One
common source of error is the high contact resistances between electrodes and the ground, however
it is generally simple to fix this issue (e.g. by using salt water or bentonite clay), furthermore, the
majority of modern ER and IP instruments provide estimates of contact resistance. Naturally
occurring self-potential could also be a source of error, this is particularly true if they are highly
erratic and variable in time, however the majority of instruments provide automatic filters and thus
such effects are generally not a problem.

IP measurements are particularly prone to measurement errors, and as a result, additional care is
often required to reduce the error. For instance, whilst it is true that for ER measurements made
with large geometric factors, the operator needs to be aware that the observed voltages are not at
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the limits of instrument resolution; this issue is more problematic in TDIP given that the voltage
decay needs to be recorded. Consequently, required voltages in TDIP surveys tend to be higher
than in DC resistivity surveys. As with ER, IP measurements can be made with stainless steel
electrodes, however many authors (e.g. Zhou and Dahlin, 2003; Zarif et al., 2018) have advocated
the use of non-polarising electrodes to improve data quality. Furthermore, due to inductive and
capacitive coupling that can occur, dipole-dipole measurements are generally preferred over other
array types given that potential and current electrodes are not nested.

There are several ways to characterise error in geoelectrical data, for instance, the majority of
modern devices permit measurement stacking and typically provide a measurement error associated
with stacking. However, as demonstrated by Tso et al. (2017), errors derived from measurement
stacking can be too conservative and it is the best practice to record reciprocal data sets whereby
the survey is repeated with voltage and current pairs swapped. Robust error quantification is
essential in data inversion in order to weight data properly in the inversion process and to prevent
over or under-fitting of data.
Although it is generally accepted that reciprocal measurements provide the best estimate of error
for ER measurements, they double survey time and can therefore be unappealing. Furthermore, the
longer injection times for TDIP is such that collecting reciprocal data sets for TDIP can be
extremely time-consuming. Moreover, although the validity of reciprocity in ER methods is
accepted, it has been showing that the result is largely dependent upon injected current
(Zadorozhnaya et al., 2008). Flores-Orozco et al. (2016) proposed a method of TDIP filtering
whereby IP data quality is assessed on the decay of the IP curve alone, and reciprocal
measurements are not required. This method looks for the classical decay curve and rejects
measurements that do not conform to this shape; however, as pointed out by Dahlin and Loke
(2015) and Dahlin et al. (2018) it may be possible under a number of scenarios to get atypical
decay curves.

3.2.4 Traditional Electrical Resistivity Methods
Traditionally, ER surveys were conducted in profiling or sounding modes. Profiling methods use
constant electrode separations and obtain information about the lateral variability in electrical
resistivity. Conversely, in sounding surveys, the centre point remains fixed and the electrode
separation is progressively increased to allow for deeper signal penetration. Whereas profiling
methods have focussed on revealing lateral contrasts in apparent electrical resistivity, type curves
were widely used to manually interpret sounding data. Following from this, type curves were
superseded by 1D inversion techniques (Ghosh, 1971) where a forward model was used to generate
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theoretical measurements based on a given 1D model of electrical resistivity and inversion
algorithms were used to obtain a distribution of resistivity which best explained the observed
measurements.

A major limitation of sounding methods is the assumption of no lateral resistivity changes and they
are therefore inaccurate in areas with significant lateral heterogeneity. In order to characterise
lateral changes in addition to vertical changes, profiling and sounding surveys were conducted in
order to produce 2D pseudo-sections (e.g. Ward, 1990). Furthermore, although quantitative
modelling was achieved, it required manual adjustments of a forward model and was laborious,
meaning such work was rare (e.g. Hohmann et al., 1982). Nonetheless, these early attempts at
inversions obtained from sounding measurements and surveys to acquire both sounding and
profiling methods were fundamental in developing ER and IP methods, and underpin modern
techniques.

3.2.5 Modern Electrical Resistivity Methods
Developments in multi-electrode geoelectrical imaging equipment significantly improved the
potential to reveal vertical and lateral variability in electrical properties. Multi-electrode systems
first appeared commercially in the late 1980’s (Griffiths et al., 1990) and permitted the utilisation
of different electrodes within an array to access different areas of the subsurface using multiple
electrode configurations. In this way, the simultaneous collection of sounding and profiling data is
essentially automated. Furthermore, these systems provide multichannel capabilitie s that allow
potential measurements on a number of electrode pairs simultaneously to significantly reduce
acquisition time.
Typically, arrays comprising different combinations, and electrode separations, of the geometries
displayed in Fig. 3.2 are used. In addition to standard measurements there has been work on
optimising electrode arrays. These efforts are concerned with automating the process of finding the
optimum set of electrodes array configurations. For example, the ‘Compare R’ method by
Wilkinson et al. (2006) and subsequent work by Loke et al. (2014) and Uhlemann et al. (2018)
have been used to improve resolution of the subsurface whilst using fewer electrodes in both 2D
and 3D applications, compared to standard array geometries.

As mentioned, ER and IP measurements do not provide a direct measure of the geoelectrical
properties of the subsurface. In order to allow for quantitative interpretation of measurements,
appropriate modelling tools are required. As with the 1D curve matching methods use d for
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electrical soundings, inverse methods can be used to obtain a model of geoelectrical properties that
best describes the observed data. Formulation of the inverse problem requires that the expected
measurements for a given geoelectrical distribution be known. This is achieved via the forward
model. For DC resistivity the forward model can be expressed as:

(3.3)

The potential at any point on the surface or within a surface can then be determined from a given
resistivity distribution. For the case of 2D and 3D variation in resistivity, equation 3.3 can be
modified, as shown by Binley and Kemna (2005). Furthermore, equation 3.3 (and 2D and 3D
variants) can be expressed in terms of voltage and resistivity as complex variables, allowing the
modelling of complex resistivity for IP investigations. Additionally, the forward model for TDIP is
not considered here but can be found in Binley and Kemna (2005).

Since equation 3.3 (and 2D and 3D variants) cannot be solved analytically for the general case with
any given variation in resistivity, grid-based methods (typically finite difference or finite element)
are used to approximate the solution. Given the geometrical flexibility of the finite element method,
it is commonly used in ERT and IP inversion, including R2 and cR2. For such methods, the
subsurface is divided into numerous finite elements. By using a sufficiently fine mesh and
appropriate boundary conditions, accurate solutions for the potential over complicated distributions
of geoelectrical properties can be determined. For more details see Binley and Kemna (2005).
Whereas the forward model is used to calculate a set of theoretical measurements for a given
distribution of geoelectrical properties, the inverse model aims to provide a distribution of
geoelectrical properties given a set of measurements. In applying inverse methods, unknown
parameters (e.g. resistivities) are designated for cells within a mesh. Such cells are geometrically
defined as the finite elements or clusters of finite elements. The majority of inversion algorithms
are based on a least squares fit between data and model parameters; the data misfit, , can be
expressed as:

(3.4)

where d are the data (e.g. measured transfer resistances), is the forward model estimates for
parameter set m (typically the logarithm of resistivity), represents a data weighting matrix, which
comprises the reciprocal error of each measurement and forward modelling error. Many initial
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attempts to minimise using automated curve matching procedures (e.g. Barker, 1992; Zohdy, 1989)
resulted in slow convergence, or divergence, of the solution. As the subsurface is ultimately
represented by a fine mesh of parameters, the number of unknowns significantly outweighs the
number of known geoelectrical properties, and hence the problem is underdetermined. To address
this, spatial regularisation is commonly applied. Constable et al. (1987) proposed a method
whereby the smoothest model that is consistent with the data is determined. Their approach utilises
a spatial regularisation in order to ensure a stable and unique solution:

(3.5)

where, α is the misfit between the modelled resistivity and some reference resistivity and
determines the magnitude of the model misfit used . Model misfit is given by:

(3.6)

where is a model weighting and is an optional reference model, e.g. for time-lapse modelling. The
matrix ensures regularisation of the parameter values, effectively adding a dependency of
parameters to adjacent values.

There are a number of inversion algorithms for ER and IP modelling, for example Res2DInv (e.g.
Loke and Barker, 1996) the Aarhus Workbench (Auken et al., 2014), PyGIMLi (Gunther and
Rucker, 2006; Rucker et al., 2006) and, R2 and cR2 (Binley and Kemna, 2005). In this thesis, R2
and cR2 were utilised because of their flexibility and ease of use. R2 is a finite element-based ER
inverse code based on the approach briefly described above. The cR2 code is a complex
formulation of R2 for IP applications. R2 and cR2 have been widely used for 2D inversion of ERT
and IP data, respectively (e.g. Mares et al., 2016, Whalley et al., 2017; Terry et al., 2017). R2 and
cR2 require several text documents: a ‘protocol.dat’ file containing measurement information, an
‘R2.in’ or ‘cR2.in’ file containing inversion parameters, and a ‘mesh.dat’ file containing details
about a finite element mesh. To improve modelling capability for the applications within this
thesis, a number of R functions were developed for R2 and cR2. It is common practice to process
data in different ways, try different inversion parameters and assess different meshes; however
manual generation of these input files is time-consuming. Furthermore, the development of
functions to facilitate inversion was essential to test different forward model scenarios and
automate tasks such as the generation of different meshes for time-lapse data (e.g. to account for
river stage, see Chapter 7).
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3.3 Code Structure
The functions rely mostly on base R functions but make use of ViridisLite (Garnier et al., 2018),
akima (Gebhardt, 2016), and deldir (Turner, 2019) for plotting. The functions are compatible with
R2 (v3.3) and cR2 (v2.0) and use Gmsh (Geuzaine and Remacle, 2009) to generate triangular
meshes. The functions, their description and their required input parameters are displayed in
Appendix 1. The structure of the code is summarised below and the general workflow is displayed
in Fig. 3.3.

The functions follow the basic workflow for both inverse and forward modelling. For inverse
problems, a data file containing columns of A, B, M and N positions, resistances and phase angles
(if cR2 is to be used) is required. Alternatively, for TDIP data, a file containing columns of A, B, M
and N positions, resistance, apparent chargeability, and chargeabilites at each time interval is
required; the filt.decay.curves() function is then used to remove noisy decay curves (see Section
3.4.3). The pair.meas() function is used to pair the measurements and calculate averages and errors
for each quadrupole; alternatively, for time-lapse difference inversions, the pair.time.lapse.meas()
function computes an error appropriate for difference inversions (see Chapter 7). The err.mod() can
be used to fit an error model for standard (e.g. for non-time-lapse data), before write.protocol.dat()
is used to write the measurements and their corresponding errors to a ‘protocol.dat’ file.
Alternatively, if no reciprocal data are available, write.protocol.dat() can be used directly;
however, as no weights will be present in the ‘protocol.dat’ file, weights need to be specified in the
‘R2.in’ or ‘cR2.in’ using write.R2.in() or write.cR2.in(), respectively. A triangular mesh must then
be generated using write.mesh.dat(), which writes the necessary input files, executes Gmsh and
converts it into R2 and cR2 compatible formats using msh.to.dat(). Following generation of the
‘protocol.dat’ and ‘mesh.dat’ files, ‘R2.in’ or ‘cR2.in’ files are created using write.R2.in() or
write.cR2.in() where a number of inversion parameters can be set. Functions run.R2.exe() or
run.cR2.exe() are then used to run either the R2 or cR2 executable and invert the data.

For forward modelling, write.seq.dat() can be used to generate a dipole-dipole, Wenner or
Schlumberger array and write it to a ‘protocol.dat’ file. A mesh is then generated using
write.mesh.dat(). Generally, synthetic data should be generated on a fine mesh and then be inverted
on a coarser mesh, as is the procedure here. Following mesh generation, write.res0.dat() can be
used to write the model from which data are to be generated. This function requires the input of a
list of zones. Each zone comprises a list of x and y coordinates, a resistivity, and a phase angle (if
cR2 is being used). The write.res0.dat() function uses the nested function in.zone(), which uses a
ray casting algorithm to determine if the element centre is in or out of the zone. After the creation
of ‘protocol.dat’ and ‘res0.dat’, write.R2.in() or write.cR2.in() is used to specify that the problem
55

type is a forward problem. As with inverse modelling, run.R2.exe() or run.cR2.exe() is then used to
generate synthetic data. The function return.synth.data() combines write.res0.dat(), write.R2.in() or
write.cR2.in(), and run.R2.exe() or run.cR2.exe() to create a data frame of synthetic data. Noise can
be added to the synthetic data using add.noise() before the data are inverted.

The write.mesh.dat() is key to inverse and forward model problems, and requires some additional
explanation. The mesh dimensions are based on the electrode positions and require the input of
characteristic length 1, characteristic length 2, and a depth of investigation. The mesh generated has
a fine region close to the electrodes and a coarse region beyond. The x dimensions of the fine
region are defined by the average spacing of the electrodes; for instance the x coordinates range
from 5 electrode spacings before the position of the first electrode and 5 electrode spacings beyond
the position of the last electrode, the y coordinate limits are determined from the elevations of the
first and last electrodes and the depth of investigation. The size of elements in the fine region are
then determined from characteristic length 1, and the elements in the coarse region are determined
from characteristic length 2.
In addition to functions facilitating data processing and inversion, several functions were written to
plot data; all plot functions require a xyz data frame and details of the electrode positions. The
pretty.tri() function plots a colour map where the x and y coordinates are interpolated into Thiessen
polygons using the deldir package (Turner, 2019). Alternatively pretty.scatter() uses a xyz data
frame to plot a coloured scatter plot. It is often convenient to plot raw data as a pseudo-section
using plot.pseudo() where a transect of apparent resistivity data can be plotted with a pseudo-depth
determined by the separation of electrodes, a pseudo-section can be plotted using. For all plots the
viridis colour scale is used as default.
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modelling of field data, (d) inversion, and (e) plotting inversion results.

Figure 3.3: Schematic showing workflow of R functions: (a) generation and corruption of synthetic data, (b) mesh generation, (c) filterin g and erro r

3.4 Modelling Examples
3.4.1 Assessing Different Array Types
To demonstrate the capabilities of generating synthetic data from different array types, the first
case involves two inclined resistive units separated by an inclined conductive unit, Fig. 3.4a. In
many cases, it may be necessary to test different array types to understand the limits of the method
and understand which array performs best. In this example, synthetic data for dipole -dipole and
Schlumberger arrays are generated, corrupted with noise, and inverted. These arrays were chosen
as they are the most commonly used measurement sequences in geoelectrical imaging. Moreover
whilst optimised arrays exist (e.g. Wilkinson et al., 2006) the benefit of these sequences is that they
can be used directly. The dipole-dipole array comprises 4838 measurements whereas the
Schlumberger array comprises 4550 measurements. Moreover to avoid any biases, synthetic data
was generate using a mesh with finer elements than the mesh used for the inversion,

The script used in Case 1 is shown in Appendix 1, Fig. 11.1. In summary, first a data frame of
electrode positions is created comprising columns stating the x and y coordinates, and a column
stating that the electrodes are surface electrodes. A ‘mesh.dat’ file is then generated using
write.mesh.dat() based on the positions of the electrodes. For forward modelling different zones of
the mesh need to be assigned different resistivity values. To do this a nested list of x and y
coordinates and the resistivity value are created. The write.seq() function is used to write a
‘protocol.dat’ file for dipole-dipole and Schlumberger sequences. The return.synth.data() uses
write.res.dat() to assign the elements a resistivity value depending on if the element centre lies
inside or outwith a zone, before using write.R2.in() and run.R2.exe() to generate synthetic data.
Elements within zone 1 are assigned a resistivity of 800 ohm.m, elements within zone 2 are
assigned a resistivity of 1200 ohm.m, the central zone is assigned a background resistivity of 200
ohm.m, and synthetic data are then corrupted with 2% normally distributed errors and written to a
‘protocol.dat’ file prior to inversion. A new mesh is then generated and a new ‘R2.in’ file is
created; following the inversion, the synthetic model and two inverted models are plotted using
triangular polygons.
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Figure 3.4: (a) Model for Case 1 comprising three sloping layers: underlying layer with
resistivity of 800 ohm.m, an intermediate layer with resistivity of 200 ohm.m and an overlying
layer with resistivity of 1200 ohm.m. (b) and (c) show inversion of data generated for a
dipole-dipole, and a Schlumberger array. Resistivity misfit as a percentage between models
(a) and (b), and (a) and (c) are shown in (d) and (e), respectively. White circles indicate
electrode positions.
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It can be seen that synthetic data obtained using both Schlumberger and dipole-dipole arrays (Fig.
3.4b and c) provide distributions of resistivity that match the synthetic model well, especially nea r
the surface. However, to reveal areas where the inverted resistivity does not match the resistivity of
the synthetic model, the differences can be calculated and expressed as a percentage change from
the synthetic model (Fig. 3.4d and e). By looking at the percentage differences, it is more evident
that the inverted synthetic data mismatch is the highest along the boundaries, which is to be
expected given the regularisation. It can also be seen that the model obtained from the dipole dipole survey has better depth resolution. Nevertheless, the majority of regions are resolved with an
accuracy of +/- 10% for both array geometries.

3.4.2 Blocking and Fixing Zones
In Case 1 it was observed that regularisation across the boundary led to large differences between
resistivities in the synthetic model and the inverted model. R2 (and cR2) can be configured to
prevent smoothing across boundaries, provided that the boundaries known. For example, if seismic
data revealing a sharp geological boundary was available for Case 1, the mesh could be discretised
into different regions to prevent smoothing across lithological boundaries. Another example,
particularly relevant to this thesis, is in the context of rivers, where there should be an abrupt
difference in the resistivity of the river and of the riverbed. Furthermore, R2 and cR2 permit the
fixing of element values. For example, if the resistivity of the river is known, it can be fixed in the
inversion to improve resolution of the riverbed. To demonstrate the capabilities of blocking and
fixing regions (i.e. to prevent smoothing across boundaries or to fix electrical properties) of the
inverse models, a synthetic scenario representing a river is generated. Case 2 comprises an upper
layer with a resistivity of 50 ohm.m underlain by a more resistive layer with a value of 200 ohm.m
and a river with resistivity of 20 ohm.m, see Fig. 3.5a. In this example, the effects of allowing
smoothing across the river-sediment interface, preventing smoothing across the interface, and
fixing the river to an observed resistivity value are considered.
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Figure 3.5: (a) Model for Case 2 with upper layer electrical resistivity of 50 ohm.m, a lower
layer with resistivity of 200 ohm.m and a river with resistivity of 20 ohm.m. (b) shows
inversion of data for the case when regularisation across the river-riverbed interface is
permitted. (c) shows inversion of data for the cases when regularisation across the interface
is bloack ed. (d) shows inversion of data for when the river resistivity is fixed at 20 ohm.m.
White circles indicate electrode positions.

The steps for Case 2 are shown in Appendix 1, Fig 11.2, however, the flow is summarised as
follows. Initially, electrode positions are assigned, and electrodes occurring on the riverbed are
stated as being buried; in this case, rows in column 3 are labelled ‘true’ if on the surface and ‘false’
if on the riverbed. A mesh file is generated as before except in this case topographic points for
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where the river meets the banks are included. Two zones are then defined, the first describes the
subsurface stratigraphy and the second captures the boundary of the river. A ‘protocol.dat’ file is
written for a dipole-dipole sequence and then synthetic data are generated before being corrupted
with noise. A new mesh is then generated for each of the three cases. For the first case, this mesh is
left unmodified to permit smoothing across the river-sediment interface during inversion. For the
second case the mesh is modified to prevent smoothing. Finally, for the third case, the value of the
river zone is fixed at 20 ohm.m. The synthetic model is then plotted along with the three inverse
models, details about the river elevation and additional topographical points are included in the plot
function to blank appropriate regions. If two zones overlap, elements will be assigned the value of
the second zone in the list.

It can be seen that allowing regularisation across the boundary results in the resistivity in the
immediate vicinity of the river being underestimated (Fig. 3.5b). Interestingly, although fixing the
resistivity of the river improves the image of the subsurface (Fig. 3.5d), a similar effect is also
achieved simply preventing regularisation across the boundary (Fig. 3.5c). The same is not true for
longitudina l surveys, see Chapter 6.

3.4.3 Processing and Inversion of Induced Polarisation Data
To demonstrate the data processing and error modelling capabilities, we use an IP data set collected
from a former Roman port (Quay Meadow, Lancaster, UK), see Fig. 3.6. Prior electromagnetic
induction surveys at this site revealed an 8 x 40 m conductive anomaly running perpendicularly to
the original position of the River Lune, i.e. prior to land reclamation. To further investigate the
likely nature of this anomaly, an IP survey was conducted to determine if the conductive anomaly
was related to metallic waste, a more clay rich soil or a difference in pore water conductivity. Data
were collected using an Iris Instruments Syscal Pro with a dipole-dipole array, 48 electrodes and an
electrode spacing of 0.5 m; the plots produced in this example are displayed in Fig. 3.7.
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Figure 3.6: Location of the IP array in relation to the Lancaster Castle Field site, transect is
located on Quay Meadow by a red line. Maps tak en from Edina DigiMap.

The steps taken to produce the plots in Fig. 3.7 are shown in Appendix 1 (Fig. 11.3). To begin with
a triangular mesh is generated for an electrode array with flat topography and equally spaced
electrodes. IP data are then processed, the file consists of the electrode positions, the measured
transfer resistance, apparent chargeability and the chargeabilities measured at each time interval.
The IP data is then filtered based on their decay curves. To do this a log-linear relationship is fitted
2
2
for each decay curve and an R is computed, following this data with relationship with an R value

above a threshold value is removed (see Fig. 3.7a and b).

In addition, if the relationship crosses the time axis before t 2 , or data values are negative they are
also removed. However, it is noted that negative apparent chargeabilities and non-characteristic
decay curves (e.g. Dahlin and Loke, 2015; Dahlin, 2018) are not necessarily invalid. On the
contrary, provided the majority of apparent chargeabilites are positive and display characteristic
decay curves, these filtering methods are assumed appropriate. It is also important to note that
Flores-Orozco et al. (2016) advocates for a more supervised approach involving manual checking
of each decay curve. This enables them to keep decay curves where only one or two windows are
characterised by poor quality; however here it is assumed that so long as the majority of data are
kept the differences in approach should not matter substantially.
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Figure 3.7: Plots for Case 3, (a) acceptable decay curve, (b) rejected decay curve, (c) apparent
resistivity pseudo-section, (d) phase pseudo-section, (e) resistance errors, (f) phase errors, (g)
inverted resistivity model, and (h) inverted phase model.

The decay curve filter function outputs a data frame with A, B, M and N electrode positions,
resistance and phase (apparent chargeability is converted using a default value of c = −1, where φ
= cM). Direct and reciprocal measurements are then paired, measurements without reciprocal pairs
are rejected and mean and error values are calculated for resistances and phase angles. Pseudosections of the data can be plotted so that outliers can be identified visually and removed if need be
before error models are fitted to the data. For resistance error analysis, the relationship between
average resistance and resistance error is fitted using a linear model, a power law model or a mixed
effects model (e.g. Tso et al., 2017); the former two involves the binning of data (Fig. 3.7e). For
phase error analysis, the relationship between average resistance and phase error is fitted using a
power law fit or a parabola fitted in log-linear space (Fig. 3.7f). Data are written to a ‘protocol.dat’
file with modelled errors, before the ‘cR2.in’ file is generated and cR2.exe is called to perform the
inversion. Plots of the triangular polygons are then plotted for the resistivity and phase values.

As with the preliminary electromagnetic surveys, the conductive anomaly can be seen in the centre
of the Fig. 3.7g, starting at about 2 m depth. The phase angle plot (Fig. 3.7h) indicates that this
feature has comparatively lower phase angle, suggesting that the conductive anomaly is related to
the pore water, either more saturated or a higher conductivity, as opposed to the presence of clay or
metal. A high phase anomaly is revealed at an x position of 18 m and a depth of 1 m. This feature is
not so well displayed in the resistivity section and likely represents a small metallic feature, e.g.
utility cables. Future investigations could focus on intrusive work to determine the nature of this
low resistivity, low phase feature, perhaps it represents an in-filled channel inlet at the Roman Port.

3.5 Summary
The general principles of the ER and IP methods have been described, including the use of inverse
modelling. A number of R scripts have been developed to assist application of the R2 and cR2
codes used within the thesis. These functions aid in the creation of the necessary input files for R2
and cR2 inversion and significantly simplify the work required to prepare these files. The workflow
follows a classical approach of data input, error modelling and inversion. Methods to run forward
scenarios to assess the ability, or more importantly the inability, of certain arrays to resolve
information about the geoelectrical structure of the subsurface is important. Furthermore, the
functions are written in an accessible language, making it easy to follow and allows for easy
addition of more features.
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4 Processing and Modelling
Electromagnetic Induction Data
4.1 Introduction
Frequency domain electromagnetic induction (EMI) methods use phenomena governed by
Maxwell’s equations to provide information about the electrical conductivity (EC) of the
subsurface. Given that EC is the reciprocal of electrical resistivity, EMI methods provide
comparable information to electrical resistivity methods. However, they do not require direct
coupling to the ground and are consequently more productive than standard electrical resistivity
imaging surveys. EMI measurements are typically expressed as apparent electrical conductivities
(ECa) and have a long history of being used to reveal spatial patterns in a number of hydrologically
important parameters such as soil salinity (e.g. Corwin, 2008), soil moisture (e.g. Corwin and
Rhoades, 1982; Williams and Baker, 1982; Sherlock and McDonnell, 2003), and soil texture
(Triantafilis and Lesch, 2005), see Table 4.1. Furthermore, some studies have used repeated (e.g.
time-lapse) measurements of ECa to reveal temporal patterns in addition to spatial patterns, e.g. for
water content (Robinson et al., 2011; Martini et al., 2017).
Table 4.1: Applications of Electromagnetic Induction Methods to reveal spatial and temporal
patterns in hydrological and geological properties.
Application
Moisture
content
Soil salinity

Reference
Robinson et al., 2011; Martini et al., 2017, Brosten et al. (2011), Comas et al. (2004),
Cassiani et al. (2012), Corwin and Rhoades (1982), Corwin (2008), Doolittle and Brevick
(2014), Williams and Baker (1982), Sudduth et al. (2001)
Paine (2003), Corwin (2008), Diaz and Herrero (1992), Corwin and Lesch (2005), Hatch
et al. (2006)

Water table

Sherlock and McDonnell (2003), Doolittle et al. (2012), Shanahana et al. (2014),

depth

Robinson et al. (2008), Schumann and Zaman (2003), Buchanan and Triantafilis (2009)

Carbon
content
Clay content

Martinez et al. (2009), Bechtold et al. (2013)
Triantafilis et al. (2001), Triantafilis and Lesch (2005)
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In addition to ECa mapping, the development of multi-frequency and multi-coil instruments has
enabled the possibility of inversion of EMI measurements to provide quantitative models of depth
specific EC. For instance, by obtaining multiple EMI measurements with different sensitivity
patterns, a model of EC can be obtained. However, as with all geophysical inverse problems, the
inherent ill-posedness and non-uniqueness of solutions requires the introduction of regularisation or
constraints (e.g. Constable et al., 1987; Trantola, 2005) to produce models of smoothly or sharply
varying EC, see Fig. 4.1. Furthermore, measurements are highly correlated and therefore not truly
independent. The inversion can be formulated as an optimisation problem where the objective
function is some measure of misfit between measured and modelled data. The majority of inversion
algorithms use a 1D forward model based on either the linear cumulative sensitivity (CS) forward
model proposed by McNeill (1980) or non-linear full solution (FS) forward models based on
Maxwell’s equations (e.g. Wait, 1982; Frischknecht et al., 1987). Moreover, in some EMI inversion
software (e.g. EM4Soil and the Aarhus Workbench) lateral constraints can be used to encourage
laterally smoothed images using a 1D forward model, which is typically called quasi-2D/3D
inversion.

Figure 4.1: Comparison of smooth and sharp inversion models of data obtained from a model
of sharply varying electrical conductivity.

As with EMI mapping, applications using inverted EMI data have also been diverse (Table 4.2).
Applications typically focus on using an inversion based on either the CS or a FS forward model to
produce regularised, smoothly varying, models of EC with fixed depths or sharply varying models
of EC where layer depths are also a parameter. Whereas regularised models are useful in areas
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where there is a smoothly varying property of interest, e.g. water content, this may be less
appropriate in areas with abrupt changes in EC, e.g. lithologically stratified environments, see Fig.
4.1. However, it is important to note that regularised inversions can also be used alongside edge
detection techniques to determine lithological boundaries (e.g. Fredriksen et al., 2017).

Table 4.2: Applications of electromagnetic induction methods using inversion algorithms to
produce quantitative conductivity models.
Application

Author

Regularisation

Forward model

Lithology

Von Hebel et al. (2014)

Sharp

FS

Lithology

Fredriksen et al., (2019)

Smooth

FS

Water content

Whalley et al. (2016)

Smooth

CS

Water content

Haung et al. (2016)

Smooth

CS

Lithology

Saey et al. (2015)

Smooth

CS and FS

Lithology

Christiensen et al. (2015)

Smooth

FS

Brosten et al. (2011)

Smooth

CS

Organic carbon

Haung et al. (2017)

Smooth

CS and FS

Lithology

Mester et al. (2011)

Sharp

CS and FS

Hydraulic
conductivity

Whereas regularised solutions permit the resolution of multilayer models, sharp inversions with no
smoothing between layers will be limited to fewer layers and may require bounds to encourage
logical solutions. Furthermore, because individual measurements are not independent, the problem
with six measurements and five parameters (e.g. three ECs and two depths) is not an overdetermined problem. Some examples of inverse algorithms to produce sharp models of EC include
Mester et al. (2011) who used a combined global and local search to obtain two-layer models, with
no regularisation, von Hebel et al. (2013) expanded on this work to provide three -layer models of
EC using the Shuffled Complex Evolution (SCE) algorithm of Duan et al. (1993). This method
required EC bounds which are defined by half the lowest measured ECa and double the highest
measured ECa when the device is operated at ground level. Although it can be adapted for when
the device is operated above ground, these constraints are fairly conservative and only work well
for relatively homogenous sites. For instance, they are inappropriate for the examples presented in
Section 4.4, which are representative of the riparian wetland considered in Chapter 5.
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The attractiveness and frequent use of the CS forward model stem from its simplicity and
computational efficiency over the FS forward model. However, its use requires several specific
assumptions about instrument operation for a given ground EC. In many cases these assumptions
may be invalid even in fairly non-extreme environments, for instance, Beamish (2011) proposes
that they are only valid in low EC environments (< 12 mS/m). Furthermore, the commonly used
ECa values in qualitative mapping studies are typically derived under the same assumptions and
therefore may not give the most reliable approximation of subsurface EC. However, the
comprehensibility of ECa as a measurement is such that several authors have attempted to obtain
ECa via different methods (e.g. Andrade et al. 2015).

In this chapter the theoretical background of EMI measurements is summarised, including the
necessary assumptions behind the ECa measurement proposed by McNeill (1980) and the CS
forward model. A FS forward model is also discussed before various proposed methods for
obtaining a more reliable ECa are discussed. Following this, an outline of R based functions used in
this thesis is presented. Specifically, functions to process, forward model, inverse model, and plot
EMI data are included. Two synthetic cases are then discussed to highlight the scope of some of the
code and explore two fundamental aspects of the EMI inversion problem. The performance of the
CS inversion and the influence of measurement error on the FS inversion, which have not been
investigated in detail, are assessed. Although functions to produce regularised inverse models are
included here, it is important to note that the focus of this work was to develop an inversion
algorithm for modelling of data from a riparian wetland; hence the emphasis was on producing
sharp images of the subsurface.

4.2 Electromagnetic Induction Background
EMI devices operate by passing an alternating current through a transmitter coil to generate a
primary electromagnetic field (H P ). This time-varying primary electromagnetic field interacts with
the subsurface to induce eddy currents which in turn generate a secondary electromagnetic field
(H S ). H P and H S are then recorded by the receiver coil, see Fig. 4.2. The ratio of H S and H P is
expressed as a complex number with an in-phase component (P) and an out-of-phase, or
quadrature, component (Q). H S /H P is dependent on both the instrument set up (e.g. operating
frequency, coil separation and coil orientation) and subsurface conditions (e.g. magnetic,
conductive and dielectric properties). At the low frequencies used (< 15 kHz) only magnetic and
conductive contributions are important; however, given that the majority of environmental
applications are non-magnetic, the magnetic permeability of the subsurface is often assumed to be
-8
equal to that of free space (μ 0 = 1.257 x 10 H/m).
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Figure 4.2: Schematic of the principle behind the EMI method showing the interaction of the
primary (Hp) and secondary electromagnetic fields (Hs) arising from a conductive layer in the
subsurface.

For any given ground conditions, the obtained H S /H P is dependent upon the separation distance
between the transmitter and receiver coil, the operation frequency and the orientation of coils. The
most commonly used orientations are referred to as coplanar loops in which both the transmitter
and receiver coils are orientated either horizontally (HCP) or vertically (VCP) with respect to
ground. In addition, many devices are multi-coil or multi-frequency, meaning that measurements
with different sensitivity ranges can be obtained by the same instrument which can then be used for
inverse modelling. For instance, the GF Instruments Explorer unit, from here on referred to as the
GF Explorer, operates at 10 kHz, has three receiver coils, with different separations, and can be
used in either VCP or HCP mode. This means that a total of six measurements can be obtained (3
for each orientation of the coils). The GF Explorer, and majority of other instruments, expresses
their measured values as apparent electrical conductivity (ECa). This term was introduced by
McNeill (1980) to provide a more comprehensible measurement with the same units as EC, S/m.
McNeill (1980) derived a linear relation from analytical solutions describing the Q value obtained
from a homogenous ground. The relationship therefore links the Q value of a n assumed
homogenous subsurface volume to an ECa. This relationship requires that the device is laid on the
ground and that the induction number (β) is low (β << 1). As a result it is commonly referred to as
the low induction number (LIN) approximation and is given by:

(4.1)
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where ω is the angular frequency and s is the coil separation. The dimensionless induction number
which increases for increasing ground EC is given by

(4.2)

For the GF Explorer and a ground EC of 100 mS/m the induction numbers for the coils with
separations of 1.48, 2.82 and 4.49 m are 0.093, 0.177 and 0.282, respectively. Although these lie
well within the threshold proposed by McNeill (1980) other values of < 0.3 (Wait, 1962) and <
0.02 (Frischknecht, 1987) have also been proposed for LIN approximations to be valid. The
majority of manufacturers state that their devices operate under LIN conditions and use the LIN
approximation to convert Q to ECa. It is important to note here although the GF Explorer is also
said to operate at LIN conditions, the device is calibrated using the manufacturer’s own calibration.
They provide two calibrations, one for operating the device at 0 m and the other at 1 m. Both of
these calibrations are done by taking measurements over ground of known EC and fitting a linear
relationship. Therefore, measurements obtained whilst operating the device at 1 m should be
roughly comparable as those observed if the device were at 0 m. From here on, the ECa obtained
under the LIN approximation will be referred to as LIN-ECa, whereas the ECa obtained from the
GF Instruments will be termed GF-ECa. A comparison of LIN-ECa and GF-ECa are shown in Fig.
4.3.
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Figure 4.3: Modelled apparent electrical conductivities (ECa) for the GF Instrument
Explorer device above a homogenous ground using different calibrations for different
operation heights: (a) ECa obtained using low induction number approximation (LIN-ECa)
with device at 0 m with coils in vertical coplanar (VCP) orientation, (b) ECa obtained using
GF calibration (GF-ECa) with device at 0 m with coils in VCP orientation, (c) LIN-ECa for
device at 0 m with coils in horizontal coplanar (HCP) orientation, (d) GF-ECa for device at 0
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m with coils in HCP orientation, (e) LIN-ECa for device at 1 m with coils in VCP orientation,
(f) GF-ECa for device at 1 m with coils in HCP orientation, (g) LIN-ECa for device at 1 m
with coils in HCP orientation, and (h) GF-ECa for device at 1 m with coils in HCP
orientation.

Ideally, ECa values should line on the 1:1 line for a homogenous ground when operated at ground
level (0 m). It can be seen that as the ground EC increases the LIN-ECa deviates from the 1:1 line.
In comparison the GF-ECa obtained when the device is operated at the ground level lies closer to
the 1:1 line, it does however deviate at higher EC. It is evident from these plots that although the
link between Q and ECa using the LIN approximation and the GF calibration is assumed linear, it
is not. The same deviation can be observed when the device is operated at 1 m; however the LIN ECa deviates further from the 1:1 line than the GF-ECa lies. In reality the ECa should be lower
when operated at 1 m elevation due to the air layer between the ground and the device. However,
the purpose of the 1 m GF-ECa calibration is to provide an ECa measurement more similar to that
if the device was operated at ground level. The benefit of this is that the device will give values that
are more representative of the ground. Nonetheless, this calibration needs to be considered when
inverting data; for instance, to use the FS forward model data needs to be expressed as Q values,
meaning that converting ECa measurements obtained using the GF calibration at 1 m via the LIN
approximation will lead to erroneous inverse models.

In addition to the LIN approximation, McNeill (1980) provided functions to describe the relative
contribution of material below a specific depth to the ECa when a device operates under LIN
conditions. These CS functions assume that the response of the device is linearly related to the EC
structure of the subsurface, i.e. the EC structure does not influence instrument sensitivity. The CS
responses for VCP and HCP orientations are as follows:

(4.3)

(4.4)

where z is the depth normalized by the coil separation, s. From these equations the sensitivities for
different coil orientations and separations are apparent (Fig. 4.4). It can be seen that measurements
made with coils in the VCP orientation are more sensitive to the shallow subsurface and HCP
measurements are sensitive to deeper depths. These functions are commonly used by manufacturers
to provide information about the depth sensitivity of their instruments. For the GF Explorer, this is
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quoted as the depth above which 70% of the signal comes from, which is in line with the rule of
thumb that states VCP measurements have an effective depth of 0.75 times the coil separation and
1.5 times for HCP measurements.

Figure 4.4: Cumulative sensitivity patterns for the GF Instruments Explorer when operated at
ground level in both coil orientation modes.

These approximations proposed by McNeill (1980) have been fundamental in advancing the EMI
methods, both in qualitative mapping and quantitative modelling of EC data. As noted previously,
despite the availability of inversion algorithms based on the FS forward model, the use of CS
forward model in EMI applications is still fairly common. This is largely due to their simplicity and
speed in the inversion process compared to FS forward solutions. For instance, for regularised
inversions where depths are not parameters, the linear nature of the CS forward model means that
they can be solved in one iteration. However, in many cases, these LIN assumptions are invalid and
can lead to inaccurate measurements. For example, when ground EC is high, when there is strong
heterogeneity in the subsurface EC, or when the device is not operated at ground level.
Furthermore, Andrade et al. (2016) showed that under fairly typical field conditions, LIN
assumptions can lead to significant errors, and Beamish (2011) suggested that LIN assumptions are
only appropriate in environments with EC of less than 12 mS/m.

In order to calculate the true response, in terms of H S /H P , of the ground for a given measurement
setup, a FS forward model must be used. The model used relies on the assumption that
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electromagnetic fields propagate only due to conduction currents, which is valid at low -frequencies
(< 10

5

Hz). The Maxell-based full solution is provided by Wait (1982) and can be used to

determine the response of an EMI instrument over a 1D layered earth comprising N layers:

(4.5)

(4.6)

where J 0 and J 1 are Bessel functions of zero and first order, respectively, and R 0 is the reflection
factor, which is dependent on the thicknesses and EC of each layer. The reflection factor can be
calculated at the interface between the air and the first layer. It can be obtained recursively from
layer N, given that layer N and beyond is assumed homogenous and therefore R N+1 = 0, and the
following:

(4.7)

th
where, and h n and σn are the thickness and the EC of the n layer. R 0 is obtained by assuming the

EC of layer 0 is 0 S/m to reflect the air. The integrals in equations 4.6 and 4.7 can be calculated by
linear filtering using weights provided by Guptasarma and Singh (1997). Furthermore, the response
for instruments operated at 1 m can be modelled by including a layer with a thickness of 1 m and
an EC of 0 S/m.

In addition to providing a more accurate forward model for inverse modelling, several authors have
used FS forward models to provide more representative ECa values when LIN assumptions are
invalid. Typically, methods either focus on the Q value, as with the LIN approximation, or use both
the P and Q components to obtain an ECa. Methods using Q values include Huang and Fraser
(2002) who used Q values obtained at two different frequencies to estimate ECa above a strongly
magnetic subsurface. Alternatively, Andrade et al. (2016) proposed minimising the difference
between measured Q values and predicted Q values obtained from a homogenous half-space EC.
This method can be used for any measurement height; however, it requires initiation using the LIN
approximation and as a result may provide ambiguous or erroneous results at high induction
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numbers. Alternatively, Beamish (2011) proposes a procedure based on the device properties and
operation height to correct ECa values obtained using the LIN approximation. Methods which use
both the P and Q values include Huang and Won (2000) who used multi-frequency EMI
instruments operated at ground level based on both EC and magnetic susceptibility half-space
models. Additionally, Guillemoteau et al. (2015) minimised the differences between the modelled
and measured H s /H p responses to estimate EC for instruments operated at 0 m. He et al. (2017)
developed a translation algorithm that features fast computation speed, high accuracy, and
insensitivity to instrument elevation. However, given the requirement for accurate and stable P
measurements, which is often not the case (De Smedt et al., 2016; Delefortrie et al., 2014), methods
using P values can be problematic. In this work the method proposed by Andrade et al. (2016) is
used; to distinguish it from LIN-ECa and GF-ECa, it is referred to as Andrade-ECa in the
preceding text. The Andrade-ECa values for the GF Explorer operated at 1 m above a homogenous
ground is shown in Fig. 4.5; note that when the device is operated at 0 m, Andrade-ECa will fall on
the 1:1 line for a homogenous ground.

Figure 4.5: Expected Andrade-ECa for GF Instruments Explorer when device is operated at 1 m
in VCP and HCP modes.

4.3 Code Structure
The functions developed rely mostly on base R packages, but make use of sceua (Sk øien et al.,
2014) for minimisation of an objective function, and ViridisLite (Garnier et al., 2018) and akima
(Gebhardt, 2016) for plotting. Furthermore, for the Hankel transform, weights provided by
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Guptasarma and Singh (1997) are used. These functions follow a basic workflow for processing,
calibrating, inverting, and plotting field data and modelling synthetic data, e.g. for feasibility
studies and survey design, see Fig. 4.6. Functions are separated into different groups based on their
purpose; details about the necessary parameters for each function can be found in Appendix 2. The
function groups are discussed in more detail in the following sections.

4.3.1 Data Tools
Data tools are used to process, filter and calibrate data. The first function filt.data.emi() is for
filtering data collected in a continuous roaming mode. The deviation of neighbouring
measurements is calculated, and noisy data are replaced by values interpolated from preceding and
succeeding measurements. Additionally, data are binned into bins with equally spaced ECa and P
values; bins containing data below a given percentage threshold, i.e. outlier data, are then removed.
The run.ave() function can be used to average sequential measurements and smooth data. The
plot.cross.over.points() function can be used to build an error model; measurements made at the
same location, and separated by a given time lag, are used to calculate measurement error. Much of
the work concerning inversion of EMI data advocates for calibration of EMI measurements
(Lavoué et al., 2010; von Hebel et al., 2013) in order to improve inversion convergence and
increase model confidence. Several methods exist for calibration, including sounding elevation
(e.g. Tan et al., 2017), soil sampling (e.g. Moghadas et al. 2012) and calibration using models
derived from electrical resistivity imaging (ERI) (e.g. Lavoué et al., 2010). In this work calibration
can be done using a model of electrical resistivity from an ERI transect by calibrate.emi() and by
the elevation method using calibrate.emi2().

4.3.2 Apparent Conductivity-Quadrature Conversion Tools
ECa-Q conversion tools are used to convert between ECa and Q. GF.eca.to.Q() converts Q to GFECa using the linear calibration used by GF Instruments, whereas eca1.to.Q() uses the LIN
approximation. There are three functions for converting Q to ECa: Q.to.eca1() which uses the LIN
approximation; Q.to.eca2() which uses the Andrade et al. (2016) minimisation method using a Q
value obtained from a FS forward model equations 4.5 and 4.6 for a homogenous half-space EC;
and Q.to.eca3() which uses the Andrade et al. (2016) minimisation method and a Q value obtained
from the analytical equations of McNeill (1980) for a homogenous half-space EC. Q.to.eca3() is
favoured in the FS forward model based inverse solutions because of its computational advantage
in comparison to Q.to.eca2().
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filtering and calibration of EMI data, (c) inversion of data, (d) plotting of synthetic data results, and (e) plotting inverse results of field surveys.

Figure 4.6: Schematic showing the work flow used in the functions: (a) details the generation and noise corruption of synthetic data, (b) shows the

4.3.3 Forward Model Tools
Forward model functions are used to return the theoretical response of a given instrument setup and
a given EC distribution. They are therefore used in the inversion to test the suitability of a given
model in relation to the observed measurements, and generate synthetic data. The fwd.eca.cs()
function provides the forward model based on the CS functions (equations 4.3 and 4.4) and
requires input of: the EC of each layer in mS/m; the starting depth of each layer (the first layer will
start at 0 m, the ground level); the separation and orientation of each coil in the measurement setup;
the operation height. The fwd.eca.fs1() function calculates the forward response in terms of Q
values for a given model using the FS forward model (equations 4.5 and 4.6) and converts it to
LIN-ECa values using Q.to.eca1(); it requires the same input as fwd.eca.cs() in addition to the
operating frequency of the device. Similarly, fwd.eca.fs2() and fwd.eca.fs3() obtain Q values and
convert them to Andrade-ECa values using Q.eca2() and Q.eca3(), respectively.

4.3.4 Inverse Tools
A total of twelve inversion algorithms were written, the first set of four use fwd.eca.cs(), the second
set of four use fwd.eca.fs3() and third set of four use return.Q() to calculate the response of the
model. Each set of four functions follow the same basic pattern. Functions inv.eca.cs2.1(),
inv.eca.fs3.1() and inv.Q1() invert data for a vector of depths using a regularisation term to ensure a
smoothly varying model of EC. Functions inv.eca.cs2.2(), inv.eca.fs3.2() and inv.Q2() aim to find
the best two-layer model with a sharp EC contrast. Functions inv.eca.cs2.3(), inv.eca.fs3.3() and
inv.Q3() use a Monte-Carlo type approach to return a sharply varying multilayer model by
randomly selecting fixed depths and solving the EC for those depths then ranking models by misfit
and taking the model with the lowest misfit as the best one. Functions inv.Q5() etc., use a Shuffled
Complex Evolution algorithm to obtain a multi-layer model of sharply varying EC. The methods
using the Monte-Carlo type approach are clearly more computationally expensive as they solve the
inverse problem a number of times; however they provide consistently reliable results without
getting stuck in local misfit minima. All of these algorithms seek to minimise the difference
between observed values and predicted values, the data misfit (Φ d ), in addition the model misfit
(Φm) which can be used to characterise the variation of EC in the model. The Φ d and Φm can be
calculated using the L1 or the L2 norm. The L1 norm is concerned with absolute differences and is
defined for data and model misfit as follows:

(4.8)
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(4.9)

where N is the number of measurements, d is the observed values and f(m) is the values predicted
from the forward model, M is the number of layers and EC m is the electrical conductivity of layer
m. In comparison the L2 norm is concerned with the square of the differences and is used as
follows:

(4.10)

(4.11)

The L1 norm is implemented as the default method as it is not significantly influenced by outlier
data. The misfit calculations use the L1 norm which uses the magnitude differences as opposed to
the squared differences used in the L2 norm; although methods to account for error in the inversion
were investigated, using the L1 norm gives satisfactory results without the need for error terms.
Regardless, the total misfit is calculated as follows:

(4.12)

where α is a smoothing parameter determining the influence of Φ m on the total misfit which is
essential in the fixed depth inversions but optional in the sharp inversions. The objective function
can be minimized using the optim package which has a selection of solvers: Nelder-Mead (Nelder
and Mead, 1965), conjugate gradient (Fletcher and Reeves, 1964), and L-BFGS-B (Byrd et al.,
1995). Alternatively, the sceua() package can be used which uses shuffled complex evolution
(Duan, 1993) to find the parameter values that best fit the data. For both the L-BFGS-B and
shuffled complex evolution methods, model bounds need to be supplied to constrain the parameter
space. The above described inversion functions require input of a single set of measurements, e.g.
measurements made at a single location. As the majority of applications involve measurements at
multiple locations functions requiring the input of multiple measurement sets are also included, and
have all. as a prefix to the above described inverse functions (e.g. inv.eca.fs3.1() becomes
all.inv.eca.fs3.1()) Moreover, the computational demand of large surveys is such that these
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functions make use of the base R parallel package to distribute calculations over multiple cores and
reduce computation time.

4.3.5 Plotting Tools
Several plotting functions are also included to plot raw data and inversion results. Contour maps or
coloured scatter plots of raw measurements and inversion results can be plotted using pretty.cont()
or pretty.scatter(), respectively. Both functions require the input of an xyz data frame, and
pretty.cont() requires an additional parameter to crop contouring to prevent it significantly over
extend into locations with no data. Inverted models can also be plotted using the pretty.quad(),
which requires a data frame consisting of the x and y positions, the elevation, the inverted EC and
the depths of each layer. The function will parse the data frame to produce a linear transect with
cells of quadrilateral polygons coloured according to the EC. The pretty.start() function is used to
plot starting models taking zones as the region.

4.4 Synthetic Examples
To highlight some of the capabilities of the above described functions and investigate some of the
issues surrounding the inversion of EMI data, several synthetic cases were designed using the
properties of the GF Explorer. Firstly, the performance of the CS forward model is assessed by
generating data using the FS forward model and converting them into Andrade -ECa values. It
could be argued that ECa values provided via another method be used in the inversion for the CS
forward model; however, it is taken that Andrade-ECa offer the best relation to Q values and hence
are the most appropriate. Andrade-ECa values are generated to simulate the GF Explorer being
operated at both ground level and at 1 m elevation. In the second case, the effect of noise on the GF
Explorer being operated at ground level and 1 m elevation using a FS forward model is assessed. In
both cases, a simple two-layer structure is generated comprising a first layer with EC of 30 mS/m
and second layer of 5 mS/m, i.e. broadly comparable to the conditions of the peat and gravel layers
found in the Boxford Wetland, as discussed in Chapter 5. In both synthetic cases, data are
generated and inverted using 1D forward models, although it could be argued that a 2D/3D forward
model is better for describing the system, here the interest was in comparing between FS and CS
and the influence of noise on the 1D forward model.

4.4.1 Synthetic Modelling Case 1
The model for Case 1 comprises a 30 mS/m overlying 5 mS/m layer with the boundary starts at 0.2
m depth at the 0 m position and trends at a constant slope to 2 m depth at the 47.5 m position, Fig.
4.7a. The workflow is shown in Appendix 2 (Fig. 12.1); however, to summarize, synthetic data are
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generated for both 0 m and 1 m elevations using the FS and by converting Q values into Andrade ECa. Data are then inverted using inv.eca.cs2.3() and inv.eca.fs3.3(), before being plotted.

Figure 4.7: (a) Model for Case 1 with upper layer conductivity of 30 mS/m and lower layer
conductivity of 5 mS/m, and a sloping interface trending from 0.2 m depth at 0 m and 2 m depth at
47.5 m. (b) and (c) inversion of data collected at 0 m inverted with the CS forward model and a
FS model, respsectively. (d) and (e) inversion of data collected at 1 m inverted with the CS
forward model and a FS model

To begin with, the functions are imported into the working environment; two empty data frames
consisting of 48 rows and 9 columns are then created to store the synthetic data. A sequence of x
positions with 1 metre spacing is generated and the depth assuming a constant slope from (0, -0.2)
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to (47.5, -2) is obtained by linear interpolation. The coil separations and coil orientations of the six
measurements obtainable by the GF Instruments Explorer are then assigned as a variable. A loop is
then used to generate synthetic data for each position along the transect for a model with an upper
layer EC of 30 mS/m and a lower layer EC of 5 mS/m for both 0 m and 1 m elevations. Synthetic
data are stored in the previously generated data frames. Data are then inverted using
all.inv.eca.cs2.3() and all.inv.eca.fs3.3() for both synthetic data frames. The interface is between
the two-layers is then stored as a list so that it can be read and plotted using pretty.quad(). The
inverse models are then plotted, including the interface line, using the default viridis colour scheme
with the y scale limits set to -2 and 0, the z scale limits set to 0 and 40, and the bin number set to
10.

It can be seen from Fig. 4.7b that when operated at ground level the CS function performs just as
well as the FS forward model. In contrast, when the data are generated for an elevated device, the
accuracy of the CS forward model decreases as the depth of the interface increases. For instance, at
the 30 m position of the transect, the modelled depth is 0.7 m greater than the model depth.
Furthermore, it underestimates the expected EC. On the other hand, the FS forward model performs
better when the device is operated at 1 m as opposed to when it is operated at the ground level. This
is perhaps due to increased depth penetration of device signal when elevated above the ground as
noted by some authors (e.g. Andrade et al., 2018). However, the overall signal becomes smaller
than when operated at higher elevations above ground level, meaning that noise is more detrimental
to measurements made at higher elevations..

4.4.2 Synthetic Modelling Case 2
In Case 2, the influence of noise on the FS inversion is investigated. As with Case 1, ECs of the
upper and lower layers are set to 30 and 5 mS/m, respectively. However, in this Case with an
undulating interface with depths ranging from 0.5 to 0.8 m is used, Fig. 4.8. The code to generate
Fig. 4.8 is shown in Appendix 2, Fig. 12.2. Firstly, synthetic data are generated for elevated and
non-elevated operation; then an additional data set with noise is generated for each elevation; after
that, results are inverted using fs.eca.3.3() before being plotted.
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Figure 4.8: (a) Model for Case 2 with upper layer conductivity of 30 mS/m and lower layer
conductivity of 5 mS/m, and an undulating interface.

Firstly, functions are imported; four empty data frames with 48 rows and 9 columns are then
created to store the synthetic data. The x and y positions are assigned as a variable. The coil
separations and orientations of the six measurements obtainable by the Explorer are also assigned
as variables. A loop is then used to generate synthetic data for each position along the length of the
model at 0 m elevation; data are corrupted with 2% normally distributed noise. The same is done
for the device being operated at 1 m elevation; synthetic data with and without noise are then stored
in the previously generated data frames. Data are then inverted using all.inv.eca.fs3.3() for all
synthetic data sets. The interface between the two-layers is stored as a list so that it can be read and
plotted using pretty.quad(). The inverse models are plotted, including the interface line, using the
default viridis colour scheme with the y scale limits set to -2 and 0, the z scale limits set to 0 and
40, and the bin number set to 10.
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It can be seen that when the device is operated at ground level the inverted model is reasonable for
both scenarios where no noise and 2% noise is added. When the device is operated at 1 m elevation
the inversion returns a reasonable model for no noise; but with 2% noise, the inverted model fails
to match the model from which the data were generated for most locations. It does, however,
perform well at some points but the misfits at these locations are not superior to the misfit at the
other locations. Hence it would be impossible to know their truthfulness in a real (field) case.
Furthermore, introduction of a lateral smoothing parameter would not improve the model, for the
same reason.

4.5 Errors Due to Instrument Elevation
To explore this problem further synthetic data were generated for a model comprising a 1 m thick
30 mS/m upper layer and a 5 mS/m lower layer for the GF Explorer operated at both 0 m and 1 m.
To begin with, 50,000 models were generated with a fixed layer 2 EC of 5 mS/m, a random layer 1
EC between 15 and 45 mS/m and a random layer 1 thickness between 0 and 2 m. The forward
model response of these 50,000 random models was calculated using fwd.eca.fs3() for 0 and 1 m
cases and the total misfit (equation 4.8) was calculated as a percentage. This process was then
repeated with the fixing of layer 1 EC at 30 mS/m, and the values of layer 2 EC and layer 1 depth
were obtained the ranges of 0 to 10 mS/m and 0 to 2 m, respectively. The process was repeated
again for the case where layer thickness was fixed at 1 m and layer 1 and layer 2 EC had values of
between 15 and 45 mS/m, and 0 to 10 mS/m, respectively. The parameter space and corresponding
misfits are shown in Fig. 4.9.
It is immediately evident that when the device is operated at the ground level, the area of the 5%
misfit contour is smaller, indicating that the solution is more stable. Although it is true that this is
only one instance of adding errors, the percentage errors added are the same for both cases.
Furthermore, it is evident from Fig. 4.9b and 4.9d that the inversion performs more poorly when
operated at 1 m elevation. It can be seen for the case when the device is operated at 0 m fs.eca.3.3()
obtains a model close to the synthetic model but not for the elevated case. It can, however, be seen
that when one of the parameters is fixed, the model with the best misfit, of the 50,000 random
models, is close to the synthetic model. Therefore, in cases where the device must be operated at 1
m it may be possible to resolve reliable images of a simple two-layer subsurface if additional
information is provided; for example, when there are intrusive or ground penetrating radar data to
constrain the boundary, or an accurate estimate of one of the layer EC values. For instance, for the
latter it may be reasonable to assume a constant EC value for layer 2, for example if it is a unit
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without significant clay portions, but with homogenous porosity and well mixed pore water, e.g. a
gravel.

Figure 4.9: Parameter space for a synthetic model comprising a 1 m thick upper layer with an EC
of 30 mS/m and a lower layer with an EC of 5 mS/m. The black circle refers to the synthetic model,
the red circle is the best model of the 50,000 randomly generated models, and the white circle is
the results of inv.fs.3.3(). (a) and (d) show the parameter space when layer 2 EC is fixed at 5 mS/m
for 0 m and 1 m cases, respectively. (b) and (e) show the parameter space when the layer 1 EC is
fixed at 30 mS/m for 0 m and 1 m cases, respectively. (c) and (f) show the parameter space when
layer 1 thick ness is fixed at 1 m for 0 m and 1 m cases, respectively.

It is shown that even small errors can significantly reduce the capabilities of EMI measurements
when operated at 1 m. It is therefore important to consider some of the sources of error in EMI
measurements, e.g. some inevitable error associated with operation of the device. However,
additional sources may arise from changing temperature or different users. It is still possible to
account for these errors by using a drift station (i.e. a location where measurements are repeated
during the survey) or calibrating measurements. Another important source of error is the incorrect
orientation of coils, the incorrect height, or the inclination of the device relative to the ground so
that it is no longer parallel. These issues are fairly common in areas where the use of a cart or
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frame may be impractical and the device must be operated by carrying it. In such a case, the device
may rotate about the long axis or the device may become inclined due to user imbalance or the
presence of slopes on the field site. Whilst these factors cannot be investigated with the presented
1D forward model, the effect of erroneous height can be investigated. Fig. 4.10 shows the
difference in Andrade-ECa values for the GF Explorer at 1 and 0.9 m, normalised by the values
when the device is operated at 1m and expressed as a percentage.

Figure 4.10: Errors of Andrade-ECa values if the device is operated at 0.9 m as opposed to 1 m
when device is operated in (a) VCP and (b) HCP modes.
It is evident that the shallower the depth of investigation the larger the error that arises from
incorrect elevation. For instance, for the 1.48 m coil separation when the GF Explorer is operated
in VCP mode the value of ECa obtained at 0.9 m will be ~9% higher than the value obtained when
the device is operated at 1 m. This is important to consider in the EMI inversion. Furthermore,
although this may not have significant impact of ECa mapping, it may be relevant for time -lapse
studies depending on the expected magnitude of changes in ECa.

4.6 Concluding Remarks
The applications of EMI devices for ECa mapping are diverse; the validity of ECa derived by the
LIN has been questioned by a number of authors who propose alternative methods to obtain ECa
values from the imaginary component of the ratio between the primary and secondary
electromagnetic fields. However, in the majority of cases, these ECa mapping studies are
concerned with developing linear regressions between ECa and the property of interest and given
87

that the EC values typically do not vary over multiple orders of magnitude at most field sites, LINECa, or indeed any ECa value obtained assuming a linear relation, is more than adequate.
Despite the availability of open source forward models, including this one, the application of
inversions using the CS forward model is frequent. Although for the cases investigated here, this
appears valid when the device is operated at ground level, the CS forward model should not be
used for elevated surveys. Furthermore, it should be noted that the validity of the CS forward
model was only tested here for low conductivity environments and is likely that this would break
down at higher electrical conductivities.

Although the FS forward model is favourable for elevated scenarios, small measurement errors can
lead to significant errors in the inversion process. Although this instability can be mitigated for
simple two-layer models by fixing one of the parameters, it was not fully investigated for more
complex models. Perhaps inclusion of additional measurements with different sensitivities or an
improved objective function that appropriately deals with measurement errors could be
implemented.

It was also demonstrated that significant errors can arise from erroneous device elevations. Ideally,
instruments should be operated at, or close to, ground level on a sledge or cart. Use of a sledge or
cart would also mitigate errors associated with erroneous orientation or inclination of the device;
although these were not investigated it is anticipated that they would have similar significant
effects on the inversion.
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5 Revealing the Hydrogeological
Structure of a Riparian Wetland
Using Electromagnetic Induction
Methods
5.1 Introduction
Characterisation of wetlands is important for assessing their role in the exchange of water,
nutrients, and pollutants between surface water (SW) and groundwater (GW) systems. Wetlands
play a crucial role in maintaining ecosystem health throughout the catchment and are often sites of
considerable biodiversity. Furthermore, despite contributing to approximately 2–6% of the Earth’s
land surface (Kayranli et al., 2009) wetlands contain 20–25% of the organic carbon within soil
(Gorham, 1995). Moreover, due to the anaerobic degradation of organic matter occurring in most
wetlands, it has been estimated that they contribute 20–40% of current global methane emissions
(Bloom et al., 2010), and explain 70% of annual variations in atmospheric methane concentrations
(Bridgham et al., 2013). In addition, wetlands are likely to be threatened by climate change, e.g.
changes in base flow, flooding events, water quality, and heat stress are likely to modify their
function (Gorham 1995; Erwin, 2009). Consequently, wetlands are protected by environmental
legislation, including the European Union Water Framework Directive and Habitats Directive, and
the US Clean Water Act.

Until the mid-1970s the importance of wetlands was generally overlooked and they were often
modified to permit alternative land use. For instance, wetlands were commonly replaced by
agricultural fields, and commercial or residential developments. However, there has since been a
significant effort in restoring, maintaining, and managing wetlands. Adequate management requires
appropriate wetland characterisation; conventionally this is achieved through lithological sampling
or installation of piezometers (e.g. Grapes et al., 2005; Allen et al., 2010). However, these methods
typically have limited spatial coverage and in some cases may be environmentally prohibited. The
past 30 years has seen many developments in the field of near surface geophysics (Binley et al.,
2015; McLachlan et al., 2017). The majority of geophysical applications to characterise wetlands
89

have used electrical resistivity imaging (ERI) given the dependency of resistivity on lithology, pore
water conductivity, and saturation. For example, ERI has been used to characterise both dynamic
processes (Musgrave and Binley, 2011; Zarroca et al., 2014; Uhlemann et al., 2016) and geological
structure (Chambers et al., 2014; Miller et al., 2014; Sonkamble et al., 2019) of wetlands.

Given the sensitivity of frequency domain electromagnetic induction (EMI) methods to electrical
conductivity, the inverse of electrical resistivity, they provide a useful tool in wetland
characterisation. Furthermore, given that EMI devices do not require direct coupling with the
ground they are typically more productive than ERI methods. In recent years, the development of
multi-coil and multi-frequency instruments is such that EMI measurements can be translated into
quantitative models of conductivity using inverse methods. EMI inversions have been used to
characterise stratigraphy (e.g. Saey et al., 2014; von Hebel et al., 2015; Frederiksen et al., 2017),
organic matter content (e.g. Huang et al., 2017), and hydraulic conductivity (e.g. Brosten et al.,
2011), all of which are important properties of wetlands. It is also important to note that EMI
methods have had a long history of using raw measurements to obtain similar information (e.g.
Sudduth et al., 2005; 2010; 2013).

The purpose of this work is to assess the ability of EMI methods to characterise a riparian wetland.
The field site was previously characterised extensively using ERI and intrusive sampling
(Chambers et al., 2014), and comprises superficial peat and gravel deposits overlying chalk
bedrock. The ability of raw EMI data and inverted EMI data to characterise the depth to peat-gravel
interface, the organic matter content of the peat, and the pore water conductivity and the hydraulic
conductivity of the peat and gravel is assessed. Specifically, the following questions are
investigated: (1) ‘Are properties of the wetland best correlated with raw or inverted EMI data?’, (2)
‘How many intrusive observations are required to build a robust #linear regression linking peat
depth and raw EMI data?’, (3) ‘What are some of the implications associated with data collection
when the device is operated at 1 m elevation?’, (4) ‘Is data calibration necessary prior to
inversion?’, and (5) ‘What is the best approach for obtaining reliable models of conductivity from
EMI inversions?’.

5.2 Electromagnetic Induction
5.2.1Background
EMI devices operate by passing an alternating current through a transmitter coil to generate a
primary electromagnetic field. This primary electromagnetic field induces eddy currents in the
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subsurface which then generate a secondary electromagnetic field. The interference of the primary
and secondary electromagnetic fields is measured by a receiver coil. The ratio of the primary and
secondary fields has an in-phase and an out-of-phase, or quadrature, component. The quadrature
component is typically of most interest as it is dependent on conductivity, whereas the in-phase
component is more closely related to magnetic properties which are often negligible in
environmental applications. However, it is important to note that the in-phase component is also
related to conductivity, and hence still may contain some useful information.

The sensitivity patterns of EMI instruments are dependent upon the orientation of transmitting and
receiving coils, the separation distance between the coils, the frequency of the alternating current,
and the subsurface conductivity. The majority of devices typically utilise a combination of multiple
frequencies, coil separations or coil orientations to obtain measurements with different sensitivity
patterns. For instance, the GF Instruments Explorer (Brno, Czech Republic), the instrument used in
this study and hereafter referred to as the GF Explorer, has three receiver coils meaning that three
measurements can be obtained simultaneously. In addition, the GF Explorer can be operated in
vertical (VCP) and horizontal coplanar (HCP) modes meaning that a total of six measurements can
be obtained. From hereafter, the six measurements are referred to as VCP1, VCP2 and VCP3,
ranging from the shortest to longest coil separation when operated in the VCP mode, and HCP1,
HCP2 and HCP3 when operated in HCP mode.
The observed quadrature is typically expressed as an apparent conductivity; i.e. the conductivity of
a homogenous subsurface with an equivalent quadrature value. Apparent conductivity is expressed
in mS/m, the same units as conductivity, and hence offers a more comprehensible unit than
quadrature. The linear low induction number (LIN) approximation is commonly used to convert
quadrature values to apparent conductivity values (McNeill, 1980). However, it is important to note
that the GF Explorer is calibrated using a linear manufacturer calibration based on their test site and
therefore data must be dealt with accordingly, prior to inversion.

5.2.2 Maxwell Based Forward Model
The EMI forward model is based on Maxwell’s equations and relies on the assumption that
electromagnetic fields propagate due to conduction currents, which is valid at low frequencies (<
5
10 Hz). The solution, provided by Wait (1982), can be used to determine the response of an EMI

instrument over a 1D layered subsurface:

(5.1)
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(5.2)

where s is the coil separation, J 0 and J 1 are Bessel functions of zero and first order, respectively. R 0
is the reflection factor, which is dependent on the thicknesses and conductivity of each layer from
ground level to layer N, the deepest layer. Given that layer N is assumed infinite with a
homogenous conductivity, and consequently, it can be calculated recursively:

(5.3)

th
where , and h n and σn are the thickness and conductivity of the n layer, respectively. The integrals

in equations can be calculated by linear filtering, using weights provided by Guptasarma and Singh
(1997). Furthermore, the response for instruments operated at 1 m above ground level can be
modelled by including a layer of thickness 1 m and a conductivity of 0 S/m.

5.2.3 Inversion of Electromagnetic Induction Data
As with other geophysical inverse problems, the EMI inverse problem is under-determined. This is
typically addressed by introducing a regularisation term to penalise abrupt changes in conductivity
of sequential layers and produce models of smoothly varying conductivity. Given the stratified
nature of the field site, it is expected that changes in conductivity will be more abrupt. As with the
use of regularisation, unique solutions can also be encouraged by constraining the model to a small
number of discrete layers. Furthermore, whereas regularised algorithms may use a series of fixed
depths where the inversion algorithm is only solved for layer conductivity, limiting the number of
layers allows depths to be included as parameters. However, if no regularisation is to be used, the
number of parameters should not outweigh the number of measurements. For instance, the six
measurements obtained by the GF Explorer cannot be used to obtain a four layer model as it will
have seven parameters. Furthermore, given the correlation of EMI measurements it may still be that
simpler problems are still under-determined.
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In this work, 1D inverse modelling of data was conducted by optimising the difference between
observed EMI data and predicted EMI data for a given set of model parameters using equations 5.1
and 5.2. The data misfit,, was calculated using the normalised L1 norm:

(5.4)

where d is the EMI data, f(m) is the forward model response of a given model and M is the number
of measurements. The L 1 norm is used as it is less influenced by outlier data; furthermore, it was
found to be more robust than methods aiming to account for the error of EMI data. Several methods
for minimising equation 5.4 were attempted, firstly by using Nelder-Mead (Nelder and Mead,
1965) and conjugate gradient (Hestenes and Stiefel, 1952) methods with the optim package of the
R stats package (R Core Team, 2013). However, these attempts were susceptible to convergence on
local minima, especially when a three-layer model was specified and the EMI data was for the
elevated at 1 m case. A second method was designed whereby depth values were 1000 models were
selected randomly and fixed so that the inverse problem could be solved solely for conductivity
before each model was ranked by its total misfit. This method gave consistent results and had the
added benefit that the model confidence could be easily assessed; however, it was computationally
demanding and largely impractical.
Given the challenges noted above, the shuffled complex evolution (SCE) algorithm (Duan et al.,
1993), as implemented by von Hebel et al. (2014), was used to minimise equation 5.4. The SCE is
an evolutionary algorithm method that combines the simplex procedure of Nelder and Mead (1965)
with controlled random search of Price (1987) and the competitive evolution of Holland (1987)
alongside the concept of complex shuffling. It can be implemented in R via the rtop package
(Skoien, 2014). The algorithm operates by creating multiple complexes to explore different
regions, or local areas, of the whole parameter space simultaneously. In this way several promising
regions of the parameter space can be investigated and evolved individually with the competitive
complex evolution algorithm, such that the inversion is not as susceptible to convergence on local
minima. Individual complexes are then shuffled to obtain the parameter set which best describes
the objective function (Muttil and Jayawardena, 2008). The SCE algorithm requires boundaries for
the parameters; von Hebel et al. (2014) proposed that conductivity boundaries be determined by
two times the maximum value of apparent conductivity and half of the minimum apparent
conductivity for their survey conducted near ground level. Although this can be adapted for the
case where the device is operated at 1 m elevation, it was found to be too conservative at the field
site, hence limits of 0 to 100 mS/m are used as bounds for the conductivity of each layer.
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To test the reliability of the inversion scheme and the ability of measurements with the same device
properties as the GF Instruments Explorer to characterise the expected conductivities of the
wetland, synthetic data were generated for two-layer and three-layer models using equations 5.1
and 5.2. In all cases the lowest layer was assumed to extend to an infinite depth. The two-layer
model comprises a 0.8 m thick layer with a conductivity of 30 mS/m overlaying a layer with a
conductivity of 7.5 mS/m. The three-layer model comprises a 0.8 m thick layer with a conductivity
of 30 mS/m overlaying a 2 m thick layer with a conductivity of 7.5 mS/m, overlying a layer with a
conductivity of 20 mS/m. Data were generated for the cases where the device is operated at 0 and 1
m elevation, and in one case, data were then corrupted by adding 2% normally distributed noise,
Fig. 5.1. The depth limits used for layer one were 0 and 2 m in the two- and three-layer cases, and
the depth limits for layer two were 2-5 m for layer 2 in the three-layer case. The conductivity limits
for all layers were set as 0 to 70 mS/m.

Figure 5.1: Model inversion of synthetic data with no noise and 2% noise for two -layer model
when device is operated at (a) 0 m and (b) 1 m, and three-layer model when device is operated at
(c) 0 m and (d) 1 m.
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For the two-layer model the depth of layer one and the conductivities of each layer are well
resolved for data with and without error. In comparison, the three-layer model is better resolved for
the error free elevated case, perhaps due the modification of sensitivity patterns as a result of
operating the device at 1 m (e.g. Andrade et al., 2018), this could be investigated by computing the
contrasting sensitivity patterns for the given subsurface conductivity distribution and the elevation
of the device. When noise is added to the elevated case it can be seen that inverse model is poorly
resolved. To explore this further, data were generated for a two-layer case with a 0.8 m thick upper
layer with a conductivity of 30 mS/m and an infinitely thick lower layer with conductivity of 7.5
mS/m. Synthetic data were generated for the specifications of the GF Explorer operated at 0 m, 0.5
m, and 1 m and then corrupted with 2% Gaussian noise. Corruption of the data was repeated 500
times to produce 500 sets of synthetic data for each elevation, data were then inverted to obtain a
two-layer model with depth constraints of 0 to 2 m. The difference between the parameters of the
synthetic model and the parameters of the inverted model are presented Fig. 5.2.

The effect of 2% error can clearly be seen for different operation elevations, for instance the layer 1
depth, and conductivities of layer 1 and layer 2 are clearly best resolved when the device is
operated at 0 m. As the height of the device is increased the distribution of the absolute differences
between parameters in the synthetic data and parameters obtained from the inversion become
wider. Also, although the mean depth of layer 1 in the inverted models matches the synthetic model
for the case where data were generated for 0 m elevation, the mean depths of layer 1 become
progressively deeper for increasing device elevation. This is an effect of the boundary condition
that dictates that the minimum depth of layer 1 must exceed 0 m. Although this effect does not shift
the mean conductivity of layer 1 obtained for each elevation, the mean conductivity of layer 2 can
be seen to progressively decrease for increasing elevation to account for the overestimated depth.
Given that at the field site the dense vegetation requires the device to be operated at 1 m, it is
important to assess data quality when inverting field data.
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Figure 5.2: Effect of 2% error on results of inversion when device is operated at different
elevations. Distributions of the difference between the synthetic model and inverted model values
for (a) layer 1 depth, (b) layer 1 conductivity and, (c) layer 2 conductivity for the GF Explorer
operated at 0 m, 0.5 m, and 1 m.

5.3 Materials and Methods
5.3.1 Study Site
The Boxford wetland study site, is a riparian wetland located on the River Lambourn, adjacent to
the town of Boxford, Berkshire, UK. The River Lambourn and its associated wetlands comprise
some of the least impacted chalk river systems in Britain; furthermore, the Boxford Wetland is a
designated Site of Special Scientific Interest (SSSI) and a Special Area of Conservation (SAC)
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owing to the habitat it provides for aquatic and terrestrial fauna and flora. The wetland is dissected
into a north and a south meadow by the Westbrook Channel and is well instrumented with a
number of piezometers screened within the peat, gravel, and chalk, see Fig. 5.3.

Figure 5.3: (a) Map of the Boxford field site. Orange dots indicate the positions of
paired gravel and peat piezometers, red lines show the position of the two ERI
transects used to calibrate EMI data. Transparent overlays indicate the extent of the
underlying geology; white denotes the chalk bedrock, white vertical lines denote the
gravel deposits and black vertical lines denote the alluvial deposits. (b) shows
location of sampled peat locations (from Chambers et al., 2014). Axis coordinates
are from the Ordinance Survey system,

The stratigraphy of the Boxford Wetland comprises alluvial peats and gravels deposited during the
Late Pleistocene to Holocene, overlying Cretaceous chalks, see Fig. 5.3a. The chalk bedrock is
characterised by a weathered putty chalk layer and deep channel scouring (Younger, 1989) which
is thought to control the hydrology at the site (Chambers et al., 2014). The gravels can be divided
into a lower unit of chalky gravels overlain by coarser flint gravels, with some of the upper gravels
showing development of lateral accretion surfaces (Newell et al., 2015).

Several geophysical surveys have been conducted at the Boxford wetland, for instance Chambers et
al. (2014) used a 3D grid of geophysical data to reveal the structure in the north and south
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meadows, and Uhlemann et al. (2016) revealed temporal patterns using two 2D ERI monitoring
transects. Furthermore, House et al. (2015) used a temperature survey to locate areas of GW
upwelling. Similarly, Musgrave and Binley et al. (2008) used time-lapse ERI to monitor the
suppression of season temperature fluctuations due to the presence of GW upwelling. The site
therefore acts as an ideal test site to explore the EMI method.

5.3.2 Intrusive Data Collection
Peat samples were obtained at twenty four locations across the meadow using a soil auger. Sample
locations were determined to ensure that samples were obtained from areas with a range of
conductivity by discretising the wetland into areas with low, medium and high EMI measurements
and obtaining eight samples from each area. Samples were split into 10 cm subsections in the field
resulting in a total of one hundred and eighty six samples. Organic carbon content of each sample
was determined by loss on ignition. Samples were oven dried at 100°C for one week to determine
gravimetric water content, before being placed in crucibles and baked at 550°C for four hours to
remove organic matter.

During the field campaign, from05-Mar-18 to 08-Mar-18, water levels of each piezometer were
found to be stable. In addition to measuring water levels, the temperature and electrical
conductivity of each sample was measured with a field conductivity meter (Cole -Parmer,
Staffordshire, UK). Wells were purged and left to recover to ensure that samples were
representative of pore water conditions. Water levels and pore water electrical conductivities were
determined from 13 peat, 15 gravel and 1 chalk piezometers. Hydraulic conductivity measurements
were obtained from 14 peat and 13 gravel piezometers using falling head tests. The locations of
piezometers are shown in Fig. 5.3a.
As part of the work conducted by Chambers et al. (2014), the depth to the peat-gravel interface was
determined intrusively using a simple 6 mm diameter steel rod during April 2012, See Fig. 5.3b.
The gravel was assumed non-penetrable, in contrast to the penetrable peat, and the depth was
determined from the maximum penetration depth that was achievable using the rod. This
measurement was made at 2815 locations on an approximate grid with 5 x 5 m spacing. In six
locations the peat depth was assumed to be 1.86 m, the maximum depth achievable using the rod.
The position of each depth measurement was surveyed using a combination of real-time kinematic
(RTK) GPS and Total Station.
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5.3.3 Geophysical Data Collection
Prior to measurement the GF Explorer was left for 30 minutes to allow it to warm up. The device
has a (manufacturer claimed) measurement accuracy of 4% at 50 mS/m and, as mentioned
previously, uses a manufacturer calibration to convert quadrature to apparent electrical conductivity
(GF-ECa). The VCP and HCP surveys of the south meadow were conducted in three portions and
one portion, respectively. The VCP and HCP surveys of the north meadow were conducted in two
portions and one portion, respectively. For each survey the device was carried at 1 m elevation and
held perpendicularly to walking direction. Drift stations were used to assess, and correct for, any
drift, whereas cross-over points were included to assess data quality. Cross-over points were
locations of the survey area that were survey twice, this was achieved by including perpendicular
transects in the survey path. Measurements were logged every second and paired with a location
obtained from a Trimble GPS (Sunnyvale, California, US), approximately 20,000 VCP and 20,000
HCP measurements were obtained.
Two ERI transects were used to calibrate EMI measurements, one in each meadow, see Fig. 5.3a.
Both transects were 47.5 m long and comprised 96 electrodes with 0.5 m spacing. Measurements
were made using a dipole-dipole sequence and a Syscal Pro device (IRIS Instruments, Orleans,
France). A full set of reciprocal measurements were collected to characterise errors to enable
appropriate data weighting in the inversion. Prior to, and following, collection of ERI data, plastic
pegs were used to mark the position of each transect to obtain EMI measurements in the same
position as ERI measurements.

5.3.4 Filtering, Calibration and Interpolation of EMI Data
Measurements of poor quality were replaced by linearly interpolating from the nearest preceding
and succeeding neighbour which had good quality. The GF Explorer does not provide a measure of
data quality so measurements which differed by more than 5% from both neighbours were
considered to be of poor quality and replaced via linear interpolation. Following this, data were
binned based on their apparent conductivity and in-phase values into 16 equally spaced bins. Any
bin that contained less than 0.5% of the data was considered an outlier and replaced via linear
interpolation.

The ERI data were of good quality with average reciprocal error being in the order of 0.5%, for
both transects. Data were inverted using R2 (see Binley and Kemna, 2005) to obtain a model with
conductivity information to approximately 5 m (see Oldenburger and Li, 1999). Both transects
were inverted on a quadrilateral mesh and were modelled allowing for 2% measurement error to
99

compensate for forward modelling error. Convergence of both transects was well behaved and both
transects converged in four iterations.
The forward model response of both ERI models was calculated, in terms of quadrature, for each
column of the ERI model between 0.25 and 47.25 m, using equations 5.1 and 5.2 for both north and
south transects. Quadrature values were converted to LIN conductivity (LIN-ECa) values using the
LIN approximation of McNeill (1980). The measurements for calibrating EMI measurements were
obtained during the surveys, their locations, as obtained from the GPS, were converted into a
distance along the transect and values were converted from GF-ECa values to LIN-ECa values.

The averages for EMI and ERI derived LIN-ECa values were calculated by grouping in terms of
their position along each transect, i.e. groups for each metre interval along the transec t. Due to the
shallower depth of investigations at either end of each transect, data obtained in the first and last 5
m of each transect were removed and a linear regression was fitted to the remainder of the data for
each coil orientation and separation. It is important to note that the influence of ERI sensitivity on
the calibration of EMI data was not investigated in detail here, but could be an interesting direction
for future work. Each survey file was then calibrated by converting the GF-ECa values to LIN-ECa
values and then using the coefficients from the relevant linear regression.
As demonstrated with synthetic modelling, data collected at 1 m elevation are especially sensitive
to errors, therefore it is important to assess the quality of data. Given that the GF Explorer does not
provide a measurement error, errors were determined from cross-over points. The positions of
cross-over points were determined in each survey file where transect directions were approximately
perpendicular, and there was a minimum time-lag of 2 minutes between the measurements.
Averages and errors for EMI measurements occurring within a 2 m radius of each cross-over point
were then calculated. Errors were calculated at each step of data processing to assess whether any
biases were introduced.

In order to build linear regression models and invert VCP and HCP EMI data together,
measurements need to be collocated. To do this EMI values at the position of each peat depth
measurement were estimated by averaging all EMI measurements within a 2 m radius. Of the 2,815
peat depth measurements 1,718 measurements had at least one EMI measurement within a 2 m
radius. This value was chosen as a trade-off between lower correlational for larger spatial offsets
and number of peat depth locations with at least one set of EMI measurements within the specified
radius. Although this meant that 1,097 measurements were not used to build linear regression
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models, it was found that the correlation of EMI data and peat depth was stronger for
measurements made within 2 m of each other, than those made with a larger distance.

5.3.5 Correlation of ECa values and Intrusive Measurements
Prior to inverse modelling, the correlation of EMI measurements and the intrusively obtained peat
depths were investigated. The six apparent conductivity values and six in-phase values collocated
at the location of peat depth measurements were used to build a linear regression model using
different numbers of sets of collocated measurements. This process was repeated with different
numbers of points used in the linear regression in order to determine the minimum number of
intrusive measurements required to obtain a robust prediction of peat depth from EMI
measurements. Overall correlations were made using 20, 25, 30, 35, 45, 55, 65, 75, 85, 100, 150,
200, 250, 400 or 480 randomly sampled points; this was repeated 1,000 times for each number of
points and the robustness was assessed by calculating the average RMSE of the predicted peat
depth.

Similarly to the peat depths, linear regression models were built to link EMI measurements with the
pore water conductivity, organic carbon content and hydraulic conductivity data. As with
collocation of the EMI and peat depth data, the EMI values at the positions of these measurements
were estimated by averaging the EMI measurements made within 2 m. Linear regression models
were then built using the six averaged apparent conductivities at the location of the intrusive
measurement using all of the data. For the organic matter data the correlation of was determined for
data obtained from the same depths (e.g. all the organic matter values obtained from soil from the 0
to 10 cm interval). Depth ranges with less than seven organic matter values cannot be fitted with a
linear regression model using six EMI measurements.

5.3.6 Inversion of EMI Data
The interpolated data set comprising of 1,718 measurements was inverted so as to allow for direct
comparison with intrusively obtained peat depths. As noted, the Boxford wetland comprises three
lithological layers, peat, gravel and chalk; to investigate whether the EMI data can be best
represented by a two-layer or a three-layer model, calibrated data were inverted for both cases.
However, given the instability of the inversion in the synthetic example shown in Fig. 5.1 and 5.2,
data were also inverted whilst fixing the depth of the first layer for two and three -layer cases. In
addition, non-calibrated data were inverted for the two and three-layer cases to assess the impact of
calibration on model convergence.
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5.4 Results
5.4.1 ERI and Calibration Results
Both ERI sections show a two-layer stratigraphy comprising a more conductive upper layer, Fig.
5.4. Furthermore, the measured peat depth coincides well with the ERI model; from these models it
is evident that the peat has an average conductivity of 30–35 mS/m whereas the gravel has a
conductivity of 7-10 mS/m. In comparison, Chambers et al. (2014) observed that the peat had a
conductivity of 30 mS/m in the north meadow and 20 mS/m in the south meadow, whereas the
gravel had a conductivity of around 4–5 mS/m in both meadows. Chambers et al. (2014) were also
able to resolve a contrast between the gravel and the underlying chalk which had a conductivity of
around 6–8 mS/m. The higher conductivities observed in the peat and gravel could be attributed to
the different seasons in which the surveys were conducted. This survey was conducted in March as
opposed to April for the north meadow and November for the south meadow. Furthermore, the
arrays used by Chambers et al. (2014) had superior depth sensitivity, perhaps allowing them to
better resolve subtle contrasts of gravel and chalk, which were not evident in these models.

Figure 5.4: Electrical resistivity images of (a) north and (b) south meadow, dashed line
shows intrusively obtained peat depths.
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Figure 5.5: Calibration plots showing calibrated LIN-ECa data of VCP1, HCP1, VCP2,
HCP2, VCP3 and HCP3 against ERI derived LIN-ECa values used for calibration.

The calibrated EMI apparent conductivities are shown alongside the apparent conductivities
obtained from 1D forward modelling of the ERI models in Fig. 5.5. The linear calibration appears
2

appropriate over these conductivity ranges, and the coefficients of determination, R , are high
especially given that the measurements were obtained during the surveying. The correlations are
generally stronger for the measurements with deeper depth sensitivity. This is expected given that
these measurements are less sensitive to the air layer than measurements with a shallower depth of
investigation which will have a lower signal to noise ratio when operated at 1 m elevation. The
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shifts in apparent conductivity were different for each calibration file, indicating that the device
calibration for each survey differed from each other. The calibration shift was the greatest for the
shortest coil separations, sometimes in the order of 30%, furthermore, this shift is larger than
possible bias introduced by the calibration.

5.4.2 Errors of EMI Data
The cross-over point errors for calibrated data calibration are presented in Fig. 5.6. The average
errors for calibrated data (0.61, 0.32 and 0.37, and 0.48, 0.21 and 0.17 mS/m for VCP1–3 and
HCP1–3, respectively), were lower than the errors for non-calibrated data (1.38, 0.51 and 0.55, and
0.62, 0.26 and 0.25 mS/m for VCP1–3 and HCP1–3, respectively), indicating that no additional
biases were introduced by calibration. It is evident that measurements with lower depth sensitivity
are prone to errors which are in agreement with the generally poorer correlation in the data
calibration; e.g. errors of 4 mS/m and 7 mS/m were observed for VCP1 and HCP1 measurements,
respectively. There also appears to be a slight proportional dependency of error on apparent
conductivity in Fig. 5.6. This could be explained by the shifting of the instrument position during
surveying, which was a common issue in areas of waterlogged ground. For instance, if the long
axis of the device is not parallel to the ground, or the distance between the ground and device
changes the relative contribution of signal from above and below ground is modified. This would
be most noticeable when the contrast between ground and air conductivity is the highest, and when
the depth sensitivity is the lowest, i.e. when ground conductivity is higher and in measurements
made with the shortest coil separation.
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Figure 5.6: Cross-over error plots for the GF Explorer data obtained in both north and south
meadows for measurements made in VCP and HCP orientation. Light coloured dots show all
of the cross-over point mean apparent conductivities and their associated error, dark er dots
are the average error and the average apparent conductivities of 15 bins. The data are binned
on the apparent conductivity values such that bins contain approximately equal numbers of
data; a linear regression is then fitted to the binned data.
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5.4.3 EMI Measurements
The individual correlation of each apparent conductivity and in-phase measurement with peat depth
were determined for the entire data set of 1,718 collocated measurements. Although apparent
conductivity had the best correlation with peat depth, it was evident that some information about
the peat depth can be obtained from the in-phase component and it is not completely redundant.
The predicted peat depth obtained from the linear regression model using 70 peat depth
measurements is shown in Fig. 5.7, alongside the measured depth. The pattern of the peat channel
is well resolved and the predicted depths match well with the measured depths, the average
RMSE=0.18 m, although it is evident that the greater peat depths tend to be underestimated.

Figure 5.7: Maps of (a) measured, and (b) predicted peat depths, and (c) the scatter plot of
predicted and measured peat depths.

Fig. 5.8 shows the number of points used in the linear regression model and the resultant RMSE for
peat prediction. It is evident that accuracy of peat prediction is substantially improved if 50
collocated measurements are used, as opposed to 25. However, beyond 120 measurements the
prediction is not improved substantially. It is also apparent that calibration of data does not improve
correlation, although this is reasonable, given both relationships are linear; it would seem there was
no significant calibration bias in the different survey files.
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Figure 5.8: RMSE versus number of points used in linear regressions for calibrated and noncalibrated data.

5.4.4 Inversion of EMI Data
Distributions of the data misfit, as determined by equation 5.4, are shown in Fig. 5.9 for the twoand three-layer inversions of calibrated data without a fixed layer 1 depth, the two-layer inversions
of calibrated data with a fixed layer 1 depth, and the two-layer inversions of non-calibrated data
without a fixed depth. Several observations can be drawn from the misfit distributions; firstly the
calibration of data significantly reduces data misfit and improves model confidence. Secondly, it is
evident that the misfit for two and three-layer models are not significantly different, indicating that
a two-layer model is appropriate for modelling the EMI data. However, as anticipated from Fig.
5.2, errors in the EMI data, e.g. from acquisition or calibration bias, both of these inversions
produced models where the depth of layer 1 did not match the measured peat depth. Furthermore,
the depth obtained from these inversions exhibited no coherent spatial pattern and the pattern of the
peat channel, as seen in Fig. 5.7, and was visible in the conductivities of the inverted models
indicating that data were fitted to the model conductivities, as opposed to the modelled depths.
Thirdly, it can be seen that fixing the depth of layer 1 in the inversion does not increase the misfit
substantially. This indicates the parameter space is relatively flat, and a number of models explain
that data to an equal, or almost equal, extent.
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Figure 5.9: Model misfits for EMI inversions.

Given that the inverted layer 1 depths were inconsistent with the measured depths, it can be
deduced that the inverted conductivities do not reflect the field site accurately. The conductivities
of layer 1 and layer 2 obtained when the depth of layer 1 is fixed to the intrusively obtained peat
depth are presented in 5.10. Furthermore, given the accuracy of the peat depth prediction shown in
Fig. 5.7, the inversion was also conducted for a two-layer case where the depth of layer 1 is fixed at
depths shown in Fig. 5.7b. The mean conductivity of the upper layer in both inversions, 28 mS/m
in the south meadow and 33 mS/m in the north meadow is consistent with the ERI models
presented in Fig. 5.4. In comparison, the mean conductivities of both inversions for the south and
north meadow are more distinct. In the south meadow, the gravels have a mean conductivity of 7
mS/m, which is consistent with the ERI data, but the mean conductivity of the north meadow is 2
mS/m. This is likely due to poor calibration of EMI data, for instance artificially elevated VCP
measurements will result in an elevated layer 1 EC, or vice versa where the HCP measurements are
artificially minimised. The range in conductivities obtained when layer 1 depth is fixed to the
predicted depth (Fig. 5.10a) is subdued in comparison to the layer 1 conductivities when the layer 1
depth is fixed at the measured depth (Fig. 5.10d) given that locations where the conductivity is
higher will have a higher estimated depth. The maps of data misfit are similar showing increased
misfit in the north meadow; this is mostly likely due to the more difficult terrain and higher
vegetation that will influence the quality of the EMI measurements.
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Figure 5.10: Maps of EC for inversion constrained with measured and predicted peat depths;
measured depths, predicted depths, and data misfits for layer 1 are shown in (a), (b), and (c),
respectively, and the same maps for layer 2 are shown in (d), (e), and (f), respectively.
Different colour scales are used for layer 1 and layer 2 e.g. colour scales are different for (a,
b) and (c, d).

5.4.5 Petrophysical Relationships
Similarly to the peat depths, linear regressions were used to link non-calibrated EMI measurements
to the organic matter content, and water level, pore water conductivity and hydraulic conductivity
of the peat and gravel. Due to the low sample numbers of intrusive data, linear regressions were
based only on apparent conductivities and not in-phase measurements. No significant relationships
for organic matter content, or for properties of the gravel and peat pore water conductivity (34 to 58
mS/m) were found; however significant relationships were observed between EMI measurements
2
2
and both peat water level (R = 0.93, p-value = 0.027) and peat hydraulic conductivity (R = 0.8, p-

value 0.020). A map of the predicted peat hydraulic conductivity is presented in Fig. 5.11.
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The correlation of hydrological data with inverted conductivity was also assessed. As a single
conductivity was obtained for the peat layer, they were not compared with the organic carbon data;
however, given the poor correlations of apparent conductivity values, it is anticipated that
correlation with multi-layer conductivity would also be poor. As with the apparent conductivities,
significant relationships were only seen for peat water level and peat hydraulic conductivity;
however, they were weaker (R 2 = 0.48, p-value = 0.026 and R 2 = 0.44, p-value = 0.080,
respectively). Furthermore, the porosity of the saturated gravel can be estimated at 30-40% using
Archie’s law (1942) which is comparable to previous work (e.g. Newell et al., 2015).

Figure 5.11: Maps of (a) predicted peat hydraulic conductivity, and (b) peat temperature 0.7 m
below ground level (from House et al., 2015), and (c) scatter plot of measured and predicted
hydraulic conductivity.

From, Fig. 5.11 it can be observed that the majority of the peat in the wetland has a predicted
hydraulic conductivity of 10-5 to 10-6.5 m/s; however the north meadow appears to be characterised
by a zone of reduced permeability. Moreover, this zone coincides well w ith the zones of GW
upwelling, as determined from a temperature survey (House et al., 2015), Fig. 5.11b. The presence
of these GW upwelling zones is thought to be related to the presence of drainage channels in the
wetland. It is important to note that such temperature contrasts were not observed in the piezometer
data during this work.
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5.5 Discussion
5.5.1 Resolving Structure with EMI Methods
It was demonstrated using synthetic data that when the EMI instruments are operated at elevation,
the result of the inversion becomes more susceptible to errors and the parameters of the synthetic
model were not obtained in the inverse model. This was also seen in the field data in that depths
obtained from the unconstrained inversion did not match with measured values. Previous work
obtaining comparing inverted depths with intrusively obtained depths has included Frederiksen et
al. (2017) who used a the Aarhus Workbench to produce vertically and laterally smoothed images
of conductivity and extracted an iso-resistivity surface as the boundary between sand and clay; they
were able to resolve the image with a RMSE of 1.04 m. Alternatively, Saey et al. (2014) operated
their device at approximately ground level and inverted data using EM4Soil (http://emtomo.com)
they were able to resolve well the structural pattern of deposit layers. The comparative poor
performance of the inversion used here could be a result of the instability of the forward model
when the device is operated above ground. However, it was shown that robust depth estimation can
be obtained from a linear regression model and ~50 randomly sampled intrusive measurements;
furthermore, the linear nature of this relationship is such that calibration is not necessary given the
relatively narrow range of ECa values.

5.5.2 Best Approach for Inversion of Data
Despite the complications surrounding the inversion of data, it was evident that calibration of data
significantly reduced data misfit of each model, indicating its importance in inverting EMI data.
The difference between misfits obtained for the two and three-layer inversions were minimal,
indicating that assumption of a sharply varying two-layer model was sufficient for describing the
field site. However, it is anticipated that higher quality data would allow resolution of more
complicated models. For instance, in reality, although the assumption of the fully saturated gravel
being expressed as a homogenous layer is sufficient, the partial saturation of peat is such that a
homogenous conductivity for the upper layer is perhaps insufficient. Moreover, obtaining depth
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specific conductivity could permit correlation with depth specific organic matter (e.g. Huang et al.,
2017). Furthermore, although a model of sharply varying electrical conductivity was deemed most
valid for the context of this work, it is possible that production of smoothly varying conductivity
models coupled with edge detection methods (e.g. steepest gradient or iso-conductivity methods)
can be more successful.

5.5.3 EMI versus ERI
As noted, the wetland was previously characterised using 3D ERI by Chambers et al. (2014). They
employed three different edge detection methods to extract the peat-gravel boundary from models
of smoothing; they found that each method exhibited bias in depth prediction but an iso-resistivity
method was able to predict the peat depth with the least bias. The iso-resistivity method used 996
measurements in the north meadow and 802 measurements in the south meadow. However, in
addition to characterising the depth to the peat-gravel interface, Chambers et al. (2014) were able to
resolve information about the gravel-chalk interface, and the extent of putty chalk. The use of EMI
and ERI will depend on the requirements of the survey, e.g. in the case of the Boxford Wetland,
whether characterisation of the peat-gravel interface is sufficient or not. For instance, whereas the
geometry of the peat channel could be resolved adequately with 50 intrusive measurements and a
VCP and a HCP EMI survey with reasonable spatial resolution would take 2 people working 2 days
(15 hours), the ERI work conducted by Chambers et al. (2014) required 4 people working for 6
days (45 hours) however but would allow deeper characterisation.

5.5.4 Relating Geophysical and Hydrogeological Properties
In addition to structural characterisation, several applications have linked EMI measurements to
hydrologically and lithologically relevant parameters, such as salinity, organic matter, pore water
conductivity and pore water saturation, and have involved use of raw and inverted EMI data. In the
context of wetlands, the principal properties of interest are organic carbon, hydraulic conductivity,
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pore water conductivity and water content. It was found that the relationship between organic
carbon and apparent conductivity were insignificant. Of the hydrological properties, the peat
hydraulic conductivity and the water table displayed significance. The correlations of inverted
conductivities and intrusive parameters were less significant when considering the meadow in its
entirety, but when just the south meadow is considered, correlations were significant for peat
hydraulic conductivity and gravel hydraulic conductivity.

5.6 Conclusions
EMI methods were used to characterise a riparian wetland; although the inversion of EMI data was
complicated by measurements obtained at elevation and issues surrounding calibration, it was
demonstrated that peat depths predicted from a multi-linear regression using apparent conductivity
and in-phase measurements have a low RMSE. Furthermore, these can be used to constrain the
two-layer inversion to give comparable results to when the measured depth is used in the inversion.
A similar approach, where depths derived from another geophysical means, such as ground
penetrating radar which have been successfully applied in wetland environments (e.g. Musgrave
and Binley, 2011; Comas et al., 2017) could also be employed to make the obtained inverse model
more robust. Although comparable conductivities to those obtained in the ERI models, the
correlation of inverted conductivity and intrusive properties was not as strong the correlation
between raw EMI measurements and intrusive properties. It is evident that although inversions of
EMI data may be suitable for revealing structure and quantitative models of electrical conductivity
in some areas, the use of apparent conductivities yields results that are of benefit to wetland
management.
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6 Assessing Electrical Resistivity
and Induced Polarization Methods
for Characterization of Riverbed
Sediments
6.1 Introduction
Riverbed sediments play an active role in solute transfer between groundwater (GW) and surface
water (SW); consequently they have implications for catchment-scale ecological health. Of
particular interest are zones where GW and SW mix as they are characterized by unique
biogeochemical conditions that permit the attenuation and transformation of nutrients and
pollutants (Harvey and Gooseff, 2015). Properties of riverbeds such as hydraulic conductivity,
surface area (SA) and cation exchange capacity (CEC) are important to characterize as they
influence residence times of nutrients and pollutants, and the potential for their biogeochemical
transformation. The significance of riverbed parameters has been recognized for several decades.
For instance, Bencala et al. (1984) demonstrated that sand and gravel riverbeds were capable of
sorbing cations and Triska et al. (1993) indicated that under specific oxidation conditions sorption
could be more prevalent. Furthermore, although more recent studies have investigated how
properties of riverbeds influence attenuation capabilities, e.g. Lansdown et al. (2015), they still rely
on intrusive sampling; consequently, the spatial extent of information can be limited.

In recent years, geophysical applications have been used to target properties relevant to GW -SW
interactions (McLachlan et al., 2017). For example, electrical resistivity (ER) methods have been
used to reveal dynamic processes within the riverbed (Ward et al. 2010), characterize structure
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(Crook et al., 2008; Orlando, 2013), and locate zones of GW up-welling (Mitchell et al., 2008;
Gagliano et al., 2009). Additionally, induced polarization (IP) methods have been used for similar
GW-SW interaction studies, for instance to characterize structure (e.g. Slater et al., 2010;
Mwakanyamale et al., 2012), hydraulic conductivity (Benoit et al., 2018) and SA (Wang et al.,
2020). It is important to note here that, as with the majority of geoelectrical methods, most
applications targeting GW-SW interactions field based ER and IP studies use relative contrasts in
electrical properties for interpretation, as opposed to obtaining quantitative information about
hydrogeological and biogeochemical properties.

In addition, there has been significant work in the laboratory relating electrical properties to
properties such as hydraulic conductivity, CEC and SA. Spectral IP (SIP) is commonly used to
measure electrical properties across broad frequency ranges, e.g. 1 mHz to 1000 Hz. Slater (2007)
provided an extensive review on efforts to link geoelectrical methods to hydraulic conductivity,
commenting that IP methods may provide better estimates of hydraulic conductivity than ER
methods. Furthermore, much of the SIP work demonstrate its sensitivity to CEC (e.g. Leroy et al.,
2008; Revil and Florsch, 2010; Revil, 2012).

It is clear that a combination of field and laboratory IP methods has the potential to reveal relevant
riverbed properties; furthermore, given the dependency of IP signals on cementation it has been
proposed that IP characterization of unconsolidated sediments ought to be more effective in
revealing quantitative properties than for sedimentary rocks (Weller et al., 2015). Despite this, such
applications linking geoelectrical measurements and properties relevant to the GW -SW interface
are rare, e.g. Benoit et al. (2018); however, this rarity also extends to land-based hydrogeological
investigations, e.g. Hordt et al. (2007) and Binley et al. (2016). A key benefit of geoelectrical
measurements for quantitative riverbed characterization is that it may permit large scale
geoelectrical surveys (e.g. with towed electrodes) to infer information at scales larger than
permitted by intrusive sampling.
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However, it is important to note that aquatically-based ER and IP applications are more challenging
than terrestrial applications due to the presence of a conductive water column overlying a more
resistive riverbed. Several publications have addressed issues associated with aquatic ER surveys
and their sensitivity (e.g. Snyder et al., 2002; Orlando 2013). For instance, although floating arrays
are more efficient in towed surveys, they have poorer investigation depths than submerged arrays
(Day-Lewis et al., 2006) and whilst bottom-towed arrays have been used to improve investigation
depth (e.g. Wynn 1988; Kelly et al., 2009); equipment can become snagged on rough bed forms or
vegetation. Consequently, most studies using submerged arrays have adopted fixed (anchored)
arrays; this has the added benefit that reciprocal measurements can be obtained to assess data
quality and improve inverse modelling. However, issues influencing the inversions have also been
considered, e.g. Day-Lewis et al. (2006) demonstrated that erroneous fixing of water column
properties in an inversion can lead to significant artefacts in ER images, but this has not previously
been explored for IP images.

The principal aim of this work is therefore to determine the ability of both SIP and field-based IP to
reveal bio-geochemically relevant properties of riverbeds. In addition, synthetic modelling was
used to investigate some of the complications of inversion of IP data collected in the field:
specifically (1) the sensitivity of geoelectrical measurements to the riverbed and riverbank; (2) the
influence of fixing river properties on the inversion process, and (3) the influenc e of errors in
geoelectrical data and river properties on the inversion process. In doing so, the potential of IP for
characterization of the riverbeds can be assessed and several challenges related to IP imaging in
aquatic environments can be explored. The investigation focuses on a well-characterized site;
intrusive samples were obtained for SA, CEC and SIP measurements, and field IP data were
collected.
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6.2 Methods
6.2.1 Study Site
Fieldwork was conducted on the River Leith, see Fig. 6.1, a tributary of the River Eden (Cumbria,
UK). The River Eden catchment is a fault-bound basin 50 km long and 5 to 15 km wide with
Permian and Triassic sandstone bedrock (Allen et al., 2010). The catchment contains extensive
Quaternary deposits comprising till, glacial-fluvial out-wash, and alluvial deposits. Much of the
work conducted across the catchment has concerned the direction of GW flow paths and
biogeochemical processes at the GW-SW interface have been shown to significantly mitigate river
loading of legacy GW nitrate of agricultural origin (Heppell et al., 2014).

Figure 6.1: Location of study site within a 200 m meander of the River Leith. Inset shows
position of field site in the north of England, the flow directions is from site A to site I.
The circular symbols indicate the position of the riverbed and riparian piezometers used
in the study of Binley et al. (2013), which provides additional analysis of site
characteristics.
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At the field site the riverbed comprises a mixture of alluvial pebbles, gravels and sands overlying
unconsolidated red sands and silts, all underlain by the Penrith Sandstone aquifer (Allen et al.,
2010). The riverbed is characterized by a series of riffle and pool sequences, and is predominantly
GW fed; however, Käser et al. (2009) indicated the potential for SW down-welling at the site
during storm events which was later confirmed experimentally by Dudley-Southern and Binley
(2015). Most of the studies have focused on nitrate loading from the GW (e.g. Krause et al., 2009;
Lansdown et al., 2011; 2015; Heppell et al., 2014). These studies have revealed evidence of
heterogeneity in redox processes controlling nitrate delivery from regional GW, and demonstrated
a clear need for measurement techniques to identify variation in the texture of riverbeds. The work
presented here focused on an area just below site C (Fig. 6.1), which was shown to be a zone of
regional GW up-welling, and therefore a zone of legacy nitrate loading to the river (Binley et al.,
2013).

6.2.2 Field-Based Geoelectrical Measurements
Field-based frequency domain IP measurements were made using a Geolog2000 GeoTOM
MK7E100 instrument (Augsburg, Germany). To aid with electrode positioning, twenty-four 6-mmlong stainless steel bolts were punched through rubber tree belting with 0.25 m spacing. Each
electrode was wired using copper wire, hence they were non-shielded, and connected to the
GeoTOM instrument. The array was placed onto the riverbed and electrodes were driven into the
bed; rocks were placed between some of the electrodes to prevent the array from floating. A dipole dipole sequence comprising 297 normal measurements, and 297 corresponding reciprocal
measurements, was created. Current with a frequency of 2 Hz was injected with a range of 10 to
100 mA. Following the survey the river stage above each electrode was measured, as well as the
electrical conductivity of the river water.
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6.2.3 Data Quality and Error Modelling
Reciprocal measurements were used to calculate a mean transfer resistance and phase angle for
each quadrupole, in addition, reciprocal errors were calculated from the difference between direct
and reciprocal measurements. Transfer resistance measurements with > 10% error were removed,
resulting in a total of 294 measurements with an average proportional error of 0.025; for the phase
angle measurements, measurements with > 25% error were removed, resulting in 63 measurements
with an average absolute error of 0.6 mrad. Due the discrepancy in measurement numbers
following filtering, the resistance data were first inverted separately from the phase data. To model
resistance errors for the inversion, measurements were grouped into 15 bins with equal size. The
average error and resistance was determined for each bin and a linear model was fitted; the model
exhibited an expected relationship of increasing error with increasing resistance magnitude. For
phase errors it is common to find parabolic (e.g. Mwakanyemale et al., 2012), however, in this case
no correlation was observed, instead a phase error of 0.6 mrad was assigned for weighting in the
inversion.

6.2.4 Data Inversion
Data were inverted using the R2 and cR2 inversion algorithms that use a finite element grid to
model the voltages resulting from a dipolar current injection. A triangular mesh was generated
using Gmsh (Geuzaine and Remacle, 2009) to include an interface at the river-riverbed boundary,
with finer elements close to the electrodes and coarser elements further away to accommodate far
field boundary conditions. As noted by LaBreque et al. (1996), error models based solely on
reciprocal errors typically lead to data over-fitting in the inversion as they do not consider forward
modelling errors. To account for this forward modelling error was determined for the mesh used in
the inversion with a homogeneous subsurface and added to error weights for both resistance and
phase components. To prevent smoothing across the river and riverbed, the river was fixed to a
resistivity of 20 ohm.m (conductivity = 50 mS/m) as measured in the field, and the phase angle was
fixed at 0 mrad.
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6.2.5 Intrusive Sampling
Seven 0.8 to 1.0 m core samples were extracted from the study site using a Cobra TT drill (Atlas
Copco, Stockholm, Sweden) across an approximately 6 m longitudinal transect along the centre of
the river. The transition of the alluvial gravels (ALV) and underlying red sands (RS) was abrupt
allowing sub-sampling in the field. Samples were cut into approximately 10 cm sections and
double bagged before storage in a refrigerator, in total forty-five samples were obtained. Samples
were compressed during drilling but, by assuming a linear compression, the mean depth to the
ALV-RS interface can be determined to be 0.35 m with a standard error (SE) of 0.04 m.

6.2.6 Laboratory SIP Measurements
SIP measurements were made using an Ontash and Ermac PSIP device (River Edge, New Jersey,
USA) and a Zimmerman ZEL SIP device (see Zimmerman et al. 2008). For both, measurements
were made at frequencies ranging from 10 mHz to 1 kHz, and several repeat samples were
measured on both devices to ensure their agreement. Prior to SIP measurements, samples were
rinsed several times using deionized water and saturated with 0.05 M sodium chloride solution for
at least 12 hours. The sodium chloride concentration was selected to ensure that the electrical
conductivity (~50 mS/m) was consistent with observed pore fluid conductivity at the site (DudleySouthern and Binley, 2015). Samples were loaded into the holder and current was injected between
two copper coil electrodes and potential was measured with two point electrodes (Fig. 6.2). The
potential electrodes were positioned such that they were out of the electric field. For the ALV
samples, measurements were made on samples sieved to < 4 mm and < 22.4 mm to match the
criteria used in SA and CEC analysis and provide electrical values more relevant to field
conditions.
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Figure 6.2: Schematic of sample holder used in SIP measurements, with the middle section
shown as a cross section.

6.2.7 Sediment Laboratory Analysis
Nine ALV and eight RS samples were selected randomly for grain size distribution (GSD), SA and
CEC analysis. ALV samples were dry sieved with the following size fractions: 45, 22.4, 11.2, 5.6,
4, 3.35, 2.8, 2.38, 1.7, 1.4, 1.18, and 1 mm. Sub-millimetre ALV samples and RS samples were
analysed with a Beckman Coulter 13320 laser granulometer (Brea, California, USA). Laser
granulometer data and sieving data were combined assuming a homogeneous density of grains.

SA was determined by nitrogen gas adsorption (Brunauer et al., 1938) using a Micrometrics
Gemini VI 2385C instrument (Norcross, Georgia, USA). Samples were sieved to < 4 mm to fit the
sample holder and 2 g of each sample were loaded into each holder prior to analysis. To ensure
samples were representative the quartering method (Schumacher et al., 1990) was used and three
replicates of an ALV sample and a RS sample were measured. As with SA, for CEC analysis
samples were sieved to < 4 mm, quartered into 4 g samples and CEC values were obtained using
the sodium acetate method (see Chapman, 1965) and a flame photometer.
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6.3 Results
6.3.1 Laboratory Results
The spectral behaviour for RS, < 4 mm ALV and < 22.4 mm ALV are distinctive and display
similar patterns for each sample type; the results of samples C2.2 (< 4 mm and < 22.4 mm) and
C2.5 are shown in Fig. 6.3. It is important to note here that as the results are presented as
conductivities the phase angles are positive, hence all of the figures presented here follow this
convention. All samples showed the expected increasing conductivity with increasing frequency.
The electrical conductivity of the RS samples was consistently higher than the < 22.4 mm A LV
samples; however, in removing the > 4 mm particles, the ALV became less distinguishable from
RS. In terms of phase angle, removal of coarser ALV fractions resulted in a slightly smaller phase
angle and the contrasts between RS and ALV samples is greatest at higher frequencies (100-1000
Hz) and indistinguishable at lower frequencies (0.05 to 0.1 Hz). Given the higher conductivity and
phase angle of RS samples, compared to ALV samples, there is clearly higher polarization in the
RS samples. In many of the observed spectra, capacitive coupling was observed around and beyond
1000 Hz, as the interest here was to relate laboratory and field IP data, measurements beyond 1000
Hz were not considered in detail. However, it should be noted that the procedure presented by
Wang et al. (2018) can be used to ensure more reliable measurements beyond 1000 Hz.
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Figure 6.3: Laboratory based SIP spectra for RS, < 4 mm ALV and < 22.4 mm ALV for (a)
conductivity and (b) phase angle.

The grain size data are shown in Fig. 6.4; the RS samples were well sorted and had a mean grain
size of 0.255 (SE = 0.008) mm, whereas the ALV samples had significantly higher variability and a
mean grain size of 4.792 (SE = 1.454) mm. For the ALV samples sieved to < 4 mm, the mean grain
size was 0.413 (SE = 0.043) mm. The CEC, SA, complex conductivity and phase angles, at 2 Hz,
for RS and < 4 mm samples are presented in Table 6.1. The measured SA of RS and < 4 mm ALV
samples, expressed as specific surface per unit mass, were not significantly different from one
2

2

another, 3.02 (SE = 0.15) m /g and 2.84 (SE = 0.34) m /g, respectively. Similarly the CEC values
for RS and < 4 mm ALV were not significantly different, 2.87 (SE = 0.12) meq/100 g and 3.07 (SE
= 0.24) meq/100 g, respectively.
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Figure 6.4: Grain size distribution of (a) RS samples and (b) ALV samples.

Table 6.1: Laboratory data of < 4 mm ALV and RS samples, SIP measurements are for injected
currents with a frequency of 2 Hz.
#
C1.2
C1.3
C1.6
C2.1
C2.2
C2.4
C2.5
C2.6
C2.8
C4.1t
C4.2t
C4.2b
C5.7
C6.1
C6.3
C6.7
C7.2

Type
ALV (< 4 mm)
ALV (< 4 mm)
RS
ALV (< 4 mm)
ALV (< 4 mm)
RS
RS
RS
RS
ALV (< 4 mm)
ALV (< 4 mm)
RS
RS
ALV (< 4 mm)
ALV (< 4 mm)
RS
ALV (< 4 mm)

SA (m2 /g)
2.30
2.92
3.09
2.24
4.95
2.7
3.45
2.65
2.62
2.83
3.64
3.76
2.73
1.64
3.08
3.13
1.88

CEC (meq/g)
3.83
2.83
2.78
1.84
4.10
2.94
3.28
2.40
2.46
3.39
4.37
3.21
2.67
1.55
3.26
3.21
2.01

σ’ (mS/m)
12.46
21.88
20.48
13.89
18.86
20.22
19.59
19.08
20.01
19.47
20.59
18.79
19.47
20.96
20
17.69

σ'’ (mS/m)
0.14
0.24
0.24
0.13
0.18
0.24
0.23
0.23
0.16
0.16
0.27
0.15
0.1
0.27
0.27
0.13

φ (mrad)
10.87
10.92
11.47
9.36
9.33
12.35
11.55
11.95
8.02
6.97
13.11
7.90
5.27
12.86
13.64
7.45

The imaginary conductivity, σ'’, is strongly correlated with SA, expressed as m 2 /g (see Fig. 6.5a);
the SA measurement of C2.2 was excluded as it was deemed an outlier by Grubbs’ outlier test, the
2

resultant relationship had an R of 0.74. It is important to note, however, that generally for σ'’ and
surface area relationships, pore normalized surface area, S por , is used. Porosity was not measured
directly, but samples were found to have low variability in estimating porosities from an assumed a
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3

grain density of 2.65 g/cm and measurements of sample mass and volume. In addition, although
2
not as strong (R = 0.34) σ'’ is also positively correlated with CEC as expected (Fig. 6.5b).

Figure 6.5: Linear relationship between surface area and imaginary conductivity (a), and linear
relationship between cation exchange capacity and imaginary conductivity (b).

It is also possible to compare obtained σ” and estimated S por values from this work with published
relationships. Firstly, if the > 4 mm ALV grains are considered spherical their SA, expressed in
2

m /g, becomes negligible. In doing so an average S por of 6.58 1/μm for < 22.4 mm ALV can be
calculated, in comparison the average value for RS samples is of 18.08 1/μm. These values can be
used to compare the results here with those obtained by Weller et al (2010) who present an
empirical link between S por and σ” following analysis of a large database of SIP measurements of
sand and clay mixtures. Using pore fluids with conductivity of 100 mS/m and an excitation
frequency of 1 Hz, they found that σ” = 0.01 S por (with σ” expressed in mS/m and S por expressed in
1/μm). Adjusting this relationship to account for the lower conductivity of the saturating fluid used
here (following Weller et al., 2011), σ” (at 1 Hz) for the measured mean S por equate to 20.21 1/μm
and 50.51 1/μm for < 22.4 mm ALV and RS samples. Although these are higher than the actual
S por , these values fall within the data used by Weller et al. (2010) to fit their linear regression (see
Fig. 2 of Weller et al., 2010).
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6.3.2 Field Results
The inverted model for the field data, expressed in conductivity and phase angle, is shown in Fig.
6.6. Based on laboratory values obtained at 2 Hz, it was anticipated that the riverbed would be
characterised with a two-layer nature with a conductivity of 14 mS/m, a phase angle of -8 mrad and
a thickness of ~0.35 m overlying a layer with a conductivity of 20 mS/m and a phase angle of -11
mrad was expected. In contrast, the inverted conductivity model shows a broadly homogeneous
subsurface with a mean conductivity of ~15 mS/m, and small areas of anomalies, up to a depth of
1.5 m below the water level where it becomes more resistive. In comparison, the phase angle model
shows a two-layer structure that coincides well with the anticipated structure and comprises a
slightly more polarizable upper layer. The opposite pattern was anticipated.

Figure 6.6: Inverted field data: (a) conductivity and (b) phase angle.

Whilst it is true that the anticipated contrasts expected in the field results would be subtle for
measurements made at 2 Hz, it is important to assess the reliability of these images and determine
necessary conditions to characterize these contrasts. The discrepancy between the obtained field
results and the expected results can be attributed to either the laboratory and field measurements
not being consistent with one another or errors associated with data collection. The former is
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unlikely, for instance although it could be that loss of fine materials during sampling led to an
underestimation of electrical properties in the laboratory, this is unlikely given that samples were
collected in a plastic sheath. Moreover, it is more likely that larger particles are excluded due to the
diameter of the drill and a significant portion of fine materials would need to be lost to explain the
observed phase angles in the upper section of the phase angle image. There are, however, several
sources of error that could introduce artefacts. To explore some of these complications the
sensitivity of measurements to depth and lateral variation and the effect of fixing river properties
was investigated. As each case was modelled in terms of complex resistivity the phase angles used
were negative; however, as with Fig. 6.6 because the results are plotted as conductivity values the
corresponding phase angle values are displayed as positive.

6.4 Synthetic Modelling
6.4.1 2D and 3D Measurement Sensitivity
Previous work (e.g. Orlando, 2013) demonstrated the influence of electrode separation on depth of
investigation for ER measurements; however, this has not previously been done for IP
measurements. Whilst it is intuitive that submerged arrays offer superior characterization of the
riverbed (e.g. Day-Lewis, 2006) it is important to assess the influence of the water column height
on observed IP measurements. Fig. 6.7 shows synthetic data generated for a two-layer model
consisting of a river with stage, s, a 20 ohm.m resistivity (conductivity = 50 mS/m) and a 0 mrad
phase angle, overlying an infinitely thick unit with a 75 ohm.m (conductivity = 13.33 mS/m) and a
-8 mrad phase angle. The data were generated using cR2 for different dipole-dipole measurements
with electrode spacing, a, and separation of the current and voltage dipoles, na, assuming the
electrodes are located on the riverbed for three cases where s = 0 (i.e. no river present), s = a, and s
= 2a. In order to illustrate the effect of the water column on the measurements a sensitivity, S, can
be computed according to (see, for example Binley, 2015):
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(6.1)

where ρ(x,z) is the resistivity at location (x,z) and ρ a is the apparent resistivity. If S(x,z) is integrated
over a given depth z for all x, it can be shown as a vertical sensitivity profile. This is illustrated in
Fig. 6.7(c) when s = a and s = 2a for n = 1.

Figure 6.7: Response of dipole-dipole measurements to different river stages:
(a) apparent conductivity, (b) phase angle and (c) measurement sensitivity.

It is evident from the results in Fig. 6.7 that the water column suppresses the observed response,
especially with regards to the phase angles. This effect may be amplified by the low signal-to-noise
ratio and hence high error levels found in aquatic surveys. It can also be noted that when n = 1, the
apparent conductivity and phase angle for s = a and s = 2a are almost identical, indicating that
when s ≥ a, river stage does not influence the response. However, these measurements do have
some sensitivity to the riverbed, as indicated in Fig. 6.7c, but the majority of the signal is obtained
from the river. It is also important to note that immediately at the river-riverbed interface there is a
low sensitivity which could result in the anomalous conductivities and phase angles observed in the
inverted field data (Fig. 6.6).
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In addition to wider electrode separations providing enhanced signal penetration into the riverbed,
it is also true that these measurements will have increased lateral sensitivity. Whilst it is typically
justified to ignore off-axis effects, the presence of riverbanks may be problematic in longitudinal
surveys, especially for narrow channels. To investigate the influence of the riverbanks, the response
of dipole-dipole measurements with electrode separation, a, was generated from 3D models with
different river widths using the 3D equivalent of cR2: cR3t. The river channel was assumed
orthogonal with a depth of 0.5 m, the river was assigned a 20 ohm.m resistivity (conductivity = 50
mS/m) and a 0 mrad phase angle, the riverbed and bank were assigned a 75 ohm.m resistivity
(conductivity = 13.33 mS/m) and a -8 mrad phase angle. Fig. 6.8 shows that when a = 0.5 m, bank
effects begin to become evident in cases where river width is less than 4 m; given that the river was
7 m in this work the banks are unlikely to have an effect on the measurements in this case.

Figure 6.8: Response of dipole-dipole measurements to different river widths: (a) schematic
showing central region of 3D mesh and electrode array, (b) apparent conductivity, and (c) phase
angle.
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6.4.2 Fixing the Properties of River Elements
To assess the necessity of fixing the properties of river elements in the inversion, a three -layer case
was used to represent the field site. It comprised a 0.6 m thick layer with a 20 ohm.m resistivity
(conductivity = 50 mS/m) and a 0 mrad phase angle, a 0.35 m thick layer with a 75 ohm.m
resistivity (conductivity = 13.33 mS/m) and a -8 mrad phase angle, and an infinite layer with a 50
ohm.m resistivity (conductivity = 20 mS/m) and a -11 mrad phase angle (Fig. 6.9). Data were
generated for the same sequence used in the field and then corrupted with Gaussian noise.
Resistances were corrupted with 1% and 2.5% noise whereas phase angles were corrupted with 0.1
and 1 mrad absolute noise. Data with the lower noise levels were inverted allowing regularization
across the riverbed, separate regularization in the river and riverbed, and fixed river elements. Data
with the higher noise levels were inverted with fixed river elements.
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Figure 6.9: Models for regularized, blocked and fixed river element inversions. Synthetic models
for conductivity are shown in (a) and (b). Inverse models for the lower noise case with
regularization across the river-riverbed interface are shown in (c) and (d). Inverse models for the
lower noise case with no regularization across the river-riverbed interface are shown in (e) and
(f). Inverse models for the lower noise case with no regularization across the river-riverbed
interface and fixed river element properties are shown in (g) an (h). Inverse models for the higher
noise case with no regularization across the river-riverbed interface and fixed river element
properties are shown in (i) an (j). The dashed lines indicate position of th e 2

nd

boundary and electrode positions are mark ed by white circles.
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and 3 rd layer

Allowing regularization across the river-riverbed interface gives a poorly resolved conductivity
model (Fig. 6.9c) where the upper riverbed layer appears more conductive than the lower layer; a
similar effect is seen for the phase angle model (Fig. 6.9d). Despite this, the river phase angles
correspond to the values of the original model, and a stratified model with a broadly comparable
depth as the synthetic model is apparent in both images. Adding the river-riverbed boundary
(which can easily be measured) and enforcing a separation in the regularization results in the
conductivity of the river being recovered more accurately, but the riverbed appears as a broadly
homogeneous layer for both conductivity (Fig. 6.9e) and phase angle (Fig. 6.9f). This highlights
that measurements are relatively insensitive to riverbed properties (see also Orlando, 2013) and that
data can be fitted easily by modifying parameters within the river layer. When river values are
fixed in the inversion, the inverse model is significantly improved and reveals a contrast in the two
riverbed layers with a reasonable demarcation of the two units, particularly for the phase image
(Fig. 6.9h). If data have higher noise levels, the contrast in the two units is weakened and
demarcation of the lower unit is less obvious in the conductivity image (Fig. 6.9i) highlighting the
importance of good quality data; this is especially pertinent for the phase data (Fig. 6.9j) given the
poor quality of field data collected here and the difficulties surrounding collection of high quality
data.

6.4.3 Accurate River Properties
In addition to errors in geoelectrical data, measurements of river conductivity and stage may be
incorrect. Although not so relevant here, given that stage can be accurately measured, for largerscale surveys the use of ultrasound or similar means of bathymetry determination may be prone to
errors. Similarly, although it is reasonable to assume that for shallow cases the river conductivity is
homogeneous, it is possible to obtain poor measurements from a faulty conductivity meter in all
environments or have significant stratification in deeper environments (e.g. Dahlin and Loke,
2018). To investigate impact of inaccurate river properties on inverted ER and IP results, data were
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generated from a two-layer model with a 0.6 m thick layer with a 20 ohm.m resistivity
(conductivity = 50 mS/m) and a 0 mrad phase angle, and an infinite layer with a 75 ohm.m
(conductivity = 13.33 mS/m) and a phase angle of -8 mrad. As before, resistances and phase angles
were corrupted with 1% and 0.1 mrad Gaussian noise, respectively. Five scenarios were tested: (1)
correct river depth and a resistivity of 20 ohm.m (conductivity = 50 mS/m); (2) a fixed river
resistivity of 22.22 ohm.m (conductivity = 45 mS/m) with correct depth; (3) a fixed river
resistivity of 18.18 ohm.m (conductivity = 55 mS/m) with correct depth; (4) a fixed river depth of
0.54 m with the correct river resistivity; (5) a fixed river depth of 0.66 m with the correct river
resistivity (Fig. 6.10).

It is evident from Fig. 6.10 that erroneous fixing can have dramatic and misleading influence on the
inverted models. Fixing the river conductivity to a value that is too low forces the inversion to
compensate by resolving the riverbed as more conductive (Fig. 6.10c) and less polarizable (Fig.
10d) than it ought to be. The inverted phase angle is lower in this case because the synthetic data
are less sensitive to the riverbed than is accounted for in the inversion, such that the riverbed
appears less polarizable. Conversely, by setting the conductivity of the river too high, the inversion
creates a non-existent low conductivity layer (Fig. 6.10e) and in the phase angle image the phase
angles are elevated (Fig. 6.10f). Similar effects are also seen with erroneous de pth fixing,
underestimation of river depth results in a resistive artefact in the immediate vicinity of the
riverbed followed by a more conductive layer (Fig. 6.10g). In comparison, overestimation of river
stage results in an overly resistive upper riverbed with high phase angles, and overly conductive
lower riverbed with low phase angles, Fig. 6.10i and 6.10j respectively.
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Figure 6.10: Inversion results with erroneous fixing of river conditions. Inverted models for when
the river resistivity and river depth are correct are shown in (a) and (b). Inverted models when
the river is fixed to 10% underestimation in conductivity are shown in (c) and (d). Inverted
models when the in river is fixed to a 10% overestimation in conductivity are shown in (e) and (f).
Inverted models with a 10% underestimation in river depth are shown in (g) and (h). Inverted
models with a 10% overestimation in river depth are shown in (i) and (j).
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6.4.4 Off-Axis Micro-Topography
Given that depth can be measured directly, inaccuracy of the river stage measurement by more than
10% is unlikely in field sites similar to this one. However, natural river channels, particularly in
higher energy environments, are subject to micro-topographic variability. Hu et al. (2014)
illustrated, for example, the existence of micro-forms at the study area using a high resolution
topographic survey (Fig. 6.11). Moreover, although it was evident that 3D effects from the
riverbank could reasonably be ignored (Fig. 6.8), natural rivers rarely conform to an orthogonal
shape. Therefore, when inversions are carried out in 2D, topographical variation in the strike
direction are ignored even though it is highly likely that this variation will have similar effects to
fixing the river depth incorrectly.

Figure 6.11: Evidence of micro-forms in the river Leith downstream of the survey area. (a)
Riverbed topography of a 40 m sub-reach. (b) Variogram of topographic data. The survey
includes the study site used here, spanning from site C to site E in Fig. 6.1.

To explore the influence of micro-topography, data were generated for a three-layer model
comprising a 0.6 m thick layer with a 20 ohm.m resistivity (conductivity = 50 mS/m) and a 0 mrad
phase angle, a 0.35 m thick layer with a 75 ohm.m resistivity (conductivity = 13.33 mS/m) and a -8
mrad phase angle, and an infinite layer with a 50 ohm.m resistivity (conductivity = 20 mS/m ) and 135

11 mrad phase angle, i.e. the same as shown in Fig. 6.9a and 6.9b. Data were generated for a flat
riverbed and corrupted with 1% noise for the resistances and 0.1 mrad noise for the phase angles.
River depths, and electrode positions, were perturbed by adding a depth error sampled from a
normal distribution with a mean of 0 m and a standard deviation of 0.02 m. A finite element mesh
was generated to represent the new bed geometry and the data were inverted. It can be seen that the
conductivity image in Fig. 6.12 does not compare well with the corresponding image in Fig. 6.9;
i.e. the three-layer structure is not visible and the images are characterized by discontinuous
artefacts. The phase angle image (Fig. 6.12) is however more similar but the boundary is more
undulating and diffuse than would be expected.

Figure 6.12: Effect of micro-topography on conductivity (a), and phase angle (b).

6.5 Discussion and Conclusions
The laboratory measurements indicate the potential of IP to characterize important properties of
riverbed sediments. The SA for the RS samples were generally higher than the < 4 mm samples,
and although there was significant overlap in values, the σ’’ values coincided with the SA values
(Fig. 6.5). Furthermore, the link between S por and polarization follows published relationships for
sands and sandstones (Weller et al., 2010), suggesting that IP may be used as a proxy for assessing
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variation in S por , and therefore has implications for characterizing reactive solute transport
properties. It is worth noting, however, that although the empirical relationships work well at low
frequencies, at higher frequencies contrasts were more distinct and therefore ought to be easier to
resolve in the field, therefore the frequency for IP to be used is an important consideration,
especially given the recent developments in field equipment for high frequency characterisation.

It was demonstrated that fixing river properties has both favourable and unfavourable outcomes.
For instance, it is essential to prevent regularization across the river-riverbed interface, and fixing
of the river conductivity enables accurate characterization of the riverbed properties, however,
erroneous fixing led to significant artefacts that could lead to misinterpretation. Although it is
possible that preventing regularization across the riverbed, but not fixing river conductivity, may
work in areas with more significant contrasts in electrical properties, accurate characterization
requires accurate knowledge of the river properties. This is a consequence of the contrasting
sensitivities of the measurements to the river and riverbed, resulting in the inversion algorithm
being less influenced by modification of riverbed electrical properties.

The formation of the artefacts seen in Fig. 6.9 is especially problematic in aquatic systems as the
very nature of SW bodies and their underlying beds is that they comprise a horizontal conductor
overlying a resistor. By fixing incorrect values of this upper conductive layer, significant horizontal
artefacts are produced and can manifest themselves as a stratified inverse model, which could
easily be interpreted, incorrectly, as sedimentary units. Furthermore, whilst it is possible to dampen
these artefacts by increasing the error allowance in the inversion, this effect will merely be subdued
and will still result in inaccurate determination of the riverbed electrical properties. These findings
are in agreement with Orlando (2013), who stated that when the river is more conductive than the
riverbed, artefacts can be created in the riverbed.

Collection of high quality data clearly improves the resolution of inverted images. However, the
effect of noise on inverted models appears to be particularly detrimental in comparison to terrestrial
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surveys due to the conductive river. For static surveys, error characterization is achievable using
reciprocity checks. However, for towed (‘streamer’) surveys, assessment of data quality is more
challenging and failure to do so may have consequences on the interpretation and reliability of
inverted models. Furthermore, whilst the notion of using towed arrays to characterize extensive
river reaches is an attractive one, it invokes many logistical complications, e.g. the need to
characterize bathymetry beneath the array and off axis. Studies involving inversion of aquatic ER
and IP data should be aware of the issues considered in this work, especially the tendency of
artefacts to appear as horizontal anomalies which may easily be interpreted as sedimentary units.
It is important to note that use of geoelectrical methods to characterize riverbed sediments is not
limited to standard 2D/3D inversion of geoelectrical data. For instance, Wang et al. (2020) use a
complex conductivity analytical solution for a single quadrupole. Essentially this separates the
contribution of the river and provides a measure of the apparent complex resistivity of the shallow
riverbed. They successfully used this method to map complex conductivity at the same effective
depth (i.e. consistent electrode separation) and locate areas of iron oxide precipitation. Nonetheless,
if standard 2D/3D inversions are to be used, i.e. to quantitatively assess vertical variability in
riverbeds, is clear that inversion needs to be approached carefully and validated with forward
modelling to ensure coherence of petrophysical interpretation. Moreover, future work should also
be concerned with using more elaborate survey designs or electrodes to obtain higher quality data
and more accurate determination of riverbed electrical properties.
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7 Electrical Resistivity Monitoring
of River-Groundwater
Interactions in a Chalk River and
Neighbouring Riparian Wetland
7.1 Introduction
Rivers are often conceptualized as having gaining and losing sections, i.e. zones where the
groundwater (GW) discharges into rivers and zones where the rivers recharge the GW. Moreover,
in previous decades there has been significant interest in the biogeochemical cycling when GW and
surface water (SW) mix in the subsurface (e.g. Hill et al., 1996; Prior et al., 2005; Johnes et al.,
2020). GW-SW mixing regulates subsurface temperature and creates unique biogeochemical
conditions. The coupled presence of mineral surfaces and microbes is such that biogeochemical
cycling in the hyporheic and riparian zones can actively regulate the transfer of nutrients and
pollutants, and consequently mitigate ecological degradation throughout the catchment (Kuusemets
et al., 2001; Shabaga and Hill, 2010).
However, the importance of biogeochemical transformation may be misrepresented in catchment
management literature due to the complex nature and variability of processes occurring in different
settings. For instance, the efficiency of biogeochemical cycling is controlled by the sources and
timing of water mixing, the substrate and organic matter content, and the microbial communities
present, all of which can be drastically different between sites, even within the same catchment
(Frei and Peiffer, 2016; Bernard-Jannin et al., 2017). Characterizing these parameters is not trivial
and limited intrusive sampling may make it difficult to unravel complex interactions. It is clear that
there is a need for methods to reveal properties and processes related to GW-SW interactions with
high spatial and temporal resolution.
In recent years, there has been increasing application of geophysics to characterize GW-SW
interactions (McLachlan et al., 2017). For example, electrical resistivity measurements obtained
from electrical resistivity imaging (ERI) or electromagnetic induction methods have been used to
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characterize riverbed structure (e.g. Crook et al., 2008) and to reveal zones of GW up-welling (e.g.
Binley et al., 2013). Time-lapse ERI is particularly useful for monitoring GW-SW interactions
because changes in resistivity can be interpreted in terms of changing saturation or changing pore water conductivity. For example, time-lapse ERI has been used with saline tracers to monitor GWSW interactions over several hours in the hyporheic zone (e.g. Ward et al. 2010; Toran et al., 2012).
In addition, time-lapse ERI has also used natural electrical contrasts (e.g. from solute content or
temperature) of water to monitor long term GW-SW interactions (e.g. Johnson et al., 2012, Wallin
et al., 2013; Steelman et al., 2017).
In this work an ERI array was installed to characterize the timing and location of GW-SW
interactions occurring beneath the River Lambourn and the adjacent riparian zone at the Boxford
Wetland, West Berkshire, UK. The field site was investigated previously by Uhlemann et al. (2016)
who revealed complex hydrological patterns involving a peat with two-layer behavior and the
underlying gravel. Here, ERI data were collected diurnally over a one-year period to monitor
electrical resistivity in both the riverbed and riparian zone and determine their relation to the
changing stage and GW levels.

7.2 Methodology
7.2.1 Field Site
The River Lambourn, and its associated wetlands, is one of the least impacted Chalk river systems
in the UK and it has been the subject of a number of publications to understand GW-SW
interactions (e.g. Allen et al., 2010; Johnes et al., 2020). Furthermore, the Boxford Wetland, Fig.
7.1, is a Site of Special Scientific Interest (Natural England) and a Special Area of Conservation
(EU Habitats Directive) owing to the habitat it provides for fauna and flora; particularly
Desmoulin’s whorl snail (Vertigo moulinsiana) and river-water crowfoot (Ranunculetum fluitans),
which exhibits prolific growth during the spring-summer months. As part of the river management,
this aquatic vegetation is cut during the year, primarily to maintain fish habitats for angling, and
has been shown to significantly influence the river stage and GW levels (Old et al., 2014).
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Figure 7.1: Spatial extent of geology at the field site and the
location of the ERI monitoring array in relation to the Boxford
Wetland. Locations of gravel and chalk piezometers are shown in
white and grey, respectively.
Near the field site, the River Lambourn has a base flow index of 0.96 (Marsh and Hannaford,
2008); the river stage is therefore predominantly controlled by GW. The River Lambourn
catchment, and wider Berkshire Downs area, is underlain by extensive, broadly horizontal, Upper
Cretaceous Chalk up to 250 m thick in some areas. At Boxford, the Seaford Chalk Formation is
characterized by variable degrees of weathering such that there is a well-developed, largely
impermeable, putty layer in its upper sections. The presence of this putty layer is thought to govern
the hydrology of the site; e.g. regions where this layer is poorly developed form zones of
preferential groundwater discharge (Younger et al., 1989).

The extent of the putty chalk was investigated by Chambers et al. (2014) using 3D ERI, and
locations of GW up-welling within the wetland were revealed by House et al. (2015) via a
temperature survey. At the site, the chalk is overlain by Quaternary alluvial gravel and peat in the
order of 3-7 m thick. The gravel exhibit braided structures, and the basal gravel are characterized
by high proportions of reworked chalk, whereas the peat is interpreted to have accumulated during
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a series of wet and dry periods, as evidenced by the predominance of organic matter sourced from
terrestrial and aquatic plants (Newell et al., 2015; 2016).
From temporal resistivity patterns, Uhlemann et al. (2016) observed that the peat comprised two
hydrologically distinct layers; in addition it was revealed with intrusive sampling that these layers
were separated by a thin clay layer. Additionally, Musgrave and Binley (2011) used time-lapse ERI
over a 12-month period in an adjacent wetland on the east side of the Lambourn, finding that
seasonal temperature variation dominated the resistivity signal; they interpreted areas of low
temporal variability to be sites where stable GW temperatures subdued seasonal temperature
variations.

7.3 Site Selection
Prior to installation of the ERI array, a site of GW up-welling was identified from a riverbed
temperature survey. A temperature probe was built by housing a thermocouple in a 1 cm diameter
steel pipe, 2 mm holes were drilled in the vicinity of the thermocouple and the end of the pipe was
flattened and sharpened to enhance riverbed penetration. The probe was driven into the upper 5-10
cm of the riverbed during winter (08-Jan-17); throughout the survey the river water temperature
was 7°C and the GW was 10.5°C within the chalk piezometer (Fig. 7.1). Riverbed temperatures
ranged from 7°C to 10.5°C, and locations with temperatures close to the temperature of chalk GW
were interpreted to be areas of up-welling. The ERI array was installed to coincide with a zone of
elevated riverbed temperature (Fig. 7.2), i.e. a zone of perceived GW-SW connectivity.
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Figure 7.2: Riverbed temperature survey
indicating areas of GW up-welling in relation to
the ERI array.

7.3.1 ERI Acquisition
ERI data were collected using a PRIME ERI monitoring system (Huntley et al., 2019). The
electrode array comprised thirty-two point electrodes each ~0.55 m apart; a larger spacing was used
at either riverbank to prevent electrodes being periodically exposed to the air during low river stage
(Fig. 7.3). Two electrodes were positioned in the east bank, eighteen on the riverbed, and twelve in
the west bank; concrete slabs were used to prevent movement of the cable throughout the survey
period. A dipole-dipole measurement sequence was selected as they provide good vertical and
horizontal resolution (Chambers et al., 2002). A sequence with dipole lengths (a) of 1 to 5 and
dipole separations (n) of 1a to 6a was used, resulting in a total of 438 measurements along with a
full set of reciprocal measurements.

ERI data were collect diurnally from 16-Nov-17 to 30-Nov-18, at both 03:30 and 15:30 GMT. Two
river loggers were housed in separate PVC pipes and installed in the river to monitor stage ,
temperature, and electrical conductivity; a series of temperature loggers were installed to correct
the ERI inversions for seasonal temperature variations (Fig. 7.3). Additionally, the GW levels in the
chalk and gravel piezometers (see Fig. 7.1) were monitored with pressure loggers, chalk level was
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monitored from 11-Jan-18 and gravel level was logged from the start of the ERI monitoring period,
with a logger error leaving a period from 08-Feb-18 to 27-Jun-18 absent from the record.

Figure 7.3: Positions of electrodes and data loggers, look ing downstream. One set of
temperature loggers was installed on the East bank (EB-1) and three were installed in the West
bank (WB-1, 2, and 3). EB-R and WB-R were used to log the river level, temperature and
electrical conductivity. WB-G was used to monitor the temperature of the gravel. Logger sets
WB-1, 2, and 3 and EB-1 were installed < 0.5 m either site of the ERI transect, EB-R and WBR were installed ~4 m downstream and ~1 m upstream, respectively.

7.3.2 Data Quality
Prior to inversion, data quality and general patterns within the ERI data were assessed. Reciprocal
errors were calculated for each quadrupole from the difference between direct and reciprocal
measurements; a mean resistance was also calculated to express reciprocal errors as a percentage.
Apparent resistivity values were calculated for each of the measured resistances assuming a flat
topography and an electrode spacing of 0.55 m to explore the pattern of data throughout the
monitoring period. It is important to note that although this is invalid for modeling data, it is useful
for obtaining information about the general resistivity patterns.
Data quality was good with most measurements having a reciprocal error < 0.5%. Measurements
with reciprocal errors exceeding 10% or apparent resistivities greater than 400 ohm.m were
discarded. To ensure that data sets had similar sensitivity patterns, data sets with fewer than 416
(95%) sets of direct and reciprocated measurements were discarded. This resulted in a total of 80
data sets out of 739 being discarded; this included a period of 25 days (between 02-Sep-18 and 26-
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Sep-18) where high contact resistances of electrodes in the riparian zone gave data with high
reciprocal errors.

7.4 ERI Inversion
7.4.1 Time-Lapse ERI Inversion
A number of inversion methods can be used for time-lapse ERI data; such as standard independent
inversion of data collected at different times (e.g. Steelman et al., 2017). However, more elaborate
methods have included inversions where data are constrained to a previous model. This can be
done by inverting data with some penalty term for diverging from a prior model (e.g. Oldenborger
et al., 2007), or difference inversions whereby the difference between two data sets is used to
model deviations from a model obtained from one of those data sets (LaBrecque and Yang, 2001).
For difference inversions, systematic noise, e.g. arising from poorly surveyed electrode positions,
poor galvanic contact, and numerical measurement errors can be removed. This has the benefit of
modeling data in cases where systematic errors dominate. However, as investigated by Lesparre et
al. (2017), reciprocal errors contain information about both random and systematic errors and are
therefore inappropriate for error characterization in difference inversion.
When large data sets are concerned, sequential inversions may be time-consuming; alternatively,
data sets may be inverted simultaneously using some temporal regularization to link data sets (e.g.
Johnson et al, 2012; Wallin et al., 2013). In this way data may be treated in parallel, which can be
efficient for data sets collected over long periods or with high temporal resolution. Although these
methods require a consistent mesh for each inversion, Wallin et al. (2013) demonstrated how
inclusion of a zone of fine mesh elements could be used to prevent regularization across the water
table and improve interpretation of dynamic GW-SW patterns.

7.4.2 Aquatic ERI Inversion
It is important to note that additional complications arise in aquatic ERI applications, in
comparison to terrestrial applications, due to the abrupt transition between a conductive river and a
more resistive riverbed. For example, McLachlan (2020) demonstrated by synthetic modeling that
fixing the river resistivity in the inversion significantly improves riverbed characterization.
However, the increased sensitivity of measurements to the river, in comparison to the riverbed, is
such that erroneous fixing of river resistivity can lead to significant artifacts within the riverbed
region of the inverted model. This issue becomes more problematic in time-lapse surveys, given
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that erroneous fixing of river regions in models for sequential data sets could produce significant
artificial changes through time, especially if river parameters (i.e. stage and conductivity) change.
Due to these complexities, in this work a new mesh was generated for each data set to account for
the change in river stage, and inversions were conducted independently. Although it could be
argued that an approach similar to Wallin et al. (2013) with consistent mesh and dynamic water
table should be used, this would require incorporation of a layer with infinite resistivity to represent
the air. Alternatively, an approach involving interpolation of prior inversions onto a new mesh for
difference inversion could have been used, however, it was anticipated that, if present, resistivity
changes related to GW-SW interactions would be revealed in independent inversions also. Finite
element meshes were generated using Gmsh (Geuzaine and Remacle, 2009). Although the meshes
for each data set were inherently different, they were generated using the same characteristic
lengths to obtain similar finite element sizes and thus minimize substantial differences in forward
modeling errors.

7.4.3 Error Modelling and Inversion
As noted, in this work reciprocal measurements were obtained to characterize errors. Reciprocal
errors are sensitive to both systematic random components, e.g. arising from fluctuating contact
between electrodes and soil, and the resultant modification of current pathways (Binley et al.,
1995). In this work an error model is used to assign measurement error to ensure appropriate data
weighting during the inversion. Reciprocal error (ε rec) is proportional to the measured resistance (R)
and is often expressed by the following relationship:

ε rec=aR+b

,

(7.1)

where, a and b are fitting parameters. An envelope fit error model was used to encompass the
majority of data (e.g. Slater et al., 2000). Log transformed mean resistances were sorted into bins of
equal width and a linear model was fitted between the log of the sum of mean reciprocal error and
twice the standard deviation of the reciprocal error, and the mean resistance. This meant that the
error model encompassed 97% of the data.
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7.4.4 ERI Inversion
Data were inverted using R2 (Binley, 2019), a robust and mature inversion algorithm. Through
reduced local regularization, R2 permits blocking regularization across specified regions, e.g. the
river-riverbed interface.

To begin with, each data set was inverted independently, with the reciprocal error model and a river
resistivity fixed to the logged value. Several tests were also carried out whereby regularization
between the river and riverbed was blocked but the inversion was able to modify the river
resistivity. However, from experience, this led to unreliable results in that the river was modeled as
having large ranges in resistivity, especially at the riverbanks. In addition, for reasons discussed
below, data obtained from the riparian zone electrodes were inverted separately. Furthermore, to
ensure smooth changes in modeled resistivity data were constrained to the prior inversion in R2
and inversions were conducted sequentially.

7.4.5 Temperature Correction
Given the influence of temperature on resistivity, inverted models were corrected for seasonal
temperature variations. Using the procedure outlined by Chambers et al. (2014), temperature data
collected from different depths within the peat and gravel were fitted to the following:
ቀ ቁ

ቀ

(7.2)

ቁ,

where, Tz,t is the average temperature of day t at depth z, T air is the mean annual temperature of the
air, A is the yearly amplitude of the air temperature variation, d is the depth by which the amplitude
of the temperature variation reduced by 1/e, φ is a phase offset, and ω is the angular frequency. In
this case, the obtained penetration depth for the monitoring period was 1.375 m.
Resistivity models were then corrected using the ratio model (Hayashi, 2004; Ma et al., 2010):

ቂ
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(7.3)

where, ρcorrected and ρmodel are the corrected resistivity and the resistivity obtained from the inverse
model, respectively, c is a correction factor, and T target and Tmodel , is the target temperature and
modeled temperature. Each inverse model was corrected to the mean annual temperature, 10.09 °C,
-1

and the c value used here, -2.95 °C , was determined experimentally by Uhlemann et al. (2016) for
the Boxford field site. The good fit for both the peat and gravel temperatures indicated that thermal
diffusivities were similar. It is important to note that the corrections applied here are for laterally
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averaged seasonal changes in temperature and are not correcting for diurnal temperature variations.
For instance, the highest diurnal variations were observed in Mar-18 where diurnal variations of 4°
C were observed at 0.5 m below the surface and diurnal variations of < 1 °C were observed at 1 m
below the surface.

7.4.6 Time-Series Analysis
To aid with interpretation of the ERI models in the riparian zone, cross correlation metrics were
used to assess the relationship between the changes in resistivity of each inversion element and the
river stage. Summary statistics such as maximum absolute correlation and time lag to maximum
absolute correlation offer a robust method for determining areas of the subsurface that exhibit
similar behavior. Such analysis was employed by Johnson et al. (2012) and Wallin et al., (2013) to
assess the infiltration of water due to the changing river stage of the River Columbia at the Hanford
Nuclear Site, Washington, US.
It was anticipated that increasing river stage would result in an increase in the water content of the
peat in the riparian zone, i.e. either from lateral infiltration from the river or vertical up-welling of
GW, given the hydraulic connection between the river and GW. Consequently, a negative
correlation between river stage and electrical resistivity was anticipated. However, it is also
important to note that if conductive waters are replaced by more resistive waters, a positive
correlation could be expected. In addition to obtaining maximum correlations, which give an
indication of the connection of the subsurface to the changing river stage, the lag time to maximum
correlation is related to pore water velocities. For example, areas with a short lag time could be
used to indicate areas of higher pore water velocity and preferential flow.
Given that there is a gap in ERI coverage between 02-Sep-18 and 26-Sep-18, and that correlation
analysis requires equally spaced data, only data from 16-Nov-17 to 02-Sep-18 were considered.
Other gaps in the monitoring (< 3 days) were accounted for via linear interpolation from
neighboring inverse models. The cross-correlation between river stage and bulk resistivity of each
element was calculated using the Pearson correlation for different time lags, e.g.:





˟
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ቁ,

(7.4)

where, N t is the number of stage and resistivity values in the time sequence, N k = N t - 1 , ρk is the
bulk resistivity at time k , ˟ is the mean resistivity of the time sequence, σ R is the standard deviation
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of the resistivity time sequence, S k, ˟ and σ S are the corresponding river stage time-series, mean,
and standard deviation.

7.5 Results
7.5.1 General ERI Data Patterns
Over the monitoring period, the river stage ranged from 90.7 to 91.1 m above sea level and rose
steadily from mid-Dec-18 due to increasing water level in the chalk and growth of river water
crowfoot, see Fig. 7.4a. The abrupt drop in stage on 20-Jun-18 coincides with removal of the river
vegetation, furthermore this drop was also observed in the chalk water level (Fig. 7.4b). The
specific conductivity of the river water (~55 mS/m) was stable throughout the year and matches the
specific conductivity of the chalk GW. As a result, the electrical conductivity variation is
predominantly dependent on river temperature variation, Fig. 7.4.

The mean apparent resistivity coincides with the river stage and drops abruptly following the
aquatic vegetation cutting (Fig. 7.4d). Curiously, the aquatic vegetation cutting event results in
different patterns of the maximum and minimum resistivities (Fig. 7.4c): the maximum resistivity
coincides with abrupt increases following the cutting, whereas the minimum resistivity shows an
abrupt reduction. The increase in maximum resistivity could be attributed to an increase in the
resistivity of the largest quadrupole spacing given that the sensitivity patterns will be shifted
significantly; the fall in minimum resistivity could be attributed to the bulk increase in the
conductivity of the river, e.g. without the presence of plants or the increased sediment load
following weed cutting (Old et al., 2014). Moreover, it can be seen that the mean reciprocal error
also increased during the time immediately following the weed cutting; this was due to the increase
in contact resistances of the riparian zone electrodes immediately following w eed cutting, perhaps
due to a reduction of moisture content in the uppermost riparian zone.
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Figure 7.4: Seasonal patterns of river properties and ERI measurements: (a) river
stage and (b) chalk GW level relative to sea level, (c) resistivity of river water, (c)
mean (red line), maximum and minimum apparent resistivity of each data set, and
reciprocal error as a percentage.
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7.5.2 Background Resistivity
The resistivity model for the background data set (from 16-Nov-17) is displayed in Fig. 7.5. A clear
two-layer structure can be observed in the resistivity model, which coincides well with the
intrusively derived depths to the peat-gravel interface (white dashed line). The bulk resistivity of
the peat layer is in the order of 15-40 ohm.m, which is in agreement with previous ERI studies
conducted at the field site (e.g. Chambers et al., 2014; Uhlemann et al., 2016). Similarly,
resistivities of 70-200 ohm.m for the gravels beneath the riparian zone and in the majority of the
riverbed also agree with Chambers et al. (2014) and Uhlemann et al. (2016). However, immediately
beneath the river, modeled resistivities were seen to exceed 1000 ohm.m, e.g. beneath electrode 5
and between electrodes 19 and 20. These extreme values are similar to those investigated by
McLachlan (2020), and are likely to have arisen from a combination of reduced sensitivity in the
upper portion of the riverbed and complications in fixing of river parameters in the inversion.

Figure 7.5: Back ground resistivity model collected on 16-Nov-17.

7.5.3 Temporal Resistivity Patterns
The extreme resistivity values beneath the riverbed are particularly noticeable when comparing
data collected at two different times. For instance, comparing the background data set (16-Nov-17)
and the data set collected the day prior to river vegetation cutting (19-Jun-18), changes exceeding ±
150% can be observed in the riverbed (Fig. 7.6b). Given the comparable specific conductivities of
the GW and the river water, and the fact that changes due to temperature could only account for
~3% change in resistivity per °C, these patterns are likely to be artificial. As subtle changes in the
riverbed resistivity dynamics are likely to be obscured by these inversion artefacts, the focus of the
remainder of the paper will be characterizing the riparian zone dynamics.
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Figure 7.6: (a) Resistivity model obtained on 19-Jun-18 during the maximum stage. (b) Change in
resistivity between 16-Nov-17 and 19-Jun-18.

7.5.4 Time-Series Analysis
Time-series analysis of the river stage and bulk resistivity for each mesh element of the riparian
zone data was used to identify areas that exhibited similar behaviors. Plots of maximum absolute
correlation with river stage and time to maximum absolute correlation with river stage are
presented in Fig. 7.7, and several time-series from zones of interest are presented in Fig. 7.8.

The mean resistivity and coefficient of variation for the resistivity for each mesh element during the
monitoring period were also calculated. The coefficient of variation gives an indication of the
magnitude of changes and therefore an indication of the validity of the time-series metrics. The
mean resistivity (Fig. 7.7a) of the entire monitoring period shows the same pattern as Fig. 7.5, i.e. a
more conductive peat overlying a more resistive gravel layer. The highest variation in resistivity
can be found in the upper portion of the peat; however, the gravel resistivity also demonstrates
some variability (Fig. 7.7b). It is also important to note that although correlation analysis was done

152

using river stage data, it can be seen from Fig. 7.4a and b that the chalk water level and river stage
are coincident with one another; river stage was used due its longer period of coverage.

Figure 7.7: (a) mean resistivity, (b) coefficient of variation of resistivity, (c) maximum absolute
correlation with river stage, and (d) lag time for maximum absolute correlation with river stage.
The eight mark ed positions in each image are used for analysis in Fig. 7.8.

It is immediately apparent that the peat resistivity changes are negatively correlated with the
changing river stage whereas the resistivity of the gravels are positively correlated (Fig. 7.7c). The
lag to maximum absolute correlation also provides useful information about the behavior of the
subsurface. In the gravels, the most common lag to maximum correlation was 0 days (Fig. 7.7d),
indicating that the behavior of the gravel resistivity and river stage coincide well. However, a zone
where lag time to maximum correlation is in the order of 30-40 days can be seen at the horizontal
position of ~13.8 m. In comparison, the peat lag times are more disparate (0 to 60 days), with two
prominent zones characterized by short lag times (< 5 days).

Given the anticipated high permeability of gravel and the zone characterized by lag times of 30-40
days it is important to explore what these metrics show in terms of the resistivity and stage time series. To understand the patterns observed in Fig. 7.7, the normalized time-series of several
inversion elements are displayed in Fig. 7.8. For instance, element 1 (Fig. 7.8a) exhibits a negative
correlation (-0.785) and a large lag time to maximum absolute correlation (60 days); it is evident in
comparing the time-series that the river stage does not coincide with the pattern of the resistivity
well. In comparison, element 2 (Fig. 7.8b) is characterized by a negative correlation and a lag time
to minimum correlation of 6.5 days. Complementary patterns are clearly evident, however, it is
evident that the resistivity time-series is not simply shifted and the maximum stage and minimum
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resistivity occur at similar times (Fig. 7.8b). Similarly, complementary bulk resistivity patterns are
also evident for elements 3, and 4, but the time lag to maximum absolute correlation is substantially
longer than the lag between the maximum stage and the minimum resistivity (Fig. 7.8c and 8d).
Furthermore, although the stage drop following the river vegetation cutting coincides with an
increasing resistivity in element 4, the change resistivity pattern during Nov-17 to Mar-18 behaves
differently from the stage, indicating an additional control (Fig. 7.8d).

Figure 7.8: Normalized time-series of selected elements displayed in Fig. 7.7. Values are
normalized by subtracting the mean value of the corresponding time-series and dividing by the
standard deviation of the corresponding time-series, i.e. as is done in equation 4. Red lines are
normalized resistivity and black lines are normalised stage.

Element 6 is characterized by a positive correlation (0.976) and lag of 0 days, and clearly follows
the same pattern as the river stage (Fig. 7.8f). In comparison, element 7 is characterized by a
similar positive correlation (0.935), but a longer lag to maximum correlation duration (Fig. 7.8g).
On inspection of Fig. 7.8g it can be seen that following an initial drop in resistivity immediately
after the vegetation cutting the resistivity increases above the pre-cutting value. This, again, gives
evidence of additional controls on resistivity occurring in the riparian zone, other than the changing
river stage. Lastly, although element 8 is located in the gravel according to intrusive measurements,
it clearly behaves similarly to the peat. This could be because intrusive measurements were not
made directly on the ERI line, due to presence of tree roots, or due to some additional 3D features.
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7.6 Riparian Zone Dynamics
7.6.1 Resistivity Patterns in the Riparian Zone
Based on the cross correlation metrics discussed above, the subsurface was split into seven zones.
Moreover, rather than using the intrusively derived depths, the peat was defined as any region of
the subsurface that displayed a negative correlation with the river stage, and the gravel was defined
as regions with a positive correlation with river stage. The thresholds used to discriminate between
different zones are displayed in Table 7.1 and the respective zones are shown in Fig 7.9a. The
geometric mean resistivity for each zone throughout the monitoring period was then calculated and
is shown in Fig 7.9b.

Table 7.1: Summary of the different zones of the riparian zone as defined by cross-correlation
metrics and coefficients of variation.
Zone Name

Maximum Abs.
Correlation to River
Stage

Time-Lag to Maximum
Abs. Correlation to River
Stage [Days]

Coefficient of
Variation [%]

Horizontal
Location [m]

P1

< -0.7

> 15 and < 50

> 20

-

P2

< -0.7

> 15 and < 50

< 20

-

P3

< -0.7

< 15

-

< 13.5

P4

<0

< 15

-

> 13.5

P5

< 0 and > -0.5

> 50

-

-

G1

> 0.7

< 15

-

-

G2

> 0.7

> 15

-

-

From Fig 7.9b, it can be seen that the P1 resistivity gradually increased to its maximum resistivity
from Nov-17 to Feb-18, following this, resistivity began to decrease. The resistivity of P1 responds
to the vegetation cutting by exhibiting a sharp increase, and then from Jun-18 to Nov-18 it
increases steadily with some rapid drops followed by gradual increases, which coincide with
rainfall events, e.g. on the 14-Oct-18 and 10-Nov-18. In comparison, the resistivity of P2 increases
slightly from Nov-17 through to Feb-17 where it begins to decrease to a minimum around the time
of the vegetation cutting. The resistivity of P2 is also perturbed by the vegetation cutting, but is
characterized by small drop in resistivity, immediately after the cutting. Following from this the
resistivity increases, similarly to P2 and it also experiences sudden drops in resistivity on 14-Oct18 and 10-Nov-18, albeit the signal is more subdued. Interestingly, the resistivity of P3 begins to
increase in a period just before the vegetation cutting and immediately following the cutting it
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decreases in resistivity. The bulk resistivity time-series for P4 is the most variable, however, the
time-series becomes more stable as resistivity falls, probably due to increasing saturation; it
generally follows the same patterns as the resistivity of P 1. P5 shows a much less variable
resistivity pattern; however, it is still affected by the vegetation cutting and shows a slight, and
gradual, increase. In addition, P1, P2, P3 and P4 all show a sharp increase on 01-Mar-18, this does
not appear to coincide with precipitation however it does precede a sudden increase in river stage
and could be related to changing GW levels.

Figure 7.9: (a) Zonation of the riparian zone based on time-series summary statistics, (b) the
geometric mean of resistivity dynamics of the zones and daily precipitation data from Deanwood
golf course (5 k m SE of field site).

The resistivity of G1 follows very closely the pattern of the rising stage and is characterized by a
drop in resistivity immediately following the vegetation cutting, similarly to P3. From Jun-18
onward the resistivity of zone remains relatively stable, with a few perturbations around early to
mid Oct-18. Similar resistivity patterns are seen in G2; however, the resistivity is both lower and
does not vary as much. In addition, immediately following the vegetation cutting the resistivity of
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the gravel layer increases to a value above the pre-vegetation-cutting level and following on from
this the resistivity patterns broadly match those in G1.

7.6.2 Interpretation of Riparian Zone Hydrological Processes
P1 and P2 are comparable to the upper and lower peat zones identified by Uhlemann et al. (2016),
with the upper peat zone being ~0.5 m thick. Although Uhlemann et al. (2016) observed a
reduction in the resistivity of the upper peat layer in comparing resistivity models from Dec-12 and
Apr-13, during the equivalent period in this work the P 1 showed an increasing resistivity during
Jan-18 and Feb-18 before returning to resistivity values similar to Dec-17 during Apr-18.
Uhlemann et al. (2016) attributed the reducing resistivity of the upper peat layer during this time to
an increase in pore-water conductivity as a result of increased activity of vegetation and microbes
following the onset of increased temperatures. Although biological activity can explain the
reducing resistivity from Feb-17 to Jun-17, the increasing resistivity from Nov-17 to Feb-18, here,
is attributed to draining of waters from P 1 into the lower zones. Additionally, Uhlemann et al.
(2016) observed an increasing resistivity in the lower peat layer during the Dec-12 to Apr-13 period
and attributed that to be the result of up-welling of more resistive GW. Here, the resistivity of P2
remains fairly stable from Nov-17 to Feb-18 indicating that this is probably not the case here and is
line with the different chalk GW levels during the monitoring period considered here.

The increasing pore-water conductivity as a result of microbial and vegetation related processes in
P1 from Mar-18 to Jun-18 agrees with the P2, G1 and G2 patterns in Fig. 7.9 where immediately
following the vegetation cutting, their resistivity decreases. This is interpreted as being caused by
an abrupt draining of high conductivity water from P 1. The resistivity patterns in G1 and G2
following the vegetation cutting are also distinctive. While the resistivity of G1 remaining stable
following its initial drop could be attributed to dilution of the conductive pore-waters obtained from
P1, the increase of the resistivity of in G2 implies that there is focused up-welling of more resistive
GW into this region, perhaps as GW levels equilibrate following vegetation cutting.
It is evident from Fig 7.9b, that the vegetation cutting dominates the resistivity dynamics of the
riparian zone; however, patterns within the P1, P2, P3 and P4 indicate that precipitation influences
the saturation of the upper peat layers when moisture content is low. For instance, the influence of
precipitation is most evident during Nov-17 to Mar-18 and Oct-18 to Nov-18. Moreover, in
comparing ERI models from 13-Oct-18 and 14-Oct-18 (Fig 7.10), it can be seen that reductions in
resistivity are only in the shallowest peat layers and are due to infiltrating rainwater.
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Figure 7.10: Comparison of resistivity models obtained on 13Oct-18 and 14-Oct-18.

7.6.3 Determining Hydrological Properties of Different Zones
In addition to interpreting the patterns observed in each zone, the information about the
hydrological properties of each can also be inferred. For instance, it is evident that P1 and P4 are
closely connected given that they respond similarly to changes in the river stage and precipitation
events. However, given the higher resistivity and greater changes in response to precipitation
events it is anticipated that P 3 is characterized by higher porosity. Furthermore, given that the
resistivity of P3 is always higher both zones are unlikely to have ever been completely saturated
during the monitoring period.

In comparison, the resistivity of P5 remains very stable during the monitoring period and whilst the
effect of the vegetation cutting is seen on the resistivity, it is both subtle and prolonged (Fig 7.9b).
This implies that this zone is not well-connected to the rest of the peat and pore-water velocities are
low. This could be attributed to a higher clay content which would be in agreement with its low
resistivity. P2 and P3 both show a decrease in resistivity following the vegetation cutting. This
implies that although throughout the majority of the year there is limited connection between P 1
and P4, with P2 and P3, when hydraulic gradients are high enough water can be moved between
zones. Moreover, the increase in resistivity in P 3 immediately before the vegetation cutting is
worthy of mentioning and could be related to up-welling or infiltration of more restive water after
some threshold level is surpassed.
Lastly, the different behaviors of the gravel zones G1 and G2 are distinct. The behavior of G1 is
intuitive, i.e. resistivity increases due to up-welling of more resistive GW, it then drops following
the vegetation cutting due to the draining of more conductive pore waters before its resistivity
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stabilizes. In comparison, although G2 follows the same pattern it is less resistive than G1.
Furthermore, whereas the resistivity drop following the vegetation cutting in G1 is abrupt, it is
more gradual in G2. This coupled with the increasing resistivity following the initial post
vegetation cutting drop could be a result of slower drainage from the overlying peat and then the
up-welling of more resistive GW. It is anticipated that these differing patterns could be related to
the depositional patterns and the braided structures described by Chambers et al. (2014) and Newell
et al. (2015).

7.7 Conclusions
Time-lapse ERI was carried out in an attempt to reveal vertical and lateral exchanges of a river with
the GW. Despite measures to appropriately account for the river stage and resistivity, resolution of
processes in the riverbed was not possible. Furthermore, the localized nature of some artefacts, i.e.
immediately next to the river, could arise from poorly positioned electrodes. Instead, analysis was
focused on revealing patterns in the riparian zone.

Summary statistics proved useful for simplifying the large data set and identifying patterns and
regions of the subsurface that behaved similarly. Resistivity of each element in the riparian zone
was correlated with the river stage; however, it was clear that the changes in river stage behaved
similarly to the GW levels. Although, it was apparent that there were additional controls of
subsurface resistivity and non-linear relationships between bulk resistivity and river stage, crosscorrelation metrics allowed grouping of distinctive hydrological units. Such identification of
distinct hydrological behavior in the subsurface could provide a useful tool for locating areas of
enhanced residence times or increased mixing, which may have important implications for
catchment health.

It has been demonstrated that ERI monitoring provides a useful method for assessing the extent and
timing of GW-SW interactions within the riparian zone. Future work could rely on more extensive
installation of GW level and bulk conductivity loggers, which could help in interpreting patterns of
electrical resistivity at a smaller scale. In addition, approaches aiming to characterize
microbiological processes, alongside similar ERI installations, could help to quantify implications
of GW-SW interactions for catchment scale health.

159

8 Discussion and Future Directions
8.1 Introduction
Given the usefulness of geophysical tools, the frequency of applications to characterise the
groundwater-surface water (GW-SW) interactions will continue to increase. In the discussion of
Chapter 2, the strengths, challenges, and future directions of geophysical methodologies were
addressed. As Chapter 2 was written prior to the work conducted in Chapters 3 to 7 it offers a
useful reference point to put the work conducted in these latter chapters into context. Chapter 2
highlighted that geophysical methods are useful for reconnaissance surveys, supplementing other
data sets and monitoring dynamic processes. In comparison, the weaknesses of geophysics include
model interpretation and data uncertainty, the presence of site-specific considerations, and the
difficulties in extracting quantitative information about hydrogeological properties. In addition,
several methodologies of interest discussed in Chapter 2: time-lapse electrical resistivity imaging
(ERI), induced polarisation (IP), self-potential (IP), multi-coil frequency domain electromagnetic
induction (EMI), and unmanned vehicles. It was also stressed in Chapter 2 that geophysical
methods be used to answer hydrological problems, so it is important to assess the advances relevant
to hydrological characterisation made here. In the section below, the thesis aims are considered in
the context of the discussion of Chapter 2. Following this, advances in terms of hydrology are
discussed and suggestions for future directions are provided.

8.2 Thesis Summary and Conclusions
The conclusions of the thesis are discussed in the context of the thesis aims presented in Section
1.2: (1) ‘How best can EMI methods be used to reveal subsurface structure?’, (2) ‘Are electrical
properties observed at lab scale resolvable at the field scale?’, and (3) ‘Can ERI be used to reveal
GW-SW interactions between rivers and GW?’.
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8.2.1 Using EMI Methods for Structural Characterisation
With regards to the first research aim, methods to model and process EMI data were developed as
discussed in Chapter 4. In doing so, the performance of the cumulative sensitivity forward model
was tested against a Maxwell based forward model. It was demonstrated that when data are
collected with the device operated at 1 m elevation, the cumulative sensitivity forward model was
inappropriate. However, it is important to note that when operated at ground level, the cumulative
sensitivity function performs well for low conductivity and broadly homogenous subsurface. In
addition, it was demonstrated in both Chapters 4 and 5 that when data are collected with the device
operated at higher elevations, the effect of noise is more influential on the inversion results, and in
some cases inverted data may not be useful.

In relation to the discussion of Chapter 2, the ability of EMI devices for quantitative determination
of electrical conductivity was advocated strongly. However, in Chapter 5 it was demonstrated that
characterising the peat depth with a linear regression linking peat depth and raw EMI
measurements was more successful than inversion of the data. Upon reflection, it is evident that
‘state of the art’ methods do not necessarily yield better results and more traditional approaches can
even offer superior results. For instance, in addition to correlating well with peat depths, raw EMI
measurements were also found to be suitable for revealing the hydraulic conductivity of the peat
across the field site, which was also shown to correlate with the perceived zones of groundwater
upwelling mapped out by House et al. (2015).

With regards to the challenges of measurement uncertainty in geophysical applications, it is evident
that data calibration improved the convergence of the EMI inversions. Furthermore, it was
demonstrated how peat depths could be used to constrain the inversion and did not modify the total
misfit of each model significantly. This implies that there are a number of models that
appropriately describe the data. It was concluded that the poor performance of the EMI inversion
was due to the increased uncertainty apparent in the parameter space when the device was operated
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at 1 m elevation. This highlights that for EMI data with high measurement uncertainty
deterministic methods may be inappropriate, especially for devices operated above the ground.

8.2.2 Linking Field and Laboratory IP
The second research aim was addressed by a study involving characterisation of riverbed sediments
using field and laboratory based IP. It was noted that electrical characteristics of both the upper and
lower riverbed were distinguishable in the laboratory, and the relationships between IP and textural
properties followed published results. However, it was also found that the field results could not
replicate the laboratory-based electrical properties. This issue is in line with the discussion in
Chapter 2 about the ability of geophysics to provide quantitative information, for instance , although
a number of convincing relationships have been built at the laboratory scale, it is evident that these
may not translate well to the field site. Incorrect geoelectrical properties obtained either from
artefacts due to erroneous fixing of river properties in the inversion, from overestimation/
underestimation of measurement error (which would act to subdue contrasts/create artefacts,
respectively), or from not fixing resistivity of the river, would provide misleading information if
they were translated using laboratory derived petrophysical models. Moreover, whilst similar
synthetic modelling has been conducted for ERI (e.g. Orlando, 2013), here the investigations are
more extensive and also focus on IP data.

In addition to the points considered in Chapter 2, it was also noted that the electrical properties
were more distinctive at frequencies not typically used in the field. Measurements were made at
higher frequencies in the field during this PhD, but the data are not included in this thesis. These
higher frequency measurements were obtained using an Ontash and Ermac PSIP device (River
Edge, New Jersey, USA); however, limitations in signal strength were such that phase values
obtained from this device were inaccurate and far exceeded the values obtained in the lab.
Nonetheless, it is clear that collection of data using multiple frequencies, or preliminary laboratory
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tests on intrusive samples could be useful to identify frequencies that yield the most information
about the subsurface, provided appropriate equipment is used.

8.2.3 Revealing GW-SW Exchanges Using Time-Lapse ERI
The third research aim was explored in Chapter 3 and Chapter 7, and built on similar themes
established in Chapter 6. An ERI monitoring array was installed and left over a year-long period to
assess changes in the resistivity structure of the riverbed and the adjacent riparian zone. To account
for river stage, an inversion workflow was developed to handle the meshing, and inverse modelling
of data. It was evident that similar problems with fixing the river resistivity, experienced in Chapter
6, resulted in artefacts occurring in the riverbed, making it not possible to reveal vertical exchanges
between the river and riverbed. For instance, when the river level was low the riverbed was
characterised by high resistivity regions, and when the river level was high the riverbed was
characterised by low resistivity regions. This resulted in unrealistic temporal patterns in resistivity.
It was, however, possible to observe patterns occurring in the riparian zone and time-series analysis
was useful at condensing information and identifying regions of the subsurface that behaved
similarly. This information could then be used to discretise the subsurface and explore, in detail,
hydrological interactions occurring in the riparian zone.

Despite the assertion in Chapter 2 that methods ought to be used in association with supplementary
data, device malfunctions were such that the additional information was minimal. Nonetheless,
given that models were corrected for temperature, patterns could be interpreted with reasonable
confidence. The demonstration here that ERI methods can be used to identify hydrofacies zones in
the subsurface, indicates here that they could easily be used to supplement data collected by other
more traditional methodologies such as biogeochemical sampling.
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8.3 Relevance to Hydrology
Perhaps most importantly, the contribution of this work to hydrological applications ought to be
assessed. For instance, geophysical studies ought to have broader relevance and application beyond
technical challenges that need to be overcome. Given the technical nature of geophysics, it is a
common pitfall that studies focus more heavily on the methods in which data are dealt with, and the
broader implications and interpretations can sometimes be overlooked. Here, the wider
implications of Chapters 3 to 7 to hydrological and environmental science are discussed
objectively.

Chapters 3 and 4 focus on method development so their contribution is primarily technical.
However, such tools to enable modelling of geophysical data remain an important step in the
interpretation of geophysical data, therefore, by providing easy to use tools, the use of geophysics
in multi-disciplinary studies can be facilitated. Furthermore, given the open source nature of these
scripts and the presence of other R-based tools, e.g. MoisturEC (Terry et al., 2018) which estimates
water content from electrical conductivity models, it is anticipated that they can easily be tailored
for hydrological applications.

Chapter 5 demonstrated that raw measurement from EMI methods can be used to characterise the
deposit architecture of peat with high accuracy. Such information is sufficient for providing
additional information to employ in modelling studies, given the substantial hydrological
differences between peat and gravel. Moreover, the strong correlation between raw measurements
and hydraulic conductivity, even though these results are site specific, demonstrate how EMI
methods can supplement traditional hydrological methodologies and provide crucial information to
inform hydrological models.
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Chapter 6 highlighted the complications of aquatic-based electrical surveys and demonstrated that
relationships in the lab may not be applicable at the field scale. Other approaches could instead
involve

empirical relationships

linking

in

situ

hydrological measurements and electrical

measurements, such as Benoit et al. (2019) who combined IP and slug tests to quantify hydraulic
characteristics of a riverbed. However, the forward modelling presented in thesis show that caution
should be employed when making hydrological interpretations of river based surveys.

There was also limited hydrological relevance of riverbed electrical measurements in Chapter 7,
however, the results from the riparian zone were useful. It was clearly shown from the crosscorrelation summary statistics that different regions of the subsurface had different hydrological
responses. Such a method that enables detection of distinctive hydrological behaviour has clear
relevance for determining conceptual understanding of field sites.

8.4 Future Directions
8.4.1 Obtaining Quantitative Information from EMI Methods
It was demonstrated that hydrogeological properties of the Boxford Wetland could be revealed
sufficiently by using raw EMI measurements directly. Based on these findings it is evident that
there are three principal avenues for future work: (1) using more suitable methods for data
inversion, (2) using more appropriate methods for data acquisition, and (3) development of
methods to use raw EMI results to directly predict properties of interest.

Firstly, although attempts were made to account for errors in EMI inversions by introducing an
error weighting term into the objective function, this did not perform better than use of the L1 norm
when applied to synthetic data. Future work could attempt to conduct an inversion with some form
of lateral constraint to link neighbouring measurements; however, it would be necessary to prevent
an inversion of anomalous data influencing the model obtained from good quality data, e.g. perhaps
by inverting them simultaneously. Moreover, although the cumulative sensitivity functions offer a
165

useful tool for quick inversion of data; ideally EMI inversions should use the FS forward model,
especially when devices are operated above ground level. For instance, applications using the
cumulative sensitivity function for elevated data (e.g., Saey et al., 2016) should be avoided.

In addition to inverting data using classical optimisation methods, a method to model EMI data was
developed in this PhD (not shown in this thesis) that used a neural network to link measurements
with a two-layer model of electrical conductivity. The application of machine learning techniques
to model geophysical data is not novel (e.g. El-Qady and Ushijima, 2001) but, until recently
(Moghadas, 2020), they have not been employed for frequency domain EMI data. Using the
Boxford data a neural network was trained using a set of EMI measurements and a corresponding
two-layer model of electrical conductivity obtained from an inversion where the depth of layer 1
was constrained to the intrusive peat measurements. In this way the neural network effectively
‘learns’ a specific forward model which links EMI measurements and models of electrical
conductivity. Once trained, this method was very quick and gave similar results to those obtained
from a constrained inversion, without the need for additional intrusive data. However, a major
disadvantage is that it required a lot of data for training. Furthermore, whilst it is true that the
neural network could be trained on noisy synthetic data, these attempts generally gave results that
differed significantly from the constrained inversion. Nonetheless, it is anticipated that machine
learning methods to model EMI data and obtain quantitative models of electrical conductivity will
become more apparent in the coming years.

In addition to developing new inversion methods, it may also be relevant to adapt acquisition
methods. For instance, in this work it is assumed that poor performance of inversion of the field
data was linked to measurement error and/or poor calibration. Despite the strong correlations
between ERI and EMI measurements this correlation may not have been valid for the whole
meadow, e.g. it was evident from Fig. 5.9 that a portion of the north meadow was characterised by
a notable zone of higher misfits. However, it is also possible that this zone is characterised by
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higher misfits because the device rotated along its long axis before it was noticed such that
measurements made here were problematic or because of different vegetation coverage that may
influence the measurements. Due to the vegetation at the site it was not possible to use a cart or a
sled, however, perhaps a stretcher-type setup operated by two people would be more appropriate in
similar settings in order to maintain a stable instrument. Furthermore, rather than conducting
roaming surveys, perhaps EMI measurements could be made at isolated locations about the field
site. This would allow the user to ensure correct device orientation and elevation. In addition, it
would also allow for measurements to be made at multiple elevations, and hence provide additional
measurements with different sensitivity patterns for inversion. However, it is important to note that
such surveys would limit productivity.

With regards to developing methods to deal with raw EMI measurements, there is also potential in
using machine leaning techniques to directly obtain information of hydrogeological interest,
effectively bypassing the need for inversion. This would also be beneficial for hydrogeological
characterisation and effectively skips the step where models of geophysical properties are obtained.
For instance, neural networks could be used to combine large data sets of collocated geophysical
and non-geophysical data. Although, as noted, neural networks require a large set of training data
to be developed, it could be that future applications make more use of unmanned vehicles, as
discussed in Chapter 2 for collection of both geophysical and hydrogeological data.

Moreover, the value of skipping the classical inversion step is such that it negates the need to
calibrate geophysical data, and geophysical data sets that are not directly connected can be
considered simultaneously. Furthermore, in addition to ground-based sensing methods an
interesting application would perhaps be to combine airborne geophysical data with satellite data,
geological mapping data, and/or ground-based data using similar techniques. For instance, it was
highlighted in Chapter 2, although studies coupling geophysical data and remote sensing data are
rare (e.g. Yoshikawa and Hinzman, 2003) the ability to relate the shallow subsurface with the
surface at the catchment scale would surely yield informative results.
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8.4.2 Characterising Riverbeds Using Geophysical Methods
The issue of fixing the river resistivity in an inversion was a key problem in Chapters 6 and 7. It
was evident from the synthetic examples presented in Chapter 6 that fixing of the river resistivity
was essential but Chapter 7 demonstrated that fixing of the river resistivity can lead to artefacts in
the riverbed. Future methods to deal with this could include the use of different regularisation in
the river and riverbed. For instance, instead of enforcing a single resistivity, or simply preventing
smoothing across the boundary, perhaps an inversion method that uses a large smoothing factor in
the river and a lower one in the riverbed could be employed. In this way it may be possible to
obtain a river resistivity that is broadly homogenous but with regions having slight resistivity
deviations. For instance, in the case of poorly surveyed riverbank topography, regions in the
vicinity of the riverbank may be assigned a higher resistivity value which would prevent the
forcing of artefacts just below the river. Moreover, it is anticipated that the measured river water
conductivity may not be representative of the conductivity of the river, for instance if there is
significant thermal stratification or dense in-stream vegetation.

It is also possible that waterborne electrical methods may be better suited to revealing lateral
contrasts in qualitative electrical properties. For instance, Wang et al. (2018) extended an analytical
solution of Keller and Frischknecht (1966) to deal with complex conductivity, as opposed to just
real conductivity. The analytical solution can be used to explain cases where electrodes are located
at the boundary of a finite upper layer and an infinite lower layer, if the electrical properties and
stage of the river are known; the analytical solution can be used to remove the effect of the water
column to obtain an apparent resistivity of the riverbed. For instance, the combined use of towed
surveys and this analytical solution could be used to reveal lateral changes in the electrical
characteristics of a riverbed.
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8.4.3 Revealing Zones of Groundwater Upwelling Using EMI
There have been several applications that use waterborne EMI to reveal lateral contrasts in the
apparent conductivity of riverbeds and link them to zones of groundwater upwelling (e.g. Butler et
al., 2004; Binley et al., 2013; Steelman et al., 2017). However, rather than providing qualitative
information about lateral changes in riverbed conductivity, it may be possible to link EMI
measurements to quantitative estimates of groundwater upwelling. For instance, in areas where
there is significant electrical contrast between groundwater and surface water it is possible to use
vertical changes in electrical conductivity of the subsurface to groundwater discharge (e.g. Stieglitz
et al., 2008). It is anticipated that waterborne EMI could be used to obtain estimates of groundwater
discharge. For instance, a 1D inversion problem could be setup to provide a model comprising a
river layer overlying a riverbed layer smoothly varying changes in vertical conductivity. Assuming
the riverbed lithology is relatively homogenous, and without significant clay portions, it would be
possible to translate riverbed electrical conductivity profiles into pore water conductivity values. In
this way an EMI inversion could be formulated to obtain an estimate of groundwater upwelling
from several EMI measurements.

8.4.4 Time-Lapse EMI
Lastly, although not investigated explicitly, some of the issues with time-lapse EMI were discussed
in Chapter 4. For instance, it is evident that if repeat measurements are to be made with a device
operated at 1 m elevation, slight changes in the height of the device could lead to underestimations,
or overestimations, in the measured apparent conductivity, in the order of 5–10%. This would mean
that significant changes in ground conductivity would be required in order for them to be detectable
using the EMI device operated above ground. However, it could be that repeat measurements are
made in the same location could be a viable method of employing EMI devices for time -lapse
applications in environments where operation at ground level is not possible.
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10 Appendix 1 – R Functions for
Filtering Electrical Data and
Facilitating Inverse Modelling via
R2 and cR2
The codes used to produce the case study figures in Chapter 3 are shown in figures below. In
addition the names of the R functions for filtering and modelling resistivity and induced
polarisation data, their required inputs and a brief description are shown in Table A1.1. The codes
used

are

available

to

access

and

download

n_g7JOxTR0ztDz8HjVVw?e=QOCgam.
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at

https://1drv.ms/u/s!AkZoCSS-z-

pretty.tri(xyz_df=inv_mod_df2[,c(1,2,3)], ylim=c(-20,20), elec_df=elec_df, zones=zones, crop_end=T,
zlab='Resistivity\n(Ohm.m)',zlim=c(0,1400))

Figure 10.1: R script for Case 1, generating and inverting synthetic data for (a) a dipoledipole, and (b) a Schlumberger array. White circles indicate electrode positions.
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#import functions
source('/home/R_ELEC.R')
#import electrode positions
x <- seq(0,17.5,0.5)
z <- c(0.6,0.6,0.7,0.64,0.7,0.75,0.7,0.66,0.7,0.72,0.7,0.6,
0.0,-0.8,-1.3,-1.35,-1.4,-1.44,-1.4,-1.35,-1.3,-1.3,-1.2,-0.8,
0.65,0.7,0.7,0.75,0.7,0.8,0.75,0.8,0.7,0.8,0.72,0.8)
buried <- c(rep(T, 13), rep(F, 11), rep(T, 12)))
elec_df <- cbind(x, z, buried)
#write mesh and create zones for starting model
write.tri.mesh(elec_df=elec_df, cl1=0.05, cl2=2, doi=6, topo_points_df=cbind(c(6.25, 11.55), c(-0.5, 0.5)))
zones <- list(list(x=c(-10,0,2,4,6,8,10,12,14,16,18,28,28,-10),
y=c(-0.8,-1.2,-1.0,-1.1,-1.2,-1.3,-1.2,-1.1,-1,-1.1,-1.2,-1, -10,-10), res=200),
list(x=c(6.25,11.55,11.5,11,10.5,10,9.5,9,8.5,8,7.5,7,6.5),
y=c(-0.5,-0.5,-0.8,-1.2,-1.3,-1.3,-1.35,-1.4,-1.44,-1.4,-1.35, -1.3,-0.8), res=20))
#create dipole-dipole array synthetic data and write to protocol.dat file
write.seq(elec_df, a=1:4, n=1:8, typ=‘dpdp’)
synth_data_df <- return.synth.data(elec_df=elec_df, prog='R2', zones=zones, bg_res=50)
synth_data_df2 <- add.noise(synth_data_df, res_err=0.02)
write.protocol.dat(res_data_df=synth_data_df2)
#write coarser mesh and invert dipole-dipole array synthetic data with and without blocked river
write.tri.mesh(elec_df, cl1=0.1, cl2=4, doi=4, topo_points_df=cbind(c(6.25,11.55),c(-0.5,-0.5)))
inv_mod_df1 <- return.inv.mod(elec_df=elec_df, res_err=0.02)
block.mesh(zones[2], fixed=F)
inv_mod_df2 <- return.inv.mod(elec_df=elec_df, res_err=0.02)
block.mesh(zones[2], fixed=T)
inv_mod_df3 <- return.inv.mod(elec_df=elec_df, res_err=0.02)
#load synthetic model and plot results
pretty.tri(xyz_df=inv_mod1[,c(1,2,3)], ylim=c(-4,1), elec_df=elec_df, zones=zones, -crop_end=T,
zlab='Resistivity\n(Ohm.m)', zlim=c(0,220), topo_points_df=cbind(c(6.25, 11.55), c(-0.5,-0.5)))
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pretty.tri(xyz_df=inv_mod2[,c(1,2,3)], ylim=c(-4,1), elec_df=elec_df, zones=zones, crop_end=T,
zlab='Resistivity\n(Ohm.m)', zlim=c(0,220), topo_points_df=cbind(c(6.25, 11.55), c(-0.5,-0.5)))

pretty.tri(xyz_df=inv_mod3[,c(1,2,3)], ylim=c(-4,1), elec_df=elec_df, zones=zones, crop_end=T,
zlab='Resistivity\n(Ohm.m)', zlim=c(0,220), topo_points_df=cbind(c(6.25,11.55), c(-0.5,-0.5)))

Figure 10.2: Code to replicate Case 2 in Chapter 3, (a) modelled resistivity with no
regularisation block, (b) modelled resistivity with separate regularisation in river, and bed riparian zone, and (c) fixed river resistivity.

216

#import functions
source('/home/R_ELEC.R')
#import electrode positions
elec_df <- cbind(seq(0, 23.5, 0.5), rep(0, 24), c(rep(T, 24)))
ip_data_df <- read.delim('case3_ip_data.dat’, sep='')
#filter ip data based on decay curves, pair measurements, plot pseudo-sections and fit error models
t <- seq(480, 3520, 160)
ip_data_df <- filt.decay.curves(ip_data_df=ip_data_df, t=t, min_r_sq=0.9, plt=T)

res_data_df <- pair.meas(res_dat_df=ip_data_df, phase=T)
plot.pseudo(res_data_df, plt=’AppRes’, elec_spa=0.5)
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plot.pseudo(res_data_df, cols=inferno(256), plt=’Phase’)

err.mod(res_data_df=res_data_df, nbins=15, plt=T, res_err_mod=’powerlaw’, phase_err_mod=’’)

#write files for cR2 inversion and run cR2.exe
write.protocol.dat(res_data_df=res_data_df)
inv_mod_df <- return.inv.mod(elec_df=elec_df, prog=‘cR2’, res_err=0.02,

-

phase_err=0.5, start_res=100, start_phase=-5)
#plot resistivity and phase models
pretty.tri2(xyz_df=inv_mod_df1[,c(1,2,5)], elec_df=elec_df, ylim=c(4,0), zlab='Resistivity\n(Ohm.m)')
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pretty.tri2(xyz_df=inv_mod_df1[,c(1,2,4)], elec_df=elec_df, cols=inferno(256), ylim=c(-4,0), zlab='Phase\n(mrad)')

Figure 10.3: Code to replicate Case 3 in Chapter 3, (a) acceptable decay curve, (b) rejected
decay curve, (c) apparent resistivity pseudo-section, (d) phase pseudo-section, (e) resistance
errors, (f) phase errors, (g) inverted resistivity model, and (h) inverted phase model.

Table 10.1: Data-related functions for geoelectrical data.
Function Name

filt.decay.curves()

pair.meas()

Input Parameters
ip_data_df - induced polarisation data frame comprising A, B,
M, N, transfer resistance, chargeability and integral
chargeabilities.
t - vector pf time windows.
min_r_sq - minimum allowable R2 of decay curve.
plt - True or False value to determine if decay curves are plotted
or not.
m - coefficient by which to multiply chargeabilities by to
convert to phase values. Default value m=-1.
res_dat_df - resistance data frame comprising A, B, M, N,
transfer resistance and phase values (optional) of both direct and
reciprocal measurements.
phase - True or false value determining whether averages and
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Description

Filters time domain
IP data

Pairs direct and
reciprocal
measurements,
calculates resistance

errors should be calculated for phase values.

err.mod()

add.noise()

res_dat_df - resistance data frame comprising A, B, M, N,
transfer resistance, phase values (optional), transfer resistance
errors and phase errors (optional).
nbins - number of bins used in building error model.
res_err_mod (‘lin’, ‘powerlaw’, ‘envelope’, ‘lme’, ‘log_lme’)
- error model to fitted to resistance values.
min_bin_num - minimum number of data points required in
each bin for it to be used in regression fitting.
plt - True or false value of whether to plot error model(s) or not.
synth_dat_df - data frame of synthetic data comprising A, B,
M, N, transfer resistance and phase values (optional).
res_err - percentage error to be added to transfer resistances.
phase_err - absolute error to be added to phase values.

and phase averages
and errors

Fits error models to
resistance and
phase data

Adds Gaussian
noise to synthetic
data

Table 10.2: R2- and cR2-related functions for modelling geoelectrical data.

write.seq.dat()

write.protocol.dat()

write.cR2.in()

write.R2.in()

elec_df - data frame defining the x position and z positions of
each electrode in addition to a column indication whether an
electrode is a surface electrode (True) or a non surface
electrode, i.e. a buried electrode, (False).
typ (‘dipole-dipole’, ‘Wenner’ and ‘Schlumberger’) - type
of array geometry to be used.
a - separation of electrodes (a in Figure 3.2).
n - separation multiplier (n in Figure 3.2).
res_dat_df - resistance data frame comprising A, B, M, N,
transfer resistance, phase values (optional), transfer resistance
errors (optional) and phase errors (optional).
fwd_err - orward modelling error can also be added, however
this is optional.
diff_inv (0 or 1) - whether standard of difference inversion is
to be carried out. If diff_inv=1 a second resistance data frame
must also be supplied.
elec_df - data frame defining the x position and z positions of
each electrode in addition to a column indication whether an
electrode is a surface electrode (True) or a non surface
electrode, i.e. a buried electrode, (False).
prob_type (‘inv’ or ‘fwd’) - whether the problem is inverse
or forward modelling.
start_res - starting resistivitivity to be used in the inversion
can be set to any positive numeric value, or ‘res0.dat’ which
will read from a previously created starting model.
phase_start - starting phase to be used in the inversion can be
set to a numeric value if res_err is set to ‘res0.dat’ then this
value will be ignored.
min_err - minimum error allowed.
res_err - percentage resistance error, a value of 0 will use
error values from the ‘protocol.dat’ file.
phase_err - phase error, a value of 0 will use error values
from the ‘protocol.dat’ file.
elec_df - data frame defining the x position and z positions of
each electrode in addition to a column indication whether an
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Writes
measurement
sequence to file for
forward modelling

Writes
measurement
sequence and
values to
‘protocol.dat’ file

Writes cR2.in file
to be read by
cR2.exe

Writes R2.in file to
be read by R2.exe

electrode is a surface electrode (True) or a non surface
electrode, i.e. a buried electrode, (False).
Type of problem, i.e. whether to do forward or inverse,
prob_typ (‘fwd’, ‘inv’).
prob_type (‘inv’ or ‘fwd’) - whether the problem is inverse
or forward modelling.
start_res - starting resistivitivity to be used in the inversion
can be set to any positive numeric value, or ‘res0.dat’ which
will read from a previously created starting model.
time_lapse (0, 1, 2) - type of inversion to do, independent
inversion, regularisation to ‘res0.dat’, or a difference
inversion.
run.cR2.exe()

No input parameters

run.R2.exe()

No input parameters

return.fwd.err()

elec_df - data frame defining the x position and z positions of
each electrode in addition to a column indication whether an
electrode is a surface electrode (True) or a non surface
electrode, i.e. a buried electrode, (False).

return.synth.data()

elec_df - data frame defining the x position and z positions of
each electrode in addition to a column indication whether an
electrode is a surface electrode (True) or a non surface
electrode, i.e. a buried electrode, (False).
prog - whether the progtam used should be R2 or cR2.
zones - zones indicating the resistivitiy and phase values
(optional) of the subsurface. Individual zones comprise a list
of x position, y position a resistiviy and a phase value
(optional), the x and z coordinates need to be sequential either
in a clockwise or countor clockwise directions.
bg_resistivity - background resistivity for any area of the
mesh lying outwith any of the zones.
bg_phase - background phase for any area of the mesh lying
outwith any of the zones.

Runs cR2
executable
Runs R2 executable
Returns the forward
error for a given
postion of
electrodes,
‘protocol.dat’ and
‘mesh.dat’ must
have previously
been generated

Nested function
which creates a
‘res0.dat’ file and
uses write.R2.in()
or write.cR2.in()
followed by
run.R2.exe() or
run.cR2.exe().

Table 10.3: Mesh-related functions for modelling geoelectrical data.

write.mesh.dat()

elec_df - data frame defining the x position and z
positions of each electrode in addition to a column
indication whether an electrode is a surface electrode
(True) or a non surface electrode, i.e. a buried
electrode, (False).
cl1 - characteristic length 1.
cl2 - characteristic length 2.
doi - depth of investigation indication the depth of the
fine region.

Creates mesh.dat file
using Gmsh

msh.to.dat()

plt - True or false value of whether to plot error
model(s) or not.

Rewrites Gmsh output
file as R2/cR2
compatible file

write.res0.dat()

elec_df - data frame defining the x position and z
positions of each electrode in addition to a column
indication whether an electrode is a surface electrode
(True) or a non surface electrode, i.e. a buried

Writes ‘res0.dat’ file
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electrode, (False).
prog (‘R2’ or ‘cR2’) - whether to write starting model
for resistance or resistance and phase.
zones - nested lists of x, z, resistivity and phase
(optional) of different zones.
bg_res - resistivity values to assign to mesh elements
outside of the provided zones.
bg_phase - phase values to assign to mesh elements
outside of the provided zones.
x - vector of element centre x values.
y - vector of element centre y values.
zone - zone of prescribed resistivity and phase values.
zone - zone of prescribed resistivity and phase values.
fixed (True or False) - whether the elements in that
zone should be fixed or just a distinct region.

in.zone()
block.mesh()
return.elem.centre()

Does not have any input parameters

Determines if points
are inside or outside of
a polygon
Separates zones within
mesh to prevent
smoothing in inversion
Returns data frame of
element centres

Table 10.4: Plot-related functions used for processing geoelectrical data.

pretty.scatter()

plot.pseudo()

pretty.tri()

xyz_df - data frame containing x and y positions and z values of
something.
xlim - limits of the x axis.
ylim - limits of the y axis.
zlim - limits of the z axis.
num_bins - number of bins used to bin z values.
cols (c(‘colour1’,’colour2’, ‘colour3’…) - colours to be used,
default values use the viridis colour scheme.
asp - aspect ratio of plot.
cex - size of text.
xlab - label for x axis.
ylab - label for y axis.
zlab - label for z axis.
main, plot title.
res_data_df - data frame of resisitivity data.
plt (‘Res’, AppRes, ‘AbsErr’, ‘LogAppRes’, ‘Phase) - which
variable to plot.
elec_spa, electrode spacing.
cols (c(‘colour1’,’colour2’, ‘colour3’…) - colours to be used,
default values use the viridis colour scheme.
xlim - limits of the x axis.
ylim - limits of the y axis.
zlim - limits of the z axis.
xyz_df - data frame containing x and y positions and z values of
something.
elec_pos, data frame with electrode positions.
xlim - limits of the x axis.
ylim - limits of the y axis.
zlim - limits of the z axis.
num_bins - number of bins used to bin z values.
Colours to be used, default values use the viridis colour scheme,
cols (c(‘colour1’,’colour2’, ‘colour3’…).
asp - aspect ratio of plot.
cex - size of text.
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Plots xyz scatter
plot

Calculates
pseudo-depths
and plots pseudosection using
pretty.scatter()

Plots inverted
sections with
elements as
triangular
polygons

pretty.contour()

pretty.start()

xlab - label for x axis.
ylab - label for y axis.
zlab - label for z axis.
main, plot title.
crop_ends - whethet to crop ends at a 45 degree angle or not to
prevent plotting of zones with low sensitivity.
xyz_df - data frame containing x and y positions and z values of
something.
elec_pos, data frame with electrode positions.
xlim - limits of the x axis.
ylim - limits of the y axis.
zlim - limits of the z axis.
num_bins - number of bins used to bin z values.
Colours to be used, default values use the viridis colour scheme,
cols (c(‘colour1’,’colour2’, ‘colour3’…).
asp - aspect ratio of plot.
cex - size of text.
xlab - label for x axis.
ylab - label for y axis.
zlab - label for z axis.
main, plot title.
crop_ends - whethet to crop ends at a 45 degree angle or not to
prevent plotting of zones with low sensitivity.
xyz_df - data frame containing x and y positions and z values of
something.
elec_pos, data frame with electrode positions.
xlim - limits of the x axis.
ylim - limits of the y axis.
zlim - limits of the z axis.
num_bins - number of bins used to bin z values.
Colours to be used, default values use the viridis colour scheme,
cols (c(‘colour1’,’colour2’, ‘colour3’…).
asp - aspect ratio of plot.
cex - size of text.
xlab - label for x axis.
ylab - label for y axis.
zlab - label for z axis.
main, plot title.
crop_ends - whethet to crop ends at a 45 degree angle or not to
prevent plotting of zones with low sensitivity.
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Plots inverted
sections with
elements contour
plots

Plot zones of
starting model

11 Appendix 2 – R Functions for
Filtering and Modelling
Electromagnetic Induction Data
The names of the R functions for filtering and modelling electromagneric induction data, their
required inputs and a brief description, as discussed in Chapter 4 are shown in Table A2.1. The R
functions

are

available

to

access

and

download

n_g7MMitUScheArG0dlw?e=RJ8UsY.
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from

https://1drv.ms/u/s!AkZoCSS-z-

#import functions, and store Hankel weights, lambda and mu_0 values
source('/home/EM_TOOLS.R')
#create synthetic data for operation of GF Explorer at 0 and 1 m elevation
synth_data0_df <- array(dim=c(48, 9))
synth_data1_df <- array(dim=c(48, 9))
x <- 0:47
y <- approx(x=c(x[1],x[48]),y=c(0.2,2), xout=x)$y
seps <- c(1.48, 2.82, 4.49, 1.48, 2.82, 4.49)
orients <- c(rep('vcp', 3), rep('hcp', 3))
for(i in 1:48)
{
synth_data0 <- fwd.eca.fs3(sigmas=c(50,5), depths=c(0,y[i]), seps=seps,

-

orients=orients, height=0, freq=10000))
- synth_data0_df[,i] <- c(i-1, 0, 0, synth_data0)
synth_data1 <- fwd.eca.fs3(sigmas=c(50,5), depths=c(0,y[i]), seps=seps,
orients=orients, height=1, freq=10000))
synth_data1_df[,i] <- c(i-1, 0, 0, synth_data1)
}
#invert synthetic data using cumulative sensitivity and full Maxwell solution inversion
cs_mod0_df <- all.inv.eca.cs2.3(synth0_df, depth_lims=c(0, 3), runs=100, num_layers=2,
-

seps=seps, orients=orients, height=0, maxit=100)[,1:6]

fs_mod0_df <- all.inv.eca.fs3.3(synth0_df, depth_lims=c(0, 3), runs=100, num_layers=2,

-

seps=seps, orients=orients, height=0, freq=10000, maxit=100)[,1:6]
cs_mod1_df <- all.inv.eca.cs2.3(synth0_df, depth_lims=c(0, 3), runs=100, num_layers=2,

-

seps=seps, orients=orients, alpha=0, maxit=100)[,1:6]
fs_mod1_df <- all.inv.eca.fs3.3(synth1_df, depth_lims=c(0,3), runs=100, num_layers=2,
seps=seps, orients=orients, height=1, freq=10000, maxit=100)[,1:6]
#plot results
zones <- list(list(x,-y))
pretty.quad1(cs_mod0_df, zones=zones, zlim=c(0, 40), ylim= c(-2, 0), nbins=10)
pretty.quad1(fs_mod0_df, zones=zones, zlim=c(0, 40), ylim= c(-2, 0), nbins=10)
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pretty.quad1(cs_mod1_df, zones=zones, zlim=c(0, 40), ylim= c(-2, 0), nbins=10)
pretty.quad1(fs_mod1_df, zones=zones, zlim=c(0, 40), ylim= c(-2, 0), nbins=10)

Figure 11.1: R scripts for Case 1 in Chapter 4 detailing importing the functions, generating
data, inverting data and plotting results. (a) data generated at ground level and inverted
using CS forward model, (b) data generated at ground level and inverted using FS forward
model, (c) data generated at 1m and inverted using CS forward model and, (d) data
generated at 1m and inverted with FS forward model.

#import functions, and store Hankel weights, lambda and mu_0 values
source('/home/EM_TOOLS.R')
#create synthetic data for operation of GF Explorer at 0 and 1 m elevation
x <- 0:47
y <- c(rep(c(0.5, 0.55, 0.6, 0.65, 0.7, 0.75, 0.8, 0.75, 0.7, 0.65, 0.55, 0.5), 4))
synth0_df1 <- array(dim=c(48, 9))
synth0_df2 <- array(dim=c(48, 9))
synth1_df1 <- array(dim=c(48, 9))
synth1_df2 <- array(dim=c(48, 9))
seps <- c(1.48, 2.82, 4.49, 1.48, 2.82, 4.49)
orients <- c(rep('vcp', 3), rep('hcp', 3))
for(i in 1:48)
{
depths <- c(0, y[i])
synth0_eca1 <- fwd.eca.fs3(c(30, 5), depths, seps=seps, orients=orients, height=0,
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freq=10000)
synth0_eca2 <- rnorm(6, 1, 0.02) * synth0_eca1
synth0_df1[i,] <- c(i-1, 0, 0, synth0_eca1)
synth0_df2[i,] <- c(i-1, 0, 0, synth0_eca2)
synth0_eca1 <- fwd.eca.fs3(c(30, 5), depths, seps=seps, orients=orients, height=1, freq=10000)
synth1_eca2 <- rnorm(6, 1, 0.02) * synth1_eca1
synth1_df1[i,] <- c(i-1, 0, 0, synth1_eca1)
synth1_df2[i,] <- c(i-1, 0, 0, synth1_eca2)
}
#invert synthetic data using cumulative sensitivity and full Maxwell solution inversion
fs_mod0_df1 <- all.inv.eca.fs3.3(synth0_df1, seps=seps, depth_lims=c(0, 3), runs=100,

-

num_layers=2, orients=orients, height=0, maxit=100, freq=10000)[,1:6]
fs_mod0_df2 <- all.inv.eca.fs3.3(synth0_df2, seps=seps, depth_lims=c(0, 3), runs=100,

-

num_layers=2, orients=orients, height=0, maxit=100, freq=10000)[,1:6]
fs_mod1_df1 <- all.inv.eca.fs3.3(synth1_df1, seps=seps, depth_lims=c(0, 3), runs=100,

-

num_layers=2, orients=orients, height=0, maxit=100, freq=10000)[,1:6]
fs_mod1_df2 <- all.inv.eca.fs3.3(synth1_df2, seps=seps, depth_lims=c(0, 3), runs=100,
num_layers=2, orients=orients, height=0, maxit=100, freq=10000)[,1:6]
#plot results
zones <- list(list(c(0, x, 48), c(0, -y, 0)))
pretty.quad1(fs_mod0_df1, zones=zones, zlim=c(0, 40), ylim= c(-2, 0), nbins=10)
pretty.quad1(fs_mod0_df2, zones=zones, zlim=c(0, 40), ylim= c(-2, 0), nbins=10)

pretty.quad1(fs_mod0_df1, zones=zones, zlim=c(0, 40), ylim= c(-2, 0), nbins=10)
pretty.quad1(fs_mod0_df2, zones=zones, zlim=c(0, 40), ylim= c(-2, 0), nbins=10)
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Figure 11.2: R scripts used for Case 2 in Chapter 3 detailing importing the functions,
generating data, adding noise, inverting data using the FS forward model and plotting
results: (a) shows the model for error free data generated at ground level, (b) shows the
model for data with 2% noise generated at ground level, (c) shows the model for noise free
data generated at 1 m and, (d) shows the model for data with 2% noise generated at 1 m.
White dashed line shows the true depth of the interface.

Table 11.1: Data-related functions used for processing calibrating electromagnetic induction data.
Function Name

filt.data.emi()

run.ave()

Input parameters
emi_dat_df - data frame of EMI data comprising
measurement number, easting, northing, elevation, time,
ECa1, phase1, ECa2, phase2, ECa3 and phase3.
max_err - maximum allowable difference between sequential
measurements, default value is 0.1 (10%),.
nbins - number of bins used to bin data based on their EC and
phase values.
threshold - proportion threshold above which the number of
data in each bin must exceed to be considered inlier data.
emi_dat_df - data frame of EMI data comprising
measurement number, easting, northing, elevation, time,
ECa1, phase1, ECa2, phase2, ECa3 and phase3.
num_points - number of points across which to calculate a
running average.

Description
Replaces noisy
and outlier data
with values
interpolated
from sequential
measurements.
Calculates
running average
of
measurements.

cross.over.points()

emi_dat_df - data frame of EMI data comprising
measurement number, easting, northing, elevation, time,
ECa1, phase1, ECa2, phase2, ECa3 and phase3.
min_lag_time - minimum time lag between two groups of
measurements in order to be considered a cross-over point.
max_dist - maximum radius from cross-over point used to
calculate measurement average and error.
nbins - number of bins used to fit linear error model.

Locates crossover points,
average and
error values for
measurements
obtained at
cross-over point
and fits a linear
error model.

change.calib.values()

emi_dat_df - data frame of EMI data comprising
measurement number, easting, northing, elevation, time,
ECa1, phase1, ECa2, phase2, ECa3 and phase3.
em_calib_df - data frame of EMI measurements made a
locations along resistivity transect comprising measurement
number, easting, northing, distance, ECa1, ECa2 and ECa3.

Replaces ECa
values in
calibration file
with processed
ECa values.
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ert.to.eca1()

calibrate.emi()

xy_tol - allowable distance in m between measurements in
measurement data frame and calibration data frames.
ert_mod_df - data frame of electrical resistivity obtained on a
quadrilateral grid comprising x position, z position and
resistivity.
seps - coil separations of the EMI device in m.
orients (‘vcp’ or ‘hcp’) - coil orientations of the EMI device.
freq - frequency of EMI device in Hz.
height - height which the EMI device is operated at in metres.
ert_mod_df - data frame of electrical resistivity obtained on a
quadrilateral grid comprising x position, z position and
resistivity.
em_calib_df - data frame of EMI measurements made at
locations along resistivity transect comprising measurement
number, easting, northing, distance, ECa1, ECa2 and ECa3.
seps - coil separations of the EMI device in m.
orients (‘vcp’ or ‘hcp’) - coil orientations of the EMI device.
freq - Frequency of EMI device in Hz.
height - height which the EMI device is operated at in m.
crop_dist - distance at either end of the resistivity model to
discount.

Table 11.2: Forward model-related functions used for modelling

return.cs()

return.R0()

return.Rn()

return.Hankel()

return.Q2()

return.Q3()

Calculates
forward
response in
LIN-ECa for a
given resistivity
model.

Calibrates EMI
data using
model of
electrical
resistivity and
ert.to.eca1().

electromagnetic induction data.

depths - the upper depth of each layer as a positive integer in m,
starting at 0 m.
seps - coil separations of the EMI device in m.
orients (‘vcp’ or ‘hcp’) - coil orientations of the EMI device.
height - height which the EMI device is operated at in m.
sigmas - EC of each layer in mS/m.
depths - the beginning depth of each layer as a positive integer in m,
starting at 0 m.
freq - frequency of EMI device in Hz.
height - height which the EMI device is operated at in m.
sigmas - EC of each layer in S/m.
depths - the upper depth of each layer as a positive integer in m,
starting at 0 m.
freq - frequency of EMI device in Hz.
height - height which the EMI device is operated at in m.
sigmas - EC of each layer in S/m.
depths - the upper depth of each layer as a positive integer in m,
starting at 0 m.
seps - coil separations of the EMI device in m.
orients (‘vcp’ or ‘hcp’) - coil orientations of the EMI device.
freq - frequency of EMI device in Hz.
height - height which the EMI device is operated at in m.
sigmas - EC of each layer in S/m.
depths - the upper depth of each layer as a positive integer in m,
starting at 0 m.
seps - coil separations of the EMI device in m.
orients (‘vcp’ or ‘hcp’) - coil orientations of the EMI device.
freq - frequency of EMI device in Hz.
height - height which the EMI device is operated at in m.
sigmas - EC of each layer in S/m.
depths - the upper depth of each layer as a positive integer in m,
starting at 0 m.
seps - coil separations of the EMI device in m.
orients (‘vcp’ or ‘hcp’) - coil orientations of the EMI device.
freq - frequency of EMI device in Hz.
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Returns the
cumulative
sensitivities for
a set of depths
Returns the
refelection
coefficient for
the air layer.
Returns
reflection
coefficient for
all layers.

Returns Hankel
transform

Returns Q using
for VCP and
HCP
orientations
Returns Q of
homogenous
model using
analytical
solutions of
McNeill (1980)

fwd.eca.cs()

fwd.eca.fs1()

fwd.eca.fs2()

fwd.eca.fs3()

height - height which the EMI device is operated at in m.
sigmas - EC of each layer in S/m.
depths - the upper depth of each layer as a positive integer in m,
starting at 0 m.
seps - coil separations of the EMI device in m.
orients (‘vcp’ or ‘hcp’) - coil orientations of the EMI device.
freq - frequency of EMI device in Hz.
height - height which the EMI device is operated at in m.
sigmas - EC of each layer in S/m.
depths - the upper depth of each layer as a positive integer in m,
starting at 0 m.
seps - coil separations of the EMI device in m.
orients (‘vcp’ or ‘hcp’) - coil orientations of the EMI device.
freq - frequency of EMI device in Hz.
height - height which the EMI device is operated at in m.
sigmas - EC of each layer in S/m.
depths - the upper depth of each layer as a positive integer in m,
starting at 0 m.
seps - coil separations of the EMI device in m.
orients (‘vcp’ or ‘hcp’) - coil orientations of the EMI device.
freq - frequency of EMI device in Hz.
height - height which the EMI device is operated at in m.
sigmas - EC of each layer in S/m.
depths - the upper depth of each layer as a positive integer in m,
starting at 0 m.
seps - coil separations of the EMI device in m.
orients (‘vcp’ or ‘hcp’) - coil orientations of the EMI device.
freq - frequency of EMI device in Hz.
height - height which the EMI device is operated at in m.

Calculates
forward
response using
cumulative
sensitivity
equations.
Calculates
forward
response using
Q.to.eca1() and
rtn.Q2().
Calculates
forward
response using
Q.to.eca2() and
rtn.Q2().
Calculates
forward
response using
Q.to.eca3() and
rtn.Q2().

Table 11.3: ECa and Q conversion functions for electromagnetic induction data.

GF.eca.to.Q()

eca1.to.Q()

Q.to.eca1()

meas_eca - measured ECa obtained with GF Instruments
Explorer.
seps - coil separations of the EMI device in m.
orients (‘vcp’ or ‘hcp’) - coil orientations of the EMI device.
height - height which the EMI device is operated at in m.
meas_eca - measured ECa obtained with GF Instruments
Explorer.
seps - coil separations of the EMI device in m.
orients (‘vcp’ or ‘hcp’) - coil orientations of the EMI device.
meas_Q - measured Q values.
seps - coil separation of the EMI device in m.
orients (‘vcp’ or ‘hcp’) - coil orientation of the EMI device.
freq - frequency of EMI device in Hz.

Q.to.eca2()

meas_Q - measured Q values.
seps - coil separation of the EMI device in m.
orients (‘vcp’ or ‘hcp’) - coil orientation of the EMI device.
freq - frequency of EMI device in Hz.

Q.to.eca3()

meas_Q - measured Q values.
seps - coil separation of the EMI device in m.
orients (‘vcp’ or ‘hcp’) - coil orientation of the EMI device.
freq - frequency of EMI device in Hz.
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Converts GF-ECa to Q.

Converts LIN-ECa to Q.

Converts quadrature to
apparent EC to LIN-ECa
Converts Q to ECa using
optimization procedure
of Andrade et al. (2016),
Q is obtained using
rtn.Q2().
Converts Q to ECa using
optimization procedure
of Andrade et al. (2016),
Q is obtained using
rtn.Q3().

Table 11.4: Inversion functions used for modelling electromagnetic induction data.

homo.eca.cs()

homo.eca.fs3()

homo.Q()

emi.rmse()

inv.eca.cs2.1()

inv.eca.cs2.2()

meas_eca - measured ECa.
depths - the upper depth of each layer as a positive integer in m,
starting at 0 m.
seps - coil separation of the EMI device in m.
orients (‘vcp’ or ‘hcp’) - coil orientation of the EMI device.
height - height which the EMI device is operated at in m.
sigma_lim - range of expected EC in mS/m.
algo (1 or 2) - whether to use L1 or L2 norm in objective
function.
meas_eca - measured ECa.
depths - the upper depth of each layer as a positive integer in m,
starting at 0 m.
seps - coil separation of the EMI device in m.
orients (‘vcp’ or ‘hcp’) - coil orientation of the EMI device.
height - height which the EMI device is operated at in m.
sigma_lim - range of expected EC in mS/m.
algo (1 or 2) - whether to use L1 or L2 norm in objective
function.
freq - frequency of EMI device in Hz.
meas_Q - measured Q values.
depths - the beginning depth of each layer as a positive integer
in m, starting at 0 m.
seps - coil separation of the EMI device in m.
orients (‘vcp’ or ‘hcp’) - coil orientation of the EMI device.
height - height which the EMI device is operated at in m.
sigma_lim - range of expected EC in mS/m.
algo (1 or 2) - whether to use L1 or L2 norm in objective
function.
freq - frequency of EMI device in Hz.
meas_val - measured values.
pred_val - predicted values.
meas_err - measurement error.
algo (1 or 2) - whether to use L1 or L2 norm in objective
function.
meas_eca - measured ECa.
depths - the upper depth of each layer as a positive integer in m,
starting at 0 m.
seps - coil separation of the EMI device in m.
orients (‘vcp’ or ‘hcp’) - coil orientation of the EMI device.
height - height which the EMI device is operated at in m.
alpha - smoothing term to determine weight of model misfit
term in the objective function.
err_eca - measurement error.
maxit - maximum number of iterations for Nelder-Mead,
conjugate gradient and L-BFGS-B methods, not for Shuffled
Complex Evolution methods.
optim_method (‘Nelder-Mead’, ‘CG’, ‘L-BFGS-B’ and
‘SCE) - optimisation method to be used.
start_sigma - EC value for homogenous starting model in
mS/m.
fix_inf_sigma - fix EC of infinite layer to ensure reasonable
values.
algo (1 or 2) - whether to use L1 or L2 norm in objective
function.
sigma_lims - EC limits for L-BFGS-B methods and SCE
optimisation methods.
meas_eca - measured ECa.
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Finds best
homogenous
starting model
using
fwd.eca.cs().

Finds best
homogenous
starting model
using
fwd.eca.fs3().

Finds best
homogenous
starting model
using return.Q().

Calculate misfit
of measured and
predicted values.

Inverts data using
fwd.eca.cs()
forward model,
requires a set of
depths and
produces a
smooth model of
EC.

Inverts data using

inv.eca.cs2.3()

inv.eca.fs3.1()

depths - the upper depth of each layer as a positive integer in m,
starting at 0 m.
seps - coil separation of the EMI device in m.
orients (‘vcp’ or ‘hcp’) - coil orientation of the EMI device.
height - height which the EMI device is operated at in m.
alpha - smoothing term to determine weight of model misfit
term in the objective function.
err_eca - measurement error.
maxit - maximum number of iterations for Nelder-Mead,
conjugate gradient and L-BFGS-B methods, not for Shuffled
Complex Evolution methods.
optim_method (‘Nelder-Mead’, ‘CG’, ‘L-BFGS-B’ and
‘SCE) - optimisation method to be used.
start_sigma - EC value for homogenous starting model in
mS/m.
start_depth - starting depth for bottom depth of layer 1.
algo (1 or 2) - whether to use L1 or L2 norm in objective
function.
sigma1_lims - EC limits for layer 1 when L-BFGS-B or SCE
optimization methods are used.
sigma2_lims - EC limits for layer 2 when L-BFGS-B or SCE
optimization methods are used.
depth1_lims - depth limits for bottom depths of layer 1 when LBFGS-B or SCE optimization methods are used.
meas_eca - measured ECa.
num_layers - number of layers in model.
seps - coil separation of the EMI device in m.
orients (‘vcp’ or ‘hcp’) - coil orientation of the EMI device.
height - height which the EMI device is operated at in m.
alpha - smoothing term to determine weight of model misfit
term in the objective function.
err_eca - measurement error.
maxit - maximum number of iterations for Nelder-Mead,
conjugate gradient and L-BFGS-B methods, not for Shuffled
Complex Evolution methods.
optim_method (‘Nelder-Mead’, ‘CG’, ‘L-BFGS-B’ and
‘SCE) - optimisation method to be used.
start_sigma - EC value for homogenous starting model in
mS/m.
algo (1 or 2) - whether to use L1 or L2 norm in objective
function.
runs - number of values of random depths to run.
sigma_lims_df - data frame of EC limits with column of
maximum and minimum EC, and the number of rows equaling
the number of layers.
depth_lims - depth limits for bottom depths of each layer when
L-BFGS-B or SCE optimisation methods.
meas_eca - measured ECa.
depths - the upper depth of each layer as a positive integer in m,
starting at 0 m.
seps - coil separation of the EMI device in m.
orients (‘vcp’ or ‘hcp’) - coil orientation of the EMI device.
height - height which the EMI device is operated at in m.
freq - frequency of EMI device in Hz.
alpha - smoothing term to determine weight of model misfit
term in the objective function.
err_eca - measurement error.
maxit - maximum number of iterations for Nelder-Mead,
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fwd.eca.cs()
forward model,
produces a twolayer model with
a sharp boundary.

Inverts data using
fwd.eca.cs()
forward model,
produces a
multiple layer
model with a
sharp boundary.

Inverts data using
fwd.eca.fs3()
forward model,
requires a set of
depths and
produces a
smooth model of
EC.

inv.eca.fs3.2()

inv.eca.fs3.3()

conjugate gradient and L-BFGS-B methods, not for Shuffled
Complex Evolution methods.
optim_method (‘Nelder-Mead’, ‘CG’, ‘L-BFGS-B’ and
‘SCE) - optimisation method to be used.
start_sigma - EC value for homogenous starting model in
mS/m.
fix_inf_sigma - fix EC of infinite layer to ensure reasonable
values.
algo (1 or 2) - whether to use L1 or L2 norm in objective
function.
sigma_lims - EC limits for L-BFGS-B methods and SCE
optimisation methods.
meas_eca - measured ECa.
depths - the upper depth of each layer as a positive integer in m,
starting at 0 m.
seps - coil separation of the EMI device in m.
orients (‘vcp’ or ‘hcp’) - coil orientation of the EMI device.
height - height which the EMI device is operated at in m.
freq - frequency of EMI device in Hz.
alpha - smoothing term to determine weight of model misfit
term in the objective function.
err_eca - measurement error.
maxit - maximum number of iterations for Nelder-Mead,
conjugate gradient and L-BFGS-B methods, not for Shuffled
Complex Evolution methods.
optim_method (‘Nelder-Mead’, ‘CG’, ‘L-BFGS-B’ and
‘SCE) - optimisation method to be used.
start_sigma - EC value for homogenous starting model in
mS/m.
start_depth - starting depth for bottom depth of layer 1.
algo (1 or 2) - whether to use L1 or L2 norm in objective
function.
sigma1_lims - EC limits for layer 1 when L-BFGS-B or SCE
optimization methods are used.
sigma2_lims - EC limits for layer 2 when L-BFGS-B or SCE
optimization methods are used.
depth1_lims - depth limits for bottom depths of layer 1 when LBFGS-B or SCE optimization methods are used.
meas_eca - measured ECa.
num_layers - number of layers in model.
seps - coil separation of the EMI device in m.
orients (‘vcp’ or ‘hcp’) - coil orientation of the EMI device.
height - height which the EMI device is operated at in m.
freq - frequency of EMI device in Hz.
alpha - smoothing term to determine weight of model misfit
term in the objective function.
err_eca - measurement error.
maxit - maximum number of iterations for Nelder-Mead,
conjugate gradient and L-BFGS-B methods, not for Shuffled
Complex Evolution methods.
optim_method (‘Nelder-Mead’, ‘CG’, ‘L-BFGS-B’ and
‘SCE) - optimisation method to be used.
start_sigma - EC value for homogenous starting model in
mS/m.
algo (1 or 2) - whether to use L1 or L2 norm in objective
function.
runs - number of values of random depths to run.
sigma_lims_df - data frame of EC limits with column of
maximum and minimum EC, and the number of rows equaling
the number of layers.
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Inverts data using
fwd.eca.fs3()
forward model,
produces a twolayer model with
a sharp boundary.

Inverts data using
fwd.eca.fs3()
forward model,
produces a
multiple layer
model with a
sharp boundary.

inv.eca.fs3.4()

inv.Q1()

inv.Q2()

depth_lims - depth limits for bottom depths of each layer when
L-BFGS-B or SCE optimisation methods.
meas_eca - measured ECa.
num_layers - number of layers in model.
seps - coil separation of the EMI device in m.
orients (‘vcp’ or ‘hcp’) - coil orientation of the EMI device.
height - height which the EMI device is operated at in m.
freq - frequency of EMI device in Hz.
alpha - smoothing term to determine weight of model misfit
term in the objective function.
err_eca - measurement error.
sigma_lims_df - data frame of EC limits with column of
maximum and minimum EC, and the number of rows equaling
the number of layers.
depth_lims - depth limits for bottom depths of each layer when
L-BFGS-B or SCE optimisation methods.
meas_Q - measured Q.
depths - the upper depth of each layer as a positive integer in m,
starting at 0 m.
seps - coil separation of the EMI device in m.
orients (‘vcp’ or ‘hcp’) - coil orientation of the EMI device.
height - height which the EMI device is operated at in m.
freq - frequency of EMI device in Hz.
alpha - smoothing term to determine weight of model misfit
term in the objective function.
err_Q - measurement error.
maxit - maximum number of iterations for Nelder-Mead,
conjugate gradient and L-BFGS-B methods, not for Shuffled
Complex Evolution methods.
optim_method (‘Nelder-Mead’, ‘CG’, ‘L-BFGS-B’ and
‘SCE) - optimisation method to be used.
start_sigma - EC value for homogenous starting model in
mS/m.
fix_inf_sigma - fix EC of infinite layer to ensure reasonable
values.
algo (1 or 2) - whether to use L1 or L2 norm in objective
function.
sigma_lims - EC limits for L-BFGS-B methods and SCE
optimisation methods.
meas_Q - measured Q.
depths - the upper depth of each layer as a positive integer in m,
starting at 0 m.
seps - coil separation of the EMI device in m.
orients (‘vcp’ or ‘hcp’) - coil orientation of the EMI device.
height - height which the EMI device is operated at in m.
freq - frequency of EMI device in Hz.
alpha - smoothing term to determine weight of model misfit
term in the objective function.
err_Q - measurement error.
maxit - maximum number of iterations for Nelder-Mead,
conjugate gradient and L-BFGS-B methods, not for Shuffled
Complex Evolution methods.
optim_method (‘Nelder-Mead’, ‘CG’, ‘L-BFGS-B’ and
‘SCE) - optimisation method to be used.
start_sigma - EC value for homogenous starting model in
mS/m.
start_depth - starting depth for bottom depth of layer 1.
algo (1 or 2) - whether to use L1 or L2 norm in objective
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Inverts data using
fwd.eca.fs3()
forward model
and shuffled
complex
evolution
algorithm (Duan
et al., 1993),
produces a
multiple layer
model with a
sharp boundary.

Inverts data using
fwd.Q() forward
model, requires a
set of depths and
produces a
smooth model of
EC.

Inverts data using
fwd.eca.Q()
forward model,
produces a twolayer model with
a sharp boundary.

inv.Q3()

inv.Q4()

inv.Q5()

function.
sigma1_lims - EC limits for layer 1 when L-BFGS-B or SCE
optimization methods are used.
sigma2_lims - EC limits for layer 2 when L-BFGS-B or SCE
optimization methods are used.
depth1_lims - depth limits for bottom depths of layer 1 when LBFGS-B or SCE optimization methods are used.
meas_Q - measured Q.
num_layers - number of layers in model.
seps - coil separation of the EMI device in m.
orients (‘vcp’ or ‘hcp’) - coil orientation of the EMI device.
height - height which the EMI device is operated at in m.
freq - frequency of EMI device in Hz.
alpha - smoothing term to determine weight of model misfit
term in the objective function.
err_Q - measurement error.
maxit - maximum number of iterations for Nelder-Mead,
conjugate gradient and L-BFGS-B methods, not for Shuffled
Complex Evolution methods.
optim_method (‘Nelder-Mead’, ‘CG’, ‘L-BFGS-B’ and
‘SCE) - optimisation method to be used.
start_sigma - EC value for homogenous starting model in
mS/m.
algo (1 or 2) - whether to use L1 or L2 norm in objective
function.
runs - number of values of random -depths to run.
sigma_lims_df - data frame of EC limits with column of
maximum and minimum EC, and the number of rows equaling
the number of layers.
depth_lims - depth limits for bottom depths of each layer when
L-BFGS-B or SCE optimisation methods.
meas_Q - measured Q.
seps - coil separation of the EMI device in m.
orients (‘vcp’ or ‘hcp’) - coil orientation of the EMI device.
height - height which the EMI device is operated at in m.
freq - frequency of EMI device in Hz.
alpha - smoothing term to determine weight of model misfit
term in the objective function.
err_Q - measurement error.
maxit - maximum number of iterations for Nelder-Mead,
conjugate gradient and L-BFGS-B methods, not for Shuffled
Complex Evolution methods.
optim_method (‘Nelder-Mead’, ‘CG’, ‘L-BFGS-B’ and
‘SCE) - optimisation method to be used.
start_sigma - EC value for homogenous starting model in
mS/m.
algo (1 or 2) - whether to use L1 or L2 norm in objective
function.
fixed_cond1 - fixed layer 1 EC value.
fixed_cond2 - fixed layer 2 EC value.
fixed_depth1 - fixed layer 1 depth value.
meas_Q - measured Q.
seps - coil separation of the EMI device in m.
orients (‘vcp’ or ‘hcp’) - coil orientation of the EMI device.
height - height which the EMI device is operated at in m.
freq - frequency of EMI device in Hz.
alpha - smoothing term to determine weight of model misfit
term in the objective function.
err_Q - measurement error.
maxit - maximum number of iterations for Nelder-Mead,
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Inverts data using
fwd.eca.Q()
forward model,
produces a
multiple layer
model with a
sharp boundary.

Inverts data using
fwd.eca.Q()
forward model
and shuffled
complex
evolution
algorithm (Duan
et al., 1993),
produces a
multiple layer
model with a
sharp boundary.

Inverts data using
fwd.eca.Q()
forward model
and shuffled
complex
evolution
algorithm (Duan
et al., 1993),
produces a two-

all.inv.eca.cs2.1()

all .inv.eca.cs2.2()

all inv.eca.cs2.3()

all inv.eca.fs3.1()

all inv.eca.fs3.2()

all inv.eca.fs3.3()

all inv.eca.fs3.4()

all inv.Q1()

all inv.Q2()

all inv.Q3()

all.inv.Q4()

conjugate gradient and L-BFGS-B methods, not for Shuffled
Complex Evolution methods.
optim_method (‘Nelder-Mead’, ‘CG’, ‘L-BFGS-B’ and
‘SCE) - optimisation method to be used.
start_sigma - EC value for homogenous starting model in
mS/m.
sigma_lims_df - data frame of EC limits with column of
maximum and minimum EC, and the number of rows equaling
the number of layers.
algo (1 or 2) - whether to use L1 or L2 norm in objective
function.
fixed_cond1 - fixed layer 1 EC value.
fixed_cond2 - fixed layer 2 EC value.
fixed_depth1 - fixed layer 1 depth value.
meas_eca_df - meas_eca is replaced by data frame of x, y and z
position and ECa values.
num_cores - number of cores to use.
For all other parameters see inv.eca.cs.2.1()
meas_eca_df - meas_eca is replaced by data frame of x, y and z
position and ECa values.
num_cores - number of cores to use.
For all other parameters see inv.eca.cs.2.2()
meas_eca_df - meas_eca is replaced by data frame of x, y and z
position and ECa values.
num_cores - number of cores to use.
For all other parameters see inv.eca.cs.2.3()
meas_eca_df - meas_eca is replaced by data frame of x, y and z
position and ECa values.
num_cores - number of cores to use.
For all other parameters see inv.eca.fs.3.1()
meas_eca_df - meas_eca is replaced by data frame of x, y and z
position and ECa values.
num_cores - number of cores to use.
For all other parameters see inv.eca.fs.3.2()
meas_eca_df - meas_eca is replaced by data frame of x, y and z
position and ECa values.
num_cores - number of cores to use.
For all other parameters see inv.eca.fs.3.3()
meas_eca_df - meas_eca is replaced by data frame of x, y and z
position and ECa values.
num_cores - number of cores to use.
For all other parameters see inv.eca.fs.3.4()
meas_eca_df - meas_Q is replaced by data frame of x, y and z
position and ECa values.
Number of cores to use, num_cores.
For all other parameters see inv.Q.1()
meas_eca_df - meas_Q is replaced by data frame of x, y and z
position and ECa values.
Number of cores to use, num_cores.
For all other parameters see inv.Q.2()
meas_eca_df - meas_Q is replaced by data frame of x, y and z
position and ECa values.
Number of cores to use, num_cores.
For all other parameters see inv.Q.3()
meas_eca_df - meas_Q is replaced by data frame of x, y and z
position and ECa values.
Number of cores to use, num_cores.
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layer model with
a sharp boundary.
In addition a fixed
value for the layer
1 EC, layer 2 EC
or depth can be
supplied.

Parallel version of
all.inv.eca.cs2.1()
Parallel version of
all.inv.eca.cs2.2()
Parallel version of
all.inv.eca.cs2.3()
Parallel version of
all.inv.eca.fs3.1()
Parallel version of
all.inv.eca.fs3.2()
Parallel version of
all.inv.eca.fs3.3()
Parallel version of
all.inv.eca.fs3.4()
Parallel version of
all.inv.eca.Q1()
Parallel version of
all.inv.eca.Q2()
Parallel version of
all.inv.eca.Q3()
Parallel version of
all.inv.eca.Q4()

For all other parameters see inv.Q.4()

Table 11.5: Plotting functions for electromagnetic induction data.

pretty.quad1()

plot.misfit()

xlim - limits of x.
ylim - limits of y.
zlim - limits of z.
nbins - number of bins.
num_layers - number of layers.
cols - colours.
xlab - label of x axis.
ylab - label of y axis.
zlab - label of z axis.
main - main plot label.
mod_cons - model of inverted conductivities.
meas_eca - measured apparent conductivities.
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Plot inverted models of EC.

Plots scatter plot of measured
and predicted ECa values

