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Abstract Population growth and changing climate continue to impact on the availability 
of natural resources. Urbanization of vulnerable coastal margins can place serious demands 
on shallow groundwater. Here, groundwater management requires definition of coastal 
hydrogeology, particularly the seawater interface. Electrical resistivity imaging (ERI) 
appears to be ideally suited for this purpose. We investigate challenges and drivers for suc-
cessful electrical resistivity imaging with field and synthetic experiments. Two decades 
of seawater intrusion monitoring provide a basis for creating a geo-electrical model suit-
able for demonstrating the significance of acquisition and inversion parameters on resis-
tivity imaging outcomes. A key observation is that resistivity imaging with combinations 
of electrode arrays that include dipole–dipole quadrupoles can be configured to illuminate 
consequential elements of coastal hydrogeology. We extend our analysis of ERI to include 
a diverse set of hydrogeological settings along more than 100 km of the coastal margin 
passing the city of Perth, Western Australia. Of particular importance are settings with: (1) 
a classic seawater wedge in an unconfined aquifer, (2) a shallow unconfined aquifer over 
an impermeable substrate, and (3) a shallow multi-tiered aquifer system over a conductive 
impermeable substrate. We also demonstrate a systematic increase in the landward extent 
of the seawater wedge at sites located progressively closer to the highly urbanized center of 
Perth. Based on field and synthetic ERI experiments from a broad range of hydrogeologi-
cal settings, we tabulate current challenges and future directions for this technology. Our 
research contributes to resolving the globally significant challenge of managing seawater 
intrusion at vulnerable coastal margins.
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1 Introduction

Of the world population in 2003, an estimated 1.2 billion people lived within 100 km of 
the coast (Small and Nicholls 2003). Population density along coastal margins, shown in 
Fig. 1, is higher than average population densities worldwide (Small and Nicholls 2003). 
As global population increases, the demand on accessible fresh groundwater from shallow 
coastal aquifers will increase, potentially resulting in the loss of potable water to seawater 
intrusion. This will have significant human impact (Vorosmarty et al. 2000). In 2001, an 
estimated 85% of the Australian population were living within 50 km of the coast (ABS 
2006). Densely populated coastlines of Thailand, Vietnam, and Bangladesh are all at high 
risk of seawater intrusion (Imperial College London 2015). Populations with the greatest 
need to access readily available fresh water are often the ones at risk of losing this resource.

Management systems involving aquifer replenishment, such as the Groundwater 
Replenishment Schemes (GWRS) in Perth, Western Australia (Water Corporation 2016), 
and California, USA (Water-Technology 2016), can be designed to mitigate seawater intru-
sion. However, the infrastructure tends to be costly and out of reach for many developing 
countries.

Seawater intrusion monitoring with wells is a necessary and reliable method of recover-
ing water chemistry above and below the seawater interface. However, wells cannot map 
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Fig. 1  World population density map derived from gridded population of the world, version 4 (CIESIN 
2016). Countries with high population density are also at risk of losing readily accessible fresh water 
reserves to seawater intrusion if management strategies are not developed. Areas shaded in green around 
coastal margins are already identified as experiencing seawater intrusion and up-coning (Van Weert et al. 
2009)
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the full interface geometry and may be difficult to install in highly urbanized areas. Elec-
trical resistivity imaging (ERI) presents a potentially valuable, low-cost tool for mapping 
the seawater interface, but only if the resulting formation conductivity distribution can be 
interpreted with confidence.

Examples of ERI applied for mapping seawater intrusion are presented for transects par-
allel, or perpendicular to the coastline (Abdul Nassir et  al. 2000; de Franco et  al. 2009; 
Koukadaki et al. 2007; Pidlisecky et al. 2016; Wilson et al. 2006). Transects that run paral-
lel to the coastline will not provide any specific geometry of the seawater interface, how-
ever may still provide some useful information (e.g., Pidlisecky et al. 2016).

Current literature on ERI and the seawater interface suggests many challenges and 
knowledge gaps. The consequence is uncertainty regarding: (1) the connection between 
the inverted and true subsurface conductivity distribution and (2) how the geo-electrical 
setting connects to coastal hydrogeology and in particular the geometry of the seawater 
interface. For example, we found no systematic studies of ERI for a high-quality, shallow 
coastal aquifer underlain by an impermeable substrate. This broad class of coastal aquifer 
system is common worldwide (e.g., Biscayne aquifer, Florida (Sonenshein 1995), Yarkon-
Taninim aquifer, Israel (Paster et al. 2006; Schwarz et al. 2016)). We also found no sys-
tematic comparisons of numerical modeling and field ERI experiments for a diverse set of 
aquifer systems, which include detailed topography and accurate models of salinity distri-
bution based on seawater intrusion monitoring (SIM) wells.

Of particular interest in our study is the scenario where a high-quality, high-permeabil-
ity coastal aquifer overlies a shallow clayey substrate. This is common along coastal mar-
gins, and we will show that this presents particular challenges for the application of electri-
cal resistivity imaging. This setting consists of four high-contrast geo-electrical boundaries 
including:

1. the air interface Topographic relief along limestone-dominated coastal margins can 
vary significantly, from sand dunes, to cliffs, to variably sloped beachfronts. We strongly 
suspect that accurate elevations must be included in ERI inversion, and note that many 
ERI studies neglect geometry of this key interface,

2. the water table interface This is a near horizontal surface in high-permeability uncon-
fined aquifers. It exists where the unsaturated zone rapidly changes across the capillary 
fringe to more electrically conductive, fully saturated aquifer sediments,

3. the seawater interface This is the transition zone between formation saturated with 
seawater and sediments saturated with fresh, potable, groundwater. This broadly wedge-
shaped transitional zone is expected to have an electrical conductivity contrast of at least 
1:100,

4. the aquifer to confining substrate interface This often sub-horizontal major geo-elec-
trical interface should be divided laterally into parts. The first is the contrast between 
the aquifer and impermeable substrate on the ocean side of the seawater interface. The 
second is the transition from fresh potable groundwater to the impermeable substrate 
on the landward side of the seawater interface.

Superimposed on these four high-contrast geo-electrical boundaries are contrasts linked to 
variation in lithology. We suspect that lithological changes within the aquifer present a sec-
ond-order impact on resistivity imaging, compared to the extreme contrasts at each of the 
four interfaces described above. The caveat to the above is where shallow conductive clays 
occur close to surface. Such layers may indeed have a strong influence on the outcome of 
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resistivity imaging. We will provide many field and numerical experiments to explore the 
above.

Constraints on ERI inversion can be deployed if drilling, wireline logging, and/or other 
geophysical data are available. In this case, joint, collaborative and cooperative inversion 
strategies can be deployed (e.g., Gallardo and Meju 2007, 2011; Le et  al. 2016; Marker 
et al. 2015; Soueid Ahmed et al. 2015; Takam Takougang et al. 2015; Zhou et al. 2014). 
We will provide field-based examples of how characterization of coastal aquifer systems 
can be advanced by integration of ERI with complementary data, such as ground penetrat-
ing radar (GPR).

Ultimately, resistivity imaging and indeed any near-surface hydrogeophysical method 
should assist predictive transport modeling processes and contributed to decision making 
for long-term management of high-quality coastal groundwater resources.

1.1  Background: The Seawater Interface

The characteristic wedge shape of the seawater interface is the combined result of many 
factors. These include (1) the density contrasts between fresh and seawaters, (2) the distri-
bution of hydraulic properties, (3) flow-through of groundwater toward the ocean, (4) rain-
fall recharge and (5) the distribution of groundwater abstraction and recharge. The shape of 
the classic theoretical seawater wedge can be obtained from the Ghyben–Herzberg approx-
imation (Verruijt 1968) and is a naturally occurring result of the density difference between 
saline and fresh water.

Seawater is approximately 2.5% denser than fresh water due to dissolved solids (i.e., 
mostly NaCl). Denser seawater tends to drive under less dense fresh water in a steady-state 
mixing environment (Pool and Carrera 2011; Verruijt 1968; Wentworth 1947). Figure  2 
provides a schematic for three shallow coastal hydrogeological settings. These include (1) 
an unconfined aquifer, (2) an unconfined aquifer above a low-permeability substrate, and 
(3) an aquifer containing a shallow semi-pervious layer above a low-permeability substrate. 
We will analyze field ERI experiments for all these settings.

Fresh water and saline water are miscible liquids, although the difference exists only in 
the solute concentration so a zone where saline and fresh water mixing will exist. Mod-
els for the mixing zone historically used a simple sharp interface (Verruijt 1968). Modern 
approximations are based on density-dependent miscible systems which account for vari-
able density mixing zones (Abarca and Clement 2009; National Water Commission 2012; 
Diersch 2014; Lu 2011; Lu et al. 2013; Werner et al. 2013). The width of the mixing zone 
can be highly variable, from millimeters in laboratory-based experiments (Abarca and 
Clement 2009), to kilometers in field-scale examples. Some examples include the Ever-
glades National Park, USA, where a wide mixing zone of approximately 6–28 km is iden-
tified by hydrogeological tracers (Price et al. 2003), and at Laizhou Bay, China, where a 
zone of approximately 1.5–6 km is identified (Wu et al. 1993).

1.2  Background: Electrical Resistivity Imaging

Electrical resistivity imaging (ERI) is a geophysical method used to estimate subsurface 
electrical properties (Dahlin 2001; Herman 2001; Samouëlian et al. 2005). Fundamentally, 
an electrical current is injected into the earth between a pair of electrodes and voltage is 
measured between another pair of electrodes. Multi-channel instruments allow for the rapid 
acquisition of various electrode configurations. A typical multi-channel array resistivity 
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survey consists of electrodes connected to a transmitter/receiver system via a multi-core 
cable. The apparent resistivity (�) is calculated for every electrode quadrupole by Eq. 1

where V is voltage, I is current, and k is geometric factor.
There are many electrode configurations (Dahlin and Zhou 2004). Some standard con-

figurations are shown in Fig. 3. The multiple-gradient array is relatively modern and suited 
to multi-channel acquisition. It has high signal-to-noise characteristics, and is similar to the 
pole–dipole array for some quadrupole arrangements, with other characteristics similar to a 
Schlumberger array (Dahlin and Zhou 2006; Loke et al. 2013).

Multi-channel ERI acquisition systems are common in modern exploration. Several 
authors consider methods for efficiently combining ERI arrays to improve subsurface reso-
lution (e.g., Athanasiou et al. 2007; Ishola et al. 2015; Loke et al. 2007). For any given set 
of electrodes, the total possible number of non-reciprocal electrode combinations is given 
below (Noel and Xu 1991; Stummer et al. 2002) where n represents the number of elec-
trodes present in the array.

(1)� = k
V

I

(2)Ncombinations =
[n∗(n−1)∗(n−2)∗(n−3)]

8

Schematic: With Substrate and Semipervious Layer

Schematic: Without Substrate

Schematic: With Substrate
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Fig. 2  Schematic representation of three shallow coastal hydrogeological systems, and respective seawater 
interface geometries, for recovery by ERI methods. Key hydrogeological zones to be resolved by ERI are 
a: the phreatic water table, b: the saturated potable groundwater, c: the saturated saline groundwater, d: the 
mixing zone, e: an impermeable substrate, and f: a thin semi-pervious intra-aquifer clayey layer
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For example, a 24-electrode cable has 31,878 possible 4-electrode arrangements. However, 
acquiring all of these electrode arrangements is prohibitively time-consuming and does not 
guarantee a superior outcome.

Optimized arrays, with trade-offs between acquisition efficiency and optimum ERI reso-
lution, is an active field of research for ERI imaging (e.g., Loke et  al. 2014a, b, 2015b; 
Stummer et al. 2002; Szalai et al. 2013; Wilkinson et al. 2012, 2006). Several methods of 
optimization exist; however, the analysis of resolution matrices has proven popular. This 
method finds the minimum number of electrodes required to maximize the sum of the reso-
lution matrix elements for a given number of electrode combinations (Loke et al. 2013). 
Some practical aspects of the optimized arrays, such as electrode polarization effects and 
noise mitigation, are addressed by Wilkinson et al. (2012).

Depth of investigation for ERI is generally related to electrode separation. Some sug-
gest the depth of penetration of < 30% of the array length (Roy and Apparao 1971; Szalai 
et al. 2009). Edwards (1977) suggests that the effective median depth of investigation of a 
dipole–dipole array is between 14 and 22% of total line length. The actual depth of investi-
gation must be the result of many variables, such as the array configuration, geo-electrical 
setting, signal-to-noise ratio during acquisition, and the inversion strategy deployed. Mod-
ern approximations for depth of investigation are made with a range of depth-of-investiga-
tion algorithms (Christiansen and Auken 2012; Oldenburg and Li 1999).

A comparison of electrode configurations for a range of geo-electrical settings, includ-
ing analysis over an exceptionally shallow seawater interface (< 5  m below a horizontal 
surface) model, is provided by Martorana et al. (2009). They suggest that the dipole–dipole 
array has advantages for resolving the seawater interface. However, the model study does 
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Fig. 3  Schematic showing common electrical resistivity imaging arrays. Arrays 3, 4, and 5 are suitable for 
multi-channel acquisition and thus efficient field acquisition. Current electrodes are color-coded red, while 
potential electrodes are in blue. The letter “a” denotes unit spacing, while “na” and “ma” denote multiples 
of “a” associated with various array parameters
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not include topographic relief and the field examples do not span a full seawater interface 
or provide wells data to verify the inferred results. We note that the substrate used in these 
models appears to be unrealistic at 0.2 Ohm-m.

The general effects of topography on outcomes from commonly used ERI arrays are 
examined by Fox et  al. (1980) and Tsourlos et  al. (1999). They find that incorporation of 
topography effects is often essential. Tsourlos et  al. (1999) conclude that slope angles of 
> 10° produce significant and misleading artifacts in ERI-derived conductivity images where 
topography is not considered. Historic 2D inversion approaches using rectangular blocks 
with a finite-difference scheme are unable to satisfactorily model steep topographic changes. 
Modern 2D inversion approaches tend to use finite-element meshes incorporating a variety of 
shapes, such as triangles, hexagons, and warped rectangles, to accurately reproduce steep and 
complicated surface geometries, while topographic relief in 3D datasets can be incorporated 
in unstructured tetrahedral meshes (Rücker et al. 2006). Sloping beachfronts, limestone cliffs, 
and vegetated sand dunes are all common topographic features along coastal margins. We 
will include topography in all of our analysis of ERI and coastal hydrogeology.

1.3  Background: Location, Hydrogeology, and an ERI Control Site

The coastal margin of Perth, Western Australia, has and will continue to undergo rapid 
urbanization. It is endowed with a range of high-quality freshwater unconfined aquifer 
systems. This stretch of coastline is well suited for testing ERI. A broad range of aquifer 
geometries exist, and seawater intrusion monitoring wells have measured landward move-
ment of the seawater interface. Figure 4 shows seven ERI test sites. Many more transects 
were collected throughout the course of this research; however, this set provides a notable 
range of aquifer geometries and imaging outcomes.

Our work is presented in three parts. The first provides analysis of ERI with numerical 
and field experiments based on a long-term seawater intrusion monitoring site. In the sec-
ond, well logs and GPR are able to highlight challenges for ERI in a complex geo-electrical 
and hydrogeological environment. In the third part, we compare ERI outcomes at a diverse 
range of coastal hydrogeological settings along an approximately 100 km length of coast-
line. Here, ERI is deployed at locations with (1) rapid urbanization, (2) historically high 
rates of abstraction of shallow groundwater, and (3) undisturbed native coastal vegetation.

2  ERI—A Control Site for Field and Numerical Experiments

The Quinns Rocks transect is ideally suited as an ERI research and calibration site. It is 
located approximately 30 km north of the Perth, Western Australia. This site has a set of 
established seawater intrusion monitoring (SIM) wells, with groundwater chemistry col-
lected from 1990 to the present. The suburb has undergone extensive and rapid develop-
ment over this period, accompanied by significant population growth (~ 1932–20,070 peo-
ple) from 1990 to 2015 (ABS 2018).

Figure 5 shows the relative position of the SIM wells and the field ERI transect. Mul-
tiple ERI surveys were acquired along a continuous pathway, broadly perpendicular to 
the shoreline. No other continuous pathways were available for use, and no access was 
permitted in the local declared rare flora reserve (Ecoscape Australia Pty Ltd 2004). The 
pathway is a regularly maintained pedestrian walkway, which provides long-term reliable 
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access for repeat geophysical surveys without risk of disturbance to the highly sensitive 
local bushland.

Records from the SIM well series suggest the seawater interface has moved inland 
over the last 20 years to be located between SIM 3-90 and SIM 6-90, over 180 m from 
the shoreline. The combination of borehole and water chemistry information provides 
the necessary input for creation of numerical models of subsurface groundwater and 
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formation conductivity. Synthetic ERI datasets were computed over the formation con-
ductivity model for a variety of electrode arrays, and identical parameters were used to 
acquire field ERI data for a range of electrode arrays.

2.1  An ERI Calibration Site: Hydrogeology and the Seawater Interface

The sedimentary facies of the near-shore environment in the Quinns Rocks area is primar-
ily Tamala Limestone and Safety Bay Sand (Davidson 1995). The Tamala Limestone is 
an expansive reach of Quaternary eolianite limestone found along the majority of coastal 
Western Australia. Hydraulic conductivity values associated with the Tamala Limestone 
from regional groundwater models are 75–3000 m/day, with values at Quinns Rocks rang-
ing from 70 to 235 m/day (Kretschmer and Degens 2012; Smith et al. 2012a). The wide 
range of values throughout the Tamala Limestone is attributed to well-developed dual-pore 
systems, e.g., cave systems, and secondary porosity development (e.g., Smith et al. 2012a) 
in particular areas along the coastal margin of Perth.

A hydrogeological seal comprising glauconitic clay and silty-shale was reported at 
approximately 30 m below sea level in several lithological logs from the SIM wells (Water 
Information Reporting database 2015). This is likely to be the Pinjar Member (Davidson 
1995; Ivkovic et al. 2012; Leyland 2012), and we refer to this layer as the clayey substrate.
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Fig. 5  Photographic image showing the field ERI research transect and SIM wells at Quinns Rocks, Perth, 
Western Australia. Information from the SIM wells is used to build numerical models of both water and 
formation electrical conductivity. The field ERI transect runs along a pedestrian walkway, indicated by the 
solid white line. The graph inserted in the upper right-hand corner of the image provides a measure of sea-
water intrusion through time in SIM-3. The groundwater in the well was potable until approximately 2001 
after which the seawater interface passed SIM-3, and salinity rapidly approached that of seawater. Prior to 
1990, there were few dwellings in the Quinns Rocks area (Base satellite imagery ©2017 Google Earth)
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The Tamala Limestone can be observed as outcrop, and a sample of the limestone was 
recovered. Laboratory measurements suggest a formation factor of approximately 14, and 
porosity of close to 35%, consistent with suggested values for the Tamala Limestone near 
Quinns Rocks (Smith et  al. 2012a, b). These values are used to convert distribution of 
groundwater electrical conductivity to formation conductivity.

Figure 6 shows subsurface hydrogeology of a synthetic transect across the SIM wells at 
Quinns Rocks. It includes interpretation of the seawater interface and formation resistiv-
ity based on the formation factor recovered from the sample. The formation conductivity 
model in Fig. 6 is used for numerical simulation of ERI data, which are then compared 
with outcomes from a series of field ERI experiments completed at the Quinns Rocks site.

2.2  ERI Inversion Strategies

The degree to which resistivity imaging can match the true subsurface resistivity distri-
bution is driven by a combination of acquisition parameters and the inversion strategy. A 
large number of strategies are possible; however, to progress our analysis across a number 
of geo-electrical settings, we must select a limited number of strategies. Several appendices 
are included to explicitly define inversion parameters and provide the imaging outcomes 
from alternative inversion strategies.
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The industry standard RES2DMOD (Loke 2016c) is used for forward modeling and 
RES2DINV (Loke 2016b) for inversion. RES2DINV is based on a modified Occam-style 
2D ERI Inversion code (Loke 2003). Table 1 contains a summary of parameters used to 
invert field and synthetic data, while Appendix 3 provides the full list of our standard 
inversion parameters.

We test a range of ERI inversion parameters, particularly the cutoff factor, used 
within RES2DINV (Loke 2016b), and produce extensive sets of numerical resistivity 
imaging outcomes. These allow comparison of outcomes from inversion with different 
cutoff factors for the geo-electrical model shown in Fig.  6. These sets of images are 
provided in Appendix 1 and reveal the impact of systematically changing robust data 
and model constraints. They also assist in selecting our “standard” inversion param-
eters as provided in Appendix 3.

We also identify an alternative inversion pathway with sufficient merit to reproduce 
all inversion outcomes and present these in Appendix 4. For the alternate strategy, we 
used an “expanded model” and a “diagonal roughness filter”. Our standard inversion 
parameters represent an approach commonly deployed in the literature (e.g., Binley 
et al. 2015; Carriere et al. 2013; Krishnaraj et al. 2014; Loke et al. 2013), which use a 
trapezoidal model (i.e., not expanded). This limits models cells to pseudo-depth points, 
so creating the familiar tapered edges on resistivity images. However, limiting the 
model in such a manner may introduce edge artifacts (Loke 2016a). The “standard” 
approach with the trapezoidal model does reduce the number of model cells; however, 
modern computers are capable of handling the demands of an expanded 2D section.

As explained by Farquharson (2007), the normal roughness filter only has compo-
nents in the x and y directions. This tends to cause vertically or horizontally aligned 
structures (Loke 2016a). The diagonal roughness filter introduces two additional 
smoothing constraints in the diagonally up and down directions (Farquharson 2007). 
This approach can effectively generate dipping and angled interfaces while using the 
L1 model norm. Note that Appendix 4 provides resistivity imaging from the alternative 

Table 1  Summary of our 
“standard” parameters for 
inversion of field and synthetic 
ERI data

Inversion is completed with the software RES2DINV (Loke 2016b). 
The complete list of inversion parameters is in Appendix 3

Parameter Value

Initial damping factor 0.15
Minimum damping factor 0.02
Number of nodes between electrodes 8 (4 nodes, Refined mesh)
Layer thickness increase with depth 1.05
First layer thickness (% of unit step) 0.25
Damping factor increase with depth 1.05
Robust data constraint cutoff 0.05
Model block width ½ electrode step
RMS convergence threshold 5%
Line search RMS change limit 0.5
Reference resistivity for half-space Average value of 1st iteration
Optimization method Incomplete Gauss–Newton



764 Surv Geophys (2018) 39:753–816

1 3

inversion strategy, along with images expressing ERI resolution distribution and 
graphical representations of inversion misfits.

We note that all data files, including field data, model data, and inversion results, 
are available for the reader and we encourage comparison with our results.

2.3  ERI Control Site: Numerical Experiments

The geoelectrical model shown in Fig. 6 provides the basis for our analysis of ERI along 
coastal margins. For this setting, we have computed synthetic ERI data for Wenner, 
Schlumberger, and dipole–dipole electrode configurations with the parameters set out in 
Table 2. ERI inversion outcomes are assessed for individual arrays and combinations of 
arrays. We later compare these numerical outcomes with those from field measurements at 
the calibration site.

Of particular interest is a comparison of artifacts that may arise from unconstrained 
inversion for the three common electrode configurations, as well as any improvement or 
deterioration in ERI imaging that may occur by inverting combinations of electrode config-
urations. Note that the Schlumberger array referred to below is the hybrid Wenner–Schlum-
berger configuration as described in Pazdirek and Blaha (1996).

Figure  7 shows the outcome of ERI inversion for the geo-electrical model based on 
distribution of formation conductivity shown in Fig. 6. The first example excludes topog-
raphy as we note several instances where ERI has been presented but appears to neglect 
the influence of topography along coastal margins (e.g., Heen and Muhsen 2017; Igroufa 
et al. 2010; Krishnaraj et al. 2014). We take the opportunity to highlight the significance of 
both topographic relief and electrode configurations on ERI inversion with the numerical 
example.

From Fig. 7, the inadequacies of the classic Wenner array are immediately clear as it 
fails to recover the substrate below the seawater wedge. Both dipole–dipole and Schlum-
berger arrays overshoot the substrate boundary below the wedge. Notice that the position 
of the substrate below the high-resistivity fresher groundwater appears well resolved in 
all cases. However, the existence and depth of the lower substrate would likely be misin-
terpreted from resistivity images derived from the Wenner synthetic data. The shape and 
resistivity of the seawater wedge are most accurately recovered from the dipole–dipole 
data.

There are many ways to represent how effectively an inversion process has fit the numer-
ical data to measurements. Global RMS error is necessary, but is rarely sufficient. We will 

Table 2  Numerical modeling array parameters from RES2DMOD

a Limited the number of points

Test Array No. sensors n a No. points Max. K.

Model (w/o Topo.) Wenner 44 – 14 301 10,000
Schlumberger 44 17 14 1037 10,000a

Inline dipole–dipole 44 5 14 773 10,000a

Model (w/ Topo.) Wenner 55 – 18 477 10,000
Schlumberger 55 17 18 1716 10,000a

Inline dipole–dipole 55 5 18 1168 10,000a
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highlight some additional representations. Firstly, an appreciation of the spatial distribution 
of misfit can be obtained if model and field apparent resistivity pseudo-plots are compared 
and accompanied by an image of mismatch percent against pseudo-depth. The distribu-
tion of relative mismatch between observed and calculated values (i.e. measured data and 
inversion output) is a valuable tool for quality control and assessment of model fit. They 
may reveal an unexpected distribution of percentage mismatch, or the existence of outlier 
points. We provide examples of mismatch distribution for the forward-modeled Wenner, 
Schlumberger, and dipole–dipole experiments represented in Fig.  7 and later provide an 
example of the same mismatch representations for the Quinns Rocks field ERI data (the 
Wenner array).
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Fig. 7  Images showing the forward geo-electrical model of formation conductivity distribution plus three 
inverted conductivity sections. The inverted sections are computed from synthetic ERI data of the forward 
model for different electrode configurations. The forward geo-electrical model is based on water chemistry 
and lithology from the Quinns Rocks seawater monitoring wells (i.e., Fig. 6). The three survey configura-
tions compared are (1) Wenner (top), (2) Schlumberger (middle), and (3) dipole–dipole (lower). Inversions 
for these models are unconstrained. The general location of the seawater interface is recovered by inversion 
for each example given; however, the dipole–dipole survey produced the truest representation of the full 
geometry of the seawater interface and lower substrate
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Figures 8, 9, 10, 11, 12, and 13 show pseudo-plots for the observed, and calculated 
data, as well as the percentage misfit for each data point. As expected for forward 
model examples, the residual errors are small, appear to have a Gaussian distribution, 

Fig. 8  Pseudo-sections for the observed (top), and calculated (middle) apparent resistivity, and percentage 
mismatch (bottom) for modeled Wenner configuration. These data are calculated for a model with a shallow 
resistive layer, a conductive seawater wedge, and conductive lower substrate, as shown in Fig. 7. Areas of 
largest misfit exist near the seawater wedge and shallow resistive interfaces

Fig. 9  Plots showing the distribution of error and misfit between observed and calculated data. These plots 
describe the inversion of ERI data computed over the synthetic forward model without topography, using a 
Wenner configuration. The distribution of errors is Gaussian, and observations are consistent with calcu-
lated measurements
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and possess an excellent match between model apparent resistivity and measured (i.e., 
simulated field measurements) in the cross-plot. For these synthetic examples, we can 
observe that the inversion strategy has performed exceedingly well. Higher levels of 
misfit occurs in the shallow subsurface, consistent with the high-contrast shallow 
boundary present in the forward model. The limited data density in the near-surface 
with the Wenner and Wenner-Schlumberger array are the likely source of this misfit.

Fig. 10  Pseudo-sections for the observed (top) and calculated apparent resistivity (middle) and percentage 
mismatch (bottom) between observed and calculated values for the Schlumberger configuration

Fig. 11  Plots showing the distribution of error and misfit between observed and calculated data. These 
plots describe the inversion of ERI data computed over the synthetic forward model without topography 
using a Schlumberger configuration. Elevated levels of misfit are observed in the high resistivity shallow 
subsurface, where the high contrast boundary exists (e.g., water table)
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We note that the Delaunay triangulation used to present the misfit plots provides a gen-
erally accurate representation of the distribution, particularly where points are regularly 
distributed (e.g., Fig.  9). Some electrode configurations present irregular pseudo-depth 
plotting points. Triangulation across these points tends to produced minor visual artifacts, 
such as unexpected patterns or smeared error distributions (e.g., Figs. 10, 11).

Fig. 12  Pseudo-sections for the observed (top) and calculated apparent resistivity (middle) and percent-
age mismatch (bottom) between observed and calculated values for the dipole–dipole configuration. This 
model includes a shallow resistive layer, a conductive seawater wedge, and conductive lower substrate, and 
is without topography. Areas of largest misfit exist near the seawater wedge and shallow resistive interfaces

Fig. 13  Plots showing the distribution of error and misfit between observed and calculated data. These 
plots describe the inversion of ERI data computed over the synthetic forward model without topography 
using a dipole-dipole configuration
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Figure  14 shows the second example for the geo-electrical model defined by Quinns 
Rocks SIM wells as shown in Fig. 6. This model includes accurate topographic relief along 
the transect [i.e., recovered from 5 m LIDAR data (Geoscience Australia 2017)]. Here, we 

Fig. 14  Images showing the geo-electrical model incorporating topography, plus ERI-derived formation 
conductivity distribution for standard electrode arrays. The forward geo-electrical model is converted from 
the Quinns Rocks hydrogeological model shown in Fig. 6. These images can be compared with those from 
Fig. 7 where the geo-electrical model excludes topography. The inclusion of topographic relief significantly 
affects resolution and accuracy of key interfaces in the inverted ERI conductivity distribution for conven-
tional electrode arrays
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are able to highlight the consequence of the variably thick upper, highly resistive unsatu-
rated zone between air and the water table on the outcome of resistivity imaging.

A comparison of dipole–dipole ERI-derived conductivity distribution in Figs. 7 and 14 
shows that topography has a significant impact on resistivity imaging. Notice the reduction 
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Fig. 15  Geo-electrical model incorporating topography plus ERI-derived formation conductivity distribu-
tion for combined electrode arrays. The forward geo-electrical model is converted directly from the Quinns 
Rocks hydrogeological model shown in Fig. 6. These images can be compared with those from Figs. 7 and 
14. Only the inversion of synthetic ERI data for two dipole–dipole hybrid data is able to credibly locate the 
high conductivity of the wedge and the depth of substrate interface below the seawater wedge
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in accuracy with which resistivity imaging recovers details of the seawater wedge and sub-
strate in Fig. 14. The recovered geo-electrical model should have uniform conductivity of 
330 mS/m in the wedge, and 50 mS/m in the substrate. Similar observations are present in 
outcomes of field ERI data, presented later in this text.

Inversion outcomes shown in Fig.  14 generally underestimate the conductivity of the 
wedge and fail to resolve the substrate below. While the location of the substrate beneath the 
higher resistivity fresh groundwater is generally resolved in each case, the substrate below 
the conductive seawater wedge is always poorly resolved. In the worst cases, the outcome of 
inversion of data from the Wenner array gives no indication of the existence of the uniform 
horizontal substrate.

Figure 15 extends the above analysis to include combination arrays. The number of data 
points (i.e., quadrupoles) in the combined arrays is shown in each resistivity image. Inversion 
parameters are identical to those used to generate resistivity images in Figs. 7 and 14.

Inversion of the synthetic ERI data from the combined dipole–dipole/Wenner array and 
dipole–dipole/Schlumberger arrays provides significant improvement in definition of the 
saline groundwater wedge and lower substrate (see Fig. 15) when compared to outcomes from 
individual arrays. Only the combined dipole–dipole/Schlumberger array provides clarity on 
the location of the substrate interface below the saline groundwater wedge. In practice, hybrid 
dipole–dipole surveys are relatively efficient to acquire and are readily incorporated into multi-
channel acquisition.

2.4  ERI Control Site: Field ERI Experiments

Field experiments were completed with the SYSCAL Pro 72 ERI system (Iris Instruments). 
Coordinates were measured with a RTK GPS system (Navcomm SF3040). The total length 
of the Quinns Rocks ERI transect is approximately 440 m, with electrodes spaced every 10 m. 
The electrodes were 200 mm long, 10 mm diameter, stainless steel pegs. Each electrode posi-
tion is saturated with brackish water and use resistance checks across each electrode pair as a 
quality control measure. Each electrode configuration uses an injection voltage of 400 V, 4–8 
stacks per quadrupole with requested quality factor set to zero (i.e., no changes in successive 
measurements) and 250 ms current injection time with a 100% duty cycle waveform.

Inversion of field data uses identical parameters to those used for synthetic data, i.e., 
Table 1. Figure 16 shows resistivity imaging for ERI field data from the control site. With the 
exception of the schlumberger array, outcomes from the inversion of field data are highly con-
sistent with the conductivity distribution obtained from inversion of synthetic data computed 
for the seawater interface model at this site (see Fig. 14).

In Fig. 16, the resistivity imaging clearly shows the substrate on the landward side of the 
wedge where there is higher resistivity fresher groundwater. However, below the saline wedge, 
the substrate is only interpretable in the dipole–dipole resistivity image. The black dotted line 
on the resistivity images in Fig. 16 is the interpreted shape of the seawater interface. With-
out knowledge of shape of this interface or the existence of the substrate from drilling, there 
would be little prospect of accurately interpreting these key elements of coastal hydrogeology 
from the Wenner or Schlumberger resistivity images. These observations are consistent with 
those from resistivity imaging of synthetic data over the seawater interface model in Sect. 2.3.

Inversion of field dipole–dipole ERI data shows higher error than inversion of the data 
from Wenner or Schlumberger style arrays. In RES2DINV, the measure of error for the robust 
inversion is the mean absolute error, shown in Eq. 2.
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where Eabs is the measure of error, N is the number of data points, �cal are calculated resis-
tivity values, and �obs are observed resistivity values.

This measure of error follows the standard definition of mean absolute error (Weisstein 
2017) and is generally preferred over root mean square error (RMSE) (Chai and Draxler 
2014; Willmott and Matsuura 2005; Willmott et al. 2009). However, and more generally, 
all forms of global error can be misleading. For example, the Wenner electrode configura-
tion fails to recover any change in conductivity associated with the lower clayey substrate 
in both synthetic and field examples, yet the final inversion has significantly lower error 
than inversion of the dipole–dipole or Schlumberger data.

Measures of global error are strongly affected by quality and number of data points 
inverted. Wenner data have a relatively small number of low geometric factor (i.e., high 
quality) quadrupoles compared to dipole–dipole data, which, for the same number of elec-
trodes, have more data points with generally higher geometric factor (i.e., lower quality). 
As usual, reducing the number of data points available for inversion tends to reduce global 
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Fig. 16  Resistivity imaging from unconstrained inversion of field ERI data for different electrode con-
figurations. The configurations shown are Wenner (top), Schlumberger (middle), and dipole–dipole (bot-
tom). Data were collected on 28 July 2015. The water table and the clayey substrate are located at 0 and 
– 30 mASL, respectively, as shown in geo-electrical model in Fig. 6. The existence and, to some extent, 
the geometry of the seawater interface are revealed by all array configurations. However, the substrate is 
poorly resolved in both Wenner and Schlumberger examples, which is consistent with the outcome from our 
numerical experiments (see Fig. 14)
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misfit. However, this strategy will diminish the illumination of any subsurface target and 
ultimately degrade imaging outcomes. General inadequacies in global error estimates lead-
ing to unrealistic models are well documented, such as global misfit in electrical methods 
(Le et al. 2016), and hydrologic and hydro-climatic models (Legates and McCabe 1999).

Spatial assessment of apparent resistivity misfit distribution after inversion can be an 
important method for quality control of both the field data and the inversion outcome. This 
is illustrated in Figs.  17 and 18. Here, we compare apparent resistivity pseudo-sections 

Fig. 17  Images depicting the observed apparent resistivity distribution (top), calculated (i.e., inverted) 
apparent resistivity distribution (middle), and apparent resistivity misfit (bottom). This set of images is for 
the Wenner configuration field data collected at Quinns Rocks

Fig. 18  Histogram and cross-plot of misfit and error distribution in the inverted apparent resistivity image 
compared to the observed apparent resistivity. The error and misfit appear normally distributed throughout
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from field (i.e., observed or measured) data and inverted (i.e., calculated) data for the 
Quinns Rocks Wenner electrode configuration survey. These images are accompanied by 
(1) a map of apparent resistivity misfit distribution, (2) a histogram of misfit, and (3) a 
cross-plot of measured apparent resistivity versus apparent resistivity from final inver-
sion outcome (i.e., see comparable analysis for the synthetic example in Fig. 8). The mis-
fit image shows a relatively uniform error distribution. The histogram points toward the 
expected normal distribution of error, and the cross-plot shows relatively few outliers (i.e., 
points offset from the �obs = �calc trend line). The analysis shows the quality of the match 
between measured and calculated ERI apparent resistivity is generally excellent. That is, 
the vast majority of points have exceedingly small, relatively random mismatch.

Our analysis indicates that, in the near-shore setting, the outcome of unconstrained 
inversion has a first-order dependence on electrode configuration, which is linked to illumi-
nation for the specific geo-electrical setting. While each of the arrays suggests the seawater 
interface is located at approximately 170 m inland, only the dipole–dipole-based resistivity 
imaging provides confidence as to the existence of the substrate, which is a highly signifi-
cant element of coastal hydrogeology.

3  ERI in Complex Geo‑Electrical/Hydrogeological Architectures

The idea of a conventional saline groundwater wedge may be far from the reality for some 
dynamic coastal margins. The Cockburn area, south of Perth, Western Australia (Fig. 4), 
combines multiple layers of extremely high transmissivity sands, seaward-dipping stratig-
raphy, and an expansive high-conductivity sheet-like clay/shale substrate (Pollock et  al. 
2006; Smith and Hick 2001). For this site, multiple drill-holes, wireline logging, and GPR 
data are needed to resolve key elements of the coastal hydrogeology.

As with many ERI sites, access at the Coogee site was restricted to pre-existing path-
ways. Figure 19 shows the location of the ERI transects, GPR transects, and monitoring 
wells C1a and C1b. The ERI cross-lines were collected to assess geo-electrical symmetry 
parallel to the coast. The 250 MHz shielded antenna GPR data were collected to: (1) pro-
vide detailed shallow stratigraphy (e.g., dips) and (2) recover a shallow expression of the 
seawater interface near to the shoreline where ERI illumination is limited.

Figure 20 shows resistivity imaging outcomes from dipole–dipole, multiple-gradient, and 
combined electrode configurations. The combined array includes all quadrupoles from the mul-
tiple-gradient and dipole–dipole ERI surveys. Inversion parameters are the same as those given 
in Table 1. Wireline electrical logs from well C1a suggest a shallow layer with slightly elevated 
conductivity close to the water table. The dipole–dipole and combined array appear to resolve 
this semi-continuous layer, whereas outcomes from the multiple-gradient array are unable to 
resolve this layer beyond C1a. The conductivity distribution from wireline logs in Fig. 21 com-
pares exceedingly well with outcomes from resistivity imaging from the dipole–dipole array.

Another key observation from Fig.  20 is that the saline groundwater interface near 
the swash zone is not evident in the ERI imaging outcomes. Evidence from GPR data, 
in Fig. 23, shows the seawater interface to be descending steeply in the region where ERI 
coverage with the standard inversion strategy is low. The alternate inversion strategy pre-
sented in Appendix 4 shows the resolution of model cells in the swash zone close to the 
start of the transect to be relatively high. This strategy produces an outcome perhaps better 
aligned with the anticipated subsurface conductivity distribution than in the standard inver-
sion strategy presented below.
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Figure  21 shows the wireline logging and lithology recovered at monitoring wells 
C1a and C1b. It includes resistivity images from ERI transects that pass parallel and 
perpendicular to the coastline. Gamma wireline logs and samples from sonic logging 
provide accurate depths to the shale substrate (i.e., the Kardinya Shale). The induction 
logs provide the depth to the saline groundwater interface within coarse sands imme-
diately above the shale. The electrical conductivity of groundwater extracted from 
2-m-long well screens, set immediately above the shales, was close to 5500  mS/m. 
Here, ERI is unable to differentiate the conductive Kardinya Shale from coarse sands 
saturated with 5500 mS/m groundwater. At monitoring well C1a, the saline water exists 
as a relatively flat layer with a sharp transition (between −  16 and −  18  m AHD) to 
fresh groundwater above and Kardinya shale below as indicated in Fig. 21.

Figure 22 shows the three ERI transects collected at the Coogee test site. The corre-
lation of ERI resistivity and induction logging resistivity at the transition from fresh to 
saline groundwater for the transect parallel to the coast and passing C1a is exceptional. 
Transects parallel to the coast can validate the 2D assumption made for imaging of the 
transect perpendicular to the coast, however are of little value if collected in isolation.

A second parallel transect was acquired along the beach within 20 m of the ocean. 
It shows uniform apparently layered conductivity distribution. However, 2D ERI imag-
ing this close to the ocean is unlikely to represent the true subsurface resistivity distri-
bution. This is due to the highly conductive ocean (approximately 5500 mS/m) which 
must present strong 3D asymmetry in subsurface electrical conductivity distribution. 

Fig. 19  Map of the Coogee test site, showing well locations (C1a, C1b), ERI transects, and GPR transects. 
Figure 22 provides a 3D perspective of the resistivity imaging. Figure 23 shows the annotated GPR section, 
where points A, B, and C, are at the start, end, and corner of the beach GPR transect, respectively [Aerial 
Photograph reproduced by permission of the Western Australian Land Information Authority (Landgate) 
2018]
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This may be manifested in the generation of the resistive, 100 mS/m layer between two 
highly conductive layers (900 and 400  mS/m) above and below. Although submarine 
freshwater discharge is possible (i.e., the 100 mS/m layer), it is unlikely that the image 
shows the correct subsurface resistivity.

Figure  22 also shows an extract from GPR collected at the site. The GPR image 
reveals persistent shallow dipping stratigraphy with dips approximately 15° in a north-
west direction. Depth of penetration for GPR is often insufficient to image below the 
water table, so GPR is not frequently deployed for seawater intrusion detection. How-
ever, relatively flat and low-lying topography at this site allowed for the deployment of 
this high-resolution imaging technique. This detail cannot be recovered from resistivity 
imaging, however may be a key element of coastal hydrogeology with a potential sig-
nificance as input to flow and solute transport modeling.
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Fig. 20  Inverted conductivity distribution from the multiple-gradient array (top), the dipole–dipole array 
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substrate recovered from sonic core logging at C1a and C1b. Each array is unable to locate the substrate 
interface from the borehole logging. It is difficult to differentiate the saline water at the base of the aquifer 
from the clayey substrate because both have similar high conductivity
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Figure 23 shows a second representation of the GPR data both along and perpendicu-
lar to the beachfront. Highly conductive seawater rapidly attenuates the GPR signal and 
permits differentiation of fresh groundwater from conductive saline groundwater. The 
GPR signal is completely attenuated along the beachfront. However, within 30–40 m of 
the beach, strong GPR reflectors below the water table indicate the presence of shallow 
fresh groundwater. The second image provides a 3D representation of the RMS ampli-
tude attribute applied to the GPR data. This image highlights the high-angle seawater 

Fig. 21  Strip logs for the Coogee test site, including water chemistry, lithological logs, geophysical log 
data, and ERI-derived resistivity at monitoring wells C1a and C1b. Note the gamma log and lithological log 
profile clearly show the basal Kardinya Shale at 25 meters below height datum (mBHD), while the induc-
tion log shows a high response (i.e., conductive seawater) from 18 mBHD. High conductivity in the sands 
immediately above the Kardinya shale (i.e., between approximately 18 and 25 m) is associated with high 
salinity groundwater. Also note the shallow, silty-sand layer is present at ~ 9 mBHD in the induction log for 
monitoring well C1a. This corresponds to the base of the shallow moderately conductive unit also recov-
ered in the ERI transects
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interface close to the shore. It closely resembles location of the shallow saline ground-
water interface, observable in the dipole–dipole resistivity image.

In summary, we found that while the ERI provided valuable information, three spe-
cific challenges are recognized, that is: (1) ERI could not separate saline water from the 
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clay substrate, (2) ERI could not identify the persistent shallow dips across the site, and 
(3) ERI could not effectively image as saline water close to the ocean.

4  ERI and Aquifer Geometry: Transects Along 100 km of Coastal 
Margin

The elongated Perth Basin includes several distinct geo-electrical architectures and multi-
tiered aquifers systems, extending for over 500  km of Western Australia’s southwestern 
coastline. Shallow unconfined aquifers exist within several hundred kilometers of Perth, 
and mostly overlie the Leederville and Yarragadee confined aquifer systems. Within these 
confined systems, high-quality potable groundwater persists for a considerable distance 
beyond the coastline, to ultimately exit the groundwater system as submarine discharge at 
the continental shelf (Post et al. 2013).

The seawater interface in the unconfined aquifer (e.g., the Tamala Limestone) is typi-
cally separated from a deeper, freshwater, confined aquifer by a clayey layer, or aquiclude. 
In places along the coastal margin of Perth, the aquiclude is known to be thin (e.g., tens of 
meters). As such, if seawater intrusion is occurring in the unconfined aquifer, then the sea-
water wedge has likely progressed inland over a clayey substrate historically enclosed by 
fresh groundwater above and below.

If the clayey substrate is dominantly a low-cation-exchange-capacity (CEC) clay, then we 
might expect the clayey substrate to be electrically resistive compared to that part of the sea-
water wedge which has moved inland, within the unconfined aquifer above. Such is the case 
where the Pinjar formation forms the shallow substrate. This scenario is common to the north 
of Perth city. For a substrate dominated by high CEC clays, such as the Kardinya Shale, the 
electrical conductivity is likely to be high, and potentially comparable to that of the saline 
groundwater wedge. Where the resistivity of the seawater wedge and a high CEC clayey sub-
strate are similar, interpretation of the interface between them will be problematic.

Further, if the seawater wedge is moving, or geo-electrical architecture is complex, then 
the shape of the seawater wedge in resistivity imaging outcomes may not be consistent 
with the classic, steady-state groundwater wedges shown in Fig. 2.

4.1  Field Experiments

Field sites along Perth’s coastal margin are selected to demonstrate the extent to which 
coastal hydrogeology, including the seawater interface, can be resolved by ERI methods. 
We compare transects from sites where (1) high-permeability shallow sediments overlie 
moderate to low-permeability sand and silt, (2) a thin, high-quality aquifer overlies a shal-
low moderately conductive impermeable substrate, and (3) a thin, exceedingly high-perme-
ability aquifer overlies an expansive high-conductivity shale substrate (see Fig. 2). Further, 
we examine distance of the seawater interface from the shore line in a set of ERI transects 
located progressively closer to the densely populated, historically high groundwater usage 
coastal margin next to Perth.

Figures 24 and 26 show resistivity imaging from sites along a 100-km stretch of Perth’s 
increasingly urbanized coastal margin. Figure 24 provides ERI images for distinctly differ-
ent aquifer systems, and Fig. 25 provides a set of images with the seawater wedge located 
progressively further inland. All these key locations (see Fig. 4) present the opportunity for 
long-term time-lapse ERI.
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First-order challenges at each ERI site were (1) to resolve the saline groundwater wedge 
relative to fresh groundwater within the aquifer layer and (2) to identify the presence, nature, 
and depth of any low-permeability substrate. We focus on these geometries because they are 
critical inputs to understanding, numerically modeling, and managing coastal hydrogeology.

All ERI lines commence as close to the ocean as possible and extend as far as possi-
ble inland. Transect length was typically limited by roads or other infrastructure. The Two 
Rocks and Swanbourne transects provide greatest depth of investigation, extending 720 m 
inland from the shore line, while the Coogee Transect extends 480 m inland with the limi-
tation in all cases being major roads and infrastructure. All transects had sufficient penetra-
tion to resolve the substrate materials below the shallow high-quality, high-permeability 
aquifer, which is generally < 50 m below sea level at the shore line.

Resistivity imaging at the Two Rocks site reveals a saline groundwater wedge that is 
observed for the full length of the transect. The geometry is reasonable with reference 
to geological and wireline logs from a deep artesian monitoring bore, AM12a located 
about 100  m from the shoreline along the transect (see Fig.  24). Well AM12a provides 
evidence for three stratigraphic units. These are (1) the high-permeability superficial 
aquifer (5–1000 m/day), (2) the Kings Park Formation starting at above 50 m from sur-
face and mostly consisting of moderate to low-permeability fine sand and silt (0.1–15 m/
day), and (3) the deep Osborne Formation, containing the impermeable Kardinya shale 
 (10−4–10−6 m/day). The estimates for the hydraulic conductivity of each layer are provided 
in Davidson and Yu (2008).

Wireline induction logging in AM12a (Fig.  25) provides evidence for high electrical 
conductivity in the Superficial and Kings Park Formations within the saline groundwater 
wedge. The ERI indicates that the wedge extends a considerable distance inland, extend-
ing through shallow high-permeability sediments to the low-to-moderate permeability 
sediments of the Kings Park Formation. The wedge terminates at, or above, the Kardinya 
shale. These depths are beyond the penetration of ERI; however, it is interesting to note 
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that groundwater below the Kardinya Shale (i.e., within the confined Leederville aquifer) 
is likely to be fresh or brackish (Leyland 2011). More generally, the Leederville aquifer 
provides a major potable groundwater supply for Perth (Department of Water WA 2015).

In contrast to the Two Rocks resistivity image, the Swanbourne ERI image reveals a dis-
tinct high-conductivity saline wedge set above a much lower resistivity horizontal substrate. 
Here, we are presented with characteristic resistivity imaging artifacts within the substrate 
layer. Geological models in the area (Davidson 1995; Leyland 2012) suggest the substrate layer 
has a relatively uniform conductivity; however, the imaging suggests a sharp lateral change in 
conductivity from 15 to 60 mS/m directly under the apparent toe of the wedge. For our stand-
ard inversion strategy, this type of artifact commonly occurs below the transition from fresh 

Fig. 25  Strip logs showing the wireline logging from the artesian monitoring well AM12a, located approx-
imately 100 m from the shoreline at the Two Rocks transect (see Fig. 24). The resistivity logs suggest that 
conductive saline groundwater could exist to considerable depths. These logs are comparable to the resistiv-
ity imaging outcome and indicate that the Kings Parks Formation at this site has little effect on the saline 
groundwater wedge distribution
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to saline groundwater within the substrate. It is consistent with observations for resistivity 
imaging of numerically simulated ERI data for similar geo-electrical settings (e.g., Fig. 24). 
The Swanbourne ERI transect is a salient example of where our alternate ERI inversion strat-
egy as presented in Appendix 4 may present significant advantages for representing the saline 
water interface and substrate. For the Swanbourne Image in Appendix 4, the possible resistivity 
“overshoot” and “undershoot” in the substrate on each side of the conductive saline groundwa-
ter wedge toe is gone.

From a hydrogeological point of view, it is reasonable that the saline groundwater wedge is 
located above a lower conductivity substrate, especially if the saline water wedge has moved 
inland, as is already demonstrated in the set of Quinn Rocks SIM wells further to the north. 
Accurate imaging of the electrical conductivity distribution, representing the full coastal hydro-
geology at sites like Swanbourne, remains as a research challenge for resistivity imaging.

In our third example (i.e., the Coogee Transect), a thin and relatively flat high-perme-
ability saline groundwater layer is indistinguishable from the high electrical conductivity 
Kardinya shale substrate (see Figs. 20, 24). Drilling indicated that the conductivity in two 
wireline logs and ERI imaging are well matched. However, two aspects of coastal hydroge-
ology remain unresolved. These are: (1) resolving saline and fresh water close to the swash 
zone where illumination from a land based ERI system is limited and (2) differentiating a 
shale substrate from a thin horizontal layer of saline water with in the aquifer above.

Figure  25 contrasts ERI experiments at three different saline water interface geome-
tries. In Fig. 26, we will examine similar setting where a wedge over a shallow substrate is 
located a successively greater distances inland.

The three resistivity images in Fig. 26 present a seawater interface at ERI sites located 
progressively closer to the increasingly urbanized older suburbs of Perth, where local 
groundwater abstraction has been highest. These suburbs are located nearby Perth, next 
to the saline Swan River estuary (O’Callaghan et al. 2007). The position of the wedge at 
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the northern site, Quinns Rock is constrained by five SIM wells perpendicular to the coast. 
These wells provide some constraints for the interpretation of the wedge geometry.

Two new sites are introduced in Fig.  26. These are the Hillarys site, located 25  km 
south of the Quinns Rocks, and Swanbourne ERI site, 55 km south of the Quinns Rocks. 
These sites span suburbs which are newly developed (e.g., Quinns Rocks) to older, well-
established suburbs (e.g., Swanbourne). Based on resistivity imaging outcomes, the saline 
groundwater wedge at the Swanbourne site has possibly moved over 300 m inland; how-
ever, this interpretation requires validation through new monitoring wells.

Local drivers for the shape and position of the saline water interface include the shape 
of the coastline, localized freshwater recharge (e.g., rainfall, storm water, and irrigation), 
aquifer transmissivity, permeability of the substrate, and local household/municipal bore 
field abstraction from the shallow aquifer. Despite possible local variability in wedge 
geometry, the resistivity imaging in Fig. 26 provides a basis to interpret a wedge that is 
located at progressively greater distance inland.

Confidence in the ERI interpretation could have only come from a combination of (1) 
analysis of outcomes from numerical modeling over comparable geo-electrical settings and 
(2) calibration of outcomes from execution of a range resistivity imaging strategies, con-
firmed with data gathered from drill holes as we have presented.

5  Summary of Major Outcomes

We have completed a comprehensive study of ERI applications for resolving coastal hydro-
geology. During this process, we identify benefits, limitations, and new research chal-
lenges. These points are summarised in Table 3, below.

Table 3  Summarized outcomes of experiments undertaken during this research

Key points Comment Evidence in 
document

1 Imaging deficiencies and 
artifacts are identified in 
electrode arrays

Imaging artifacts cannot be avoided in a complex high-contrast 
geo-electrical settings, as exists at coastal margins. We find 
that some commonly deployed arrays, such as the Wenner 
array, cannot resolve key features of coastal hydrogeology. 
We identify areas of potential misinterpretation for different 
electrode configurations through numerical modeling and 
systematic comparison of field ERI data with drill-hole data

Fig. 7

2 Topography impacts on 
imaging outcomes

Steep topographic relief is common at many coastal margins. 
It should always be included at the acquisition and imaging 
(i.e., inversion) stages. We show the imaging outcomes may 
misrepresent true subsurface resistivity distribution if topog-
raphy is neglected

Fig. 14

3 Commonly deployed arrays 
can be combined

Quadrupoles from different arrays are readily combined post-
acquisition to improve data density and subsurface illumina-
tion. We found that, in practice, it was useful to consider 
inversion outcomes from both independent and combined 
arrays. One reason is that some configurations were sensitive 
to noise (e.g., shallow pipes or fences) and tended to degrade 
overall imaging outcome. This only became apparent from 
field data imaging outcomes

Fig. 20
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Table 3  (continued)

Key points Comment Evidence in 
document

4 Outcomes from transects per-
pendicular to the coastline 
are better suited to resolv-
ing the seawater interface

Coastal hydrogeology is often 2D along the coastline. Cer-
tainly, the saline groundwater interface is expected to be 
dominantly 2D for linear coastal margins. For this reason, 
the first priority should be to collect ERI perpendicular to 
the coastal margin. Imaging parallel to the coastal margin 
can add value by demonstrating the uniform geo-electrical 
properties exist parallel to the coast. However, 2D inversion 
may not be appropriate for transects parallel to the shoreline, 
especially along the beachfront, where any assumption of two 
dimensionality for this orientation is breached by the close 
proximity of the seawater (i.e., ~ 0.3 Ohm m)

Fig. 22

5 The ERI inversion strategy 
will significantly impact 
on the resistivity imaging 
outcomes

In a setting containing large and abrupt geo-electrical contrasts 
(e.g., across the saline water interface, water table, or sub-
strate), the application of an L1-style norm within the inver-
sion strategy is likely to generate a more realistic representa-
tion of conductivity distribution at the coastal margins. The 
L2 smoothness-constrained norm generally does not permit 
sufficient rate of change of conductivity to accommodate the 
step-like changes in conductivity contrasts which are com-
mon at coastal margins

Appendix 1

6 Constrained inversion can 
potentially improve imag-
ing outcomes

Although constrained inversion can potentially improve imag-
ing of key elements of coastal hydrogeology, such constraints 
do require detailed prior knowledge of the exact geo-electri-
cal contrast location. It is rare that sufficiently accurate and 
reliable information is available, and incorrect presumption 
about the location of high-contrast boundaries tends to 
significantly degrade imaging outcomes

Appendix 1
Appendix 2

7 The seawater wedge and con-
ductive substrate may have 
similar electrical resistivity

Differentiating between sub-horizontal saline groundwater 
interface and a high-cation-exchange-capacity shale may 
be exceedingly difficult using electrical methods. Examples 
from the Coogee site (Sect. 3) highlight this challenge

Fig. 22

8 Geometry of the seawater 
interface

Electrical resistivity with suitable acquisition and inversion 
parameters can image significant coastal hydrogeological 
architectures, including;

1. Classic seawater wedge in deep unconfined aquifer
2. Seawater wedge in shallow unconfined aquifer with imper-

meable substrate
3. Steep interface with basal layer of seawater above highly 

conductive impermeable substrate

Fig. 24

9 Value of integrating multiple 
geophysical methods and 
drill-hole data

Electrical resistivity imaging is well-suited investigations 
intended to map distribution of shallow saline groundwater. 
However, we have identified several weaknesses such as lack 
of resolution near the swash zone, the inability of electrical 
methods to differentiate a layer of saline water in sand from 
a high CEC clayey substrate and inability to recover key 
stratigraphic characteristics like dip. In many situations, other 
geophysical technologies or drilling are required to provide 
the full hydrogeological architecture. For example, GPR was 
able to image the very shallow wedge descending below 
the beach zone. Seismic methods (e.g., reflection, refrac-
tion tomography, surface wave analysis) may have value, 
but are expensive. Wells and wireline logs offer valuable 
and reliable, but highly localized information, critical for 
understanding and managing coastal hydrogeology. We have 
provided examples of integrating ERI, drilling and wireline 
log data

Fig. 23
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6  Conclusions and Future Work

Coastal margins around the world are often densely populated and vulnerable to seawater 
intrusion. Predicting the consequences of groundwater management strategies in these sys-
tems requires high-quality information on solute concentration and distribution. ERI has the 
potential to supply this information. We have provided a comprehensive study of electri-
cal resistivity imaging along coastal margins, including substantial evidence from seawater 
monitoring wells. The geo-electrical architecture in these settings typically consists of several 
high-contrast geo-electrical boundaries, such as the water table, seawater wedge, and a clayey 
substrate. These boundaries are often below beaches, undulating dunes, or steep cliffs.

Our numerical and field experiments showed that several ERI field configurations provide 
baseline information from which key elements of the saline water interface can be interpreted. 
However, each configuration exhibited limitations and characteristic artifacts. For example, 
inversion of data collected with the Wenner electrode configuration failed to identify a shal-
low clayey substrate in both numerical modeling and field data. In contrast, inversion of data 
containing dipole–dipole quadrupoles did resolve the substrate, highlighting illumination as a 
key driver for resolving architecture of coastal hydrogeology with ERI.

To assess ERI for a range of saline water interface geometries, we completed surveys at 
select locations along 100 km of shoreline. Of particular note is our comparison between 
inverted resistivity imaging for (1) a classic wedge-shaped seawater interface in a deep 
unconfined aquifer, and (2) several sites where the high-quality aquifer with a seawater 
wedge terminates against a shallow clayey substrate. Our systematic field ERI experiments 
along an extended coastline show clear relationships between landward extent of saline 
water and proximity to the urbanized inner suburbs of Perth, Western Australia.

We summarize current and future challenges for ERI along coastal margin in Table 4. 
Advances in these areas will facilitate accurate reconstruction of coastal hydrogeology and 
in particular the seawater interface in time and space for electrical resistivity imaging.

Table 4  Current and future research areas

Research Area Comment Examples

Joint, cooperative, 
and collabora-
tive inversion

Additional information, such as airborne EM, GPR, 
wireline logging, seismic or lithological logs, should 
be able to improve reconstruction of coastal hydro-
geology. However, there are few practical examples 
demonstrating the value of joint/cooperative inversion 
and the additional cost of acquiring the necessary 
data may be prohibitive

Hamdan and Vafidis (2013), 
Hermans et al. (2012) and 
Steklova and Haber (2017)

Optimized elec-
trode arrays

Optimizing electrode arrangements intended to achieve 
optimal ERI resolution at coastal margins may prove 
valuable. Optimized arrays have potential to reduce 
time-of-acquisition with improved resolution

Ishola et al. (2015) and Loke 
et al. (2014a, b2015a, b)

Joint/collaborative 
groundwater 
and ERI inver-
sion

Joint/collaborative groundwater flow and transport 
modeling, coupled with geo-electrical inversion of 
ERI data, has potential to improve spatial and tempo-
ral resolution of the seawater wedge, mixing zone and 
fresh groundwater. Also inversion outcomes based on 
continuous monitoring of wells and ERI transects can 
then be used to better predict future movements of the 
seawater interface under various abstraction scenarios

Beaujean et al. (2014), 
Johnson et al. (2010) and 
Nguyen et al. (2009)
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Appendices

Appendix 1: Testing of Inversion Parameters on Synthetic Data

For geophysical inversion, common points of discussion are: (1) the appropriateness 
of L1 and L2 norms (Claerbout and Muir 1973; Constable et  al. 1987) and (2) the 
benefits and drawbacks of introducing constraints, which may themselves introduce 
new uncertainties. While every inversion strategy has subtle differences, the L1 - or 
L2-like norms are well known in applied research and are reasonable reference points 
for comparison.

Research Area Comment Examples

Joint land/marine 
surveying

Current instrumentation limits usage of ERI to land-
bound cables. Future technology opportunities for 
submarine electrodes and weighted, waterproof 
cabling can potentially improve coastal resistiv-
ity imaging results by expanding surveys offshore, 
increasing resolution in key areas of interest (e.g., 
marine discharge of freshwater)

Crook et al. (2008), Hender-
son et al. (2010) and Loke 
and Lane (2004)

Time-lapse ERI 
monitoring

Time-lapse ERI monitoring has proven effective in a 
range of scenarios. However, there is little published 
evidence of time-lapse ERI applied to seawater intru-
sion monitoring in urban settings. The movement 
of the saline wedge can occur rapidly depending on 
shallow abstraction rates, or it may occur slowly over 
decades as a result of climate change (e.g., declining 
rainfall recharge). Time-lapse ERI monitoring will 
likely need to be specifically designed to capture 
very short-period changes (e.g., from tidal forcing) 
and long period effects (e.g., resulting from climate 
change)

de Franco et al. (2009), 
Ogilvy et al. (2009), 
Ronczka et al. (2015) and 
Uhlemann et al. (2016)

Table 4  continued
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Fig. 27  Grid of resistivity images highlighting the impact of systematically changing RES2DINV (Loke 
2016b) robust data and model cutoff values for unconstrained inversion. Inversions are completed over a 
synthetic model of a saline water wedge including topography. When compared to the synthetic model, the 
inverted resistivity images show artifacts, such as overshoot and undershoot, at high contrast boundaries 
(e.g., proximal to the seawater wedge). The resistivity image within the central highlighted box (red shaded 
background) indicates cutoff values nearest to those used for our standard inversion workflow (see param-
eters in Appendix 3). The inversion workflows selected are not exhaustive, and data can be made available 
if others wish to test further alternatives

Fig. 28  Grid of resistivity images highlighting the impact of systematically changing RES2DINV (Loke 
2016b) robust data and model cut off values for inversion with a sharp boundary constraint at the water 
table. Imaging of the seawater interface below the water table does not appear to be significantly improved 
with addition of the water table constraint. Artifacts are present from undershoot and overshoot in the sub-
strate. The inversion workflows selected are not exhaustive, and data can be made available if others wish to 
test further alternatives
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Fig. 29  Grid of resistivity images highlighting the impact of systematically changing RES2DINV (Loke 
2016b) robust data and model cut off values for inversion with a sharp boundary constraint at the substrate. 
The introduction of a constraint at the substrate appears to improve definition of the seawater interface mix-
ing zone for some combinations of robust model and robust data values (see images bc, bd). However, arti-
facts are introduced in the substrate for many of the images (see images af, ac, fd as examples). The inver-
sion workflows selected are not exhaustive, and data can be made available if others wish to test further 
alternatives

Fig. 30  Grid of resistivity images highlighting the impact of systematically changing RES2DINV (Loke 
2016b) robust data and model cut off values for inversion with a sharp boundary constraint at the water 
table and substrate. With the parameters selected, artifacts appear to have been generated in the substrate. 
The inversion workflows selected are not exhaustive, and data can be made available if others wish to test 
further alternatives
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RES2DINV provides the ability to systematically test inversion strategies that range 
between end-member L1 - and L2-like norm approaches. This implementation is function-
ally similar to the Ekblom norm, (Ekblom 1974) and uses an iteratively reweighted least-
squares (IRLS) algorithm to allow sharp interfaces in subsurface structure (Farquharson 
2007).

In this implementation, if the percentage difference between observed and calculated 
data is greater than a “cutoff” value, then inversion tends to accommodate high electrical 
contrast in a manner consistent with application of the robust or L1 norm (Farquharson and 
Oldenburg 1998; Loke 2016b). Below this threshold (i.e., the cutoff value), the inversion 
outcome tends toward the typical smoothness-constrained Occam-style, L2 norm (Farqu-
harson and Oldenburg 1998; Loke 2016b). For example, selecting a high cutoff value of 
1 pushes the inversion to a smoothness-constrained L2 norm outcome, while selecting a 
low cutoff factor of 0.001 drives the inversion closer to an outcome expected from a robust 
or,L1 norm.

To highlight the effects of varying the inversion parameters in RES2DINV, we have 
computed images spanning the full range of available data and model cutoff values. For 
unconstrained inversion, these are presented in a grid of 30 conductivity-depth sec-
tions and are presented in Fig.  27. Three comparable sets of images are provided for 
constrained inversion, where the constraints are placed at (1) the water table interface 
(Fig. 28), (2) aquifer/substrate interface (Fig. 29) and (3) both water table and substrate 
interfaces (Fig. 30). In each case, the inversion is permitted to have a sharp change at 
each designated interface.

For geo-electrical geometries at the seawater interface, some ERI inversion outcomes 
can appear blocky and there may be the temptation to attribute this to mesh discretiza-
tion. The discretization of finite-element grids used is exceedingly fine, as indicated in 
Table 1. Attempts to create a finer mesh would simply increase calculation time with 
negligible benefit (e.g., Günther 2004). The slightly blocky appearance is more likely a 
result of the robust regularization used in the ERI inversion. If a robust regularization is 
not used, the location of the lower substrate tends to be poorly represented in imaging 
outcomes. The alternative inversion approach dictated in Appendix 4 appears to reduce 
the blocky appearance by implementing the diagonal roughness filter and extended 
models.

Appendix 2: Constrained Inversion of Field Data

Constrained inversion incorporates additional information such as seismic data, groundwa-
ter chemistry, wireline logs, geological descriptions, and/or hydrogeological models into 
the inversion process. It is intended to direct the inversion process toward the best possi-
ble representation of subsurface conductivity distribution (Binley et al. 2015; Zhou 2015; 
Zhou et al. 2014).

If significant geo-electrical boundaries were known, both seed model and distribution 
of smoothness constraints could be manipulated to significantly improve the outcome of 
inversion (e.g., Karaoulis et al. 2014; Le et al. 2016; Soueid Ahmed et al. 2015; Zhou et al. 
2014). However, ERI is usually the first technique deployed, often for the purpose of target-
ing drill holes and constraints are rarely available. Small errors in placement of high-con-
trast boundary constraints, like the lower clay substrate can translate to significant artifacts 
especially at greater depths.
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Figure 31 shows the outcome of constrained ERI inversion using the water table as the 
constraint. Setting a “sharp boundary constraint” allows the inversion to generate a large 
contrast in electrical conductivity from one side of the boundary (i.e., the water table) to 
the other. Figure 31 shows the inversion outcomes using a constraint placed at the water 
table, where a high contrast and relatively flat interface exists. This figure can be com-
pared to Fig. 16, which shows the unconstrained inversion outcomes. Forcing the bound-
ary results in higher resistivity at the beach and swash zones, however there is no signifi-
cant difference in the interpretation of the saline water interface or the lower substrate. The 
boundary constraint also introduces potentially unrealistic changes into the resistive vadose 
zone, further inland.

Fig. 31  Formation conductivities resulting from the guided or constrained inversion of ERI field data from 
each of the three electrode conurations. The sharp boundary constraint is placed on water table, which at 
this high-permeability coastal aquifer can be reasonably assumed flat. No additional constraints are added, 
as there is some uncertainty regarding the substrates precise location, and incorrectly forcing boundaries is 
unlikely to accurately represent the true subsurface geo-electrical structure
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Appendix 3: Inversion Parameters

See Table 5.

Table 5  Full inversion parameter listing

Inversion settings

Initial damping factor (0.01–1.00) 0.15
Minimum damping factor (0.001–0.75) 0.02
Local optimization option (0 = no, 1 = yes) 1
Convergence limit for relative change in RMS error in percent (0.1–20) 5
Minimum change in RMS error for line search in percent (0.5–100) 0.5
Number of iterations (1–30) 10
Vertical to horizontal flatness filter ratio (0.25–4.0) 1
Model for increase in thickness of layers (0 = default 10%, 1 = default 25%, 2 = user defined) 2
Number of nodes between adjacent electrodes (1, 2 or 4) 4
Flatness filter type, Include smoothing of model resistivity (0 = model changes only, 1 = directly on 

model)
0

Reduce number of topographic data points? (0 = no, 1 = yes. Recommend leave at 0) 0
Carry out topography modeling? (0 = no, 1 = yes) 1
Type of topography trend removal (0 = average, 1 = least-squares, 2 = end to end) 1
Type of Jacobian matrix calculation (0 = quasi-Newton, 1 = Gauss–Newton, 2 = mixed) 2
Increase in damping factor with depth (1.0–2.0) 1.05
Type of topographic modeling 4
Robust data constrain? (0 = no, 1 = yes) 1
Cutoff factor for data constrain (0.0001–0.1)) 0.05
Robust model constrain? (0 = no, 1 = yes) 1
Cutoff factor for model constrain (0.0001–1.0) 0.005
Allow number of model parameters to exceed data points? (0 = no, 1 = yes) 1
Use extended model? (0 = no, 1 = yes) 0
Reduce effect of side blocks? (0 = no, 1 = slight, 2 = severe, 3 = very severe) 1
Type of mesh (0 = normal, 1 = fine, 2 = finest) 2
Optimize damping factor? (0 = no, 1 = yes) 1
Time-lapse inversion constrain (0 = none, 1 and 2 = smooth, 3 = robust) 3
Type of time-lapse inversion method (0 = simultaneous, 1 = sequential) 0
Thickness of first layer (0.25–1.0) 0.25
Factor to increase thickness layer with depth (1.0–1.25) 1.05
Use finite-element method (yes = 1, no = 0) 1
Width of blocks (1 = normal width, 2 = double, 3 = triple, 4 = quadruple, 5 = quintuple) 1
Make sure blocks have the same width (yes = 1, no = 0) 1
RMS convergence limit (in percent) 0.1
Use logarithm of apparent resistivity (0 log app. resistivity, 1 = resistance values, 2 = app. resistiv-

ity)
0

Proceed automatically for sequential method (1 = yes, 0 = no) 0
Limit resistivity values(0 = no, 1 = yes) 1
Upper limit factor (10–50) 50
Lower limit factor (0.02–0.1) 0.02
Type of reference resistivity (0 = average, 1 = first iteration) 1
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Parameters related to IP, borehole, time-lapse, and water layers have been removed for brevity

Table 5  (continued)

Inversion settings

Model refinement (1.0 = normal, 0.5 = half-width cells) 0.5
Combined Marquardt and Occam inversion (0 = not used, 1 = used) 0
Type of optimization method (0 = Gauss–Newton, 2 = incomplete GN) 2
Convergence limit for incomplete Gauss–Newton method (0.005–0.05) 0.005
Use data compression with incomplete Gauss–Newton (0 = no, 1 = yes) 0
Use reference model in inversion (0 = no, 1 = yes) 1
Damping factor for reference model (0.0–0.3) 0.01
Use fast method to calculate Jacobian matrix (0 = no, 1 = yes) 0
Use higher damping for first layer? (0 = no, 1 = yes) 1
Extra damping factor for first layer (1.0–100.0) 5
Type of finite-element method (0 = triangular, 1 = trapezoidal elements) 1
Factor to increase model depth range (1.0–5.0) 1
Use sparse inversion method for very long survey lines (0 = no, 1 = yes) 0
Optimize Jacobian matrix calculation (0 = no, 1 = yes) 0
Automatically switch electrodes for negative geometric factor (0 = no, 1 = yes) 1
Force resistance value to be consistent with the geometric factor (0 = no, 1 = yes) 1
Shift the electrodes to round up positions of electrodes (0 = no, 1 = yes) 0
Use active constraint balancing (0 = no, 1 = yes) 0
Type of active constraints (0 = normal, 1 = reverse) 0
Lower damping factor limit for active constraints 0.4
Upper damping factor limit for active constraints 2.5
Use automatic calculation for change of damping factor with depth (0 = no, 1 = yes) 0
Use diagonal filter (0 = no, 1 = yes) 0
Diagonal filter weight (0.2–5.0) 1
Limit range of data weights from error estimates? (0 = no, 1 = yes) 0
Lower limit of data weights (0.2–0.5) 0.3
Upper limit of data weights (2.0–5.0) 3
Use same data weights from error estimates for different time series? (0 = no, 1 = yes) 0
Calculate model resolution? (0 = no, 1 = yes) 1
Use L curve method? (0 = no, 1 = yes) 0
Use same norms in L curve method? (0 = no, 1 = yes) 0
Allow damping factor in increase in L curve method? (0 = no, 1 = yes) 1
Use fast Jacobian calculation for dense data sets? (0 = no, 1 = yes) 0
Use higher damping factors at sides of model? (0 = no, 1 = yes) 1
Adjust damping factors for distances between the blocks in the model? (0 = no, 1 = yes) 1
Number of electrodes in segment for sparse inversion method for very long survey lines 250



793Surv Geophys (2018) 39:753–816 

1 3

Appendix 4: Alternative Processing and Model Resolutions

The following set of images show the associated outcomes from including the settings 
listed in Table  6, e.g. the diagonal roughness filter and extended model settings. Farqu-
harson (2007) demonstrates how the diagonal roughness filter allows resolution of dip-
ping interfaces in the L1-style iteratively reweighted least-square inversion approach. The 
interfaces tend to become vertical or horizontal during inversion otherwise. Loke (2016a) 
suggests that the “extended model” approach (which is required for the diagonal filter) 
expands model cells to the border of the model—as opposed to using a single elongate cell.

This approach has two benefits: (1) it limits edge-based artifacts, resulting from the 
relatively higher side-cell sensitivity, and (2) provides a more realistic interpretation than 
the traditional pseudo-depth/midpoint plotting convention, which does not imply depth of 
investigation or subsurface current flow (Loke 2016a).

Table 6  Modified inversion 
parameter settings for Appendix 
4

Inversion parameter Value

Use extended model? 1
Use diagonal filter? 1
Diagonal filter weight (0.2–5.0) 1.44

Table 7  List of figures in Appendix 4

A brief description of each figure is contained in the captions. Images are available digitally for higher reso-
lution
W Wenner, SC Schlumberger, DP dipole–dipole, MG multiple gradient, Cond. conductivity, Fwd. forward, 
Topo. topography

Figure subset Array Appendix figure Comparable figure

Fwd. modeling (w/ Topo.) W Fig. 32 Fig. 7
SC Fig. 33 Fig. 7
DP Fig. 34 Fig. 7

Fwd. modeling (W/ Topo.) W Fig. 35 Fig. 14
SC Fig. 36 Fig. 14
DP Fig. 37 Fig. 14

Fwd. modeling (Combined Arrays) W and SC Fig. 38 Fig. 15
W and DP Fig. 39 Fig. 15
SC and DP Fig. 40 Fig. 15

Field data (Quinns Rocks calibration 
site)

W Fig. 41 Fig. 16

SC Fig. 42 Fig. 16
DP Fig. 43 Fig. 16

Field data (Coogee site) DP Fig. 44 Fig. 20
MG Fig. 45 Fig. 20
MG and DP Fig. 46 Fig. 20

Field Data Hillarys DP Fig. 47 Fig. 24
Swanbourne DP Fig. 48 Fig. 26
Two Rocks DP Fig. 49 Fig. 24
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Outcomes using the alternate inversion approach are presented with model resolution sec-
tions. The concept of model resolution characterizes whether the data can be independently 
predicted or resolved (Menke 2012). It relates the relationship between the calculated and 
observed models by the resolution matrix R (Loke 2016a). If R = I (i.e., the resolution matrix 
is an identity matrix), then every model parameter is uniquely determined. Otherwise, esti-
mated model parameters represent weighted averages of the true model parameters (Menke 
2012). Resolution sections can be used to estimate depth of investigation [i.e., (Oldenburg and 
Li 1999)] and to aid interpretation of inversion outcomes (Table 7).

Fig. 32  Inverted conductivity distribution (top), distribution of resolution (middle), and error distribu-
tion and statistics (bottom) for the synthetic model of a seawater interface without topographic relief. This 
example uses the Wenner configuration
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Fig. 33  Inverted conductivity distribution (top), distribution of resolution (middle), and error distribu-
tion and statistics (bottom) for the synthetic model of a seawater interface without topographic relief. This 
example uses the Schlumberger configuration
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Fig. 34  Inverted conductivity distribution (top), distribution of resolution (middle), and error distribu-
tion and statistics (bottom) for the synthetic model of a seawater interface without topographic relief. This 
example uses the dipole–dipole configuration
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Fig. 35  Inverted conductivity distribution (top), distribution of resolution (middle), and error distribution 
and statistics (bottom) for the synthetic model of a seawater interface including topographic relief. This 
example uses the Wenner configuration
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Fig. 36  Inverted conductivity distribution (top), distribution of resolution (middle), and error distribution 
and statistics (bottom) for the synthetic model of a seawater interface including topographic relief. This 
example uses the Schlumberger configuration
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Fig. 37  Inverted conductivity distribution (top), distribution of resolution (middle), and error distribution 
and statistics (bottom) for the synthetic model of a seawater interface including topographic relief. This 
example uses the dipole–dipole configuration



800 Surv Geophys (2018) 39:753–816

1 3

Fig. 38  Inverted conductivity distribution (top), distribution of resolution (middle), and error distribution 
and statistics (bottom) for the synthetic model of a seawater interface including topographic relief. This 
example uses the combined Wenner and Schlumberger configuration
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Fig. 39  Inverted conductivity distribution (top), distribution of resolution (middle), and error distribution 
and statistics (bottom) for the synthetic model of a seawater interface including topographic relief. This 
example uses the combined Wenner and dipole–dipole configuration
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Fig. 40  Inverted conductivity distribution (top), distribution of resolution (middle), and error distribution 
and statistics (bottom) for the synthetic model of a seawater interface including topographic relief. This 
example uses the combined dipole–dipole and Schlumberger configuration
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Fig. 41  Inverted conductivity distribution (top), distribution of resolution (middle), and error distribution 
and statistics (bottom) for the field data at the Quinns Rocks calibration site. This example uses the Wenner 
configuration
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Fig. 42  Inverted conductivity distribution (top), distribution of resolution (middle), and error distribution 
and statistics (bottom) for the field data at the Quinns Rocks calibration site. This example uses the Schlum-
berger configuration
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Fig. 43  Inverted conductivity distribution (top), distribution of resolution (middle), and error distribution 
and statistics (bottom) for the field data at the Quinns Rocks calibration site. This example uses the dipole–
dipole configuration
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Fig. 44  Inverted conductivity distribution (top), distribution of resolution (middle), and error distribution 
and statistics (bottom) for the field data at the Coogee site. This example uses the multiple-gradient configu-
ration
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Fig. 45  Inverted conductivity distribution (top), distribution of resolution (middle), and error distribution 
and statistics (bottom) for the field data at the Coogee site. This example uses the dipole–dipole configura-
tion
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Fig. 46  Inverted conductivity distribution (top), distribution of resolution (middle), and error distribution 
and statistics (bottom) for the field data at the Coogee site. This example uses the combined dipole–dipole 
and multiple-gradient configuration
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Fig. 47  Inverted conductivity distribution (top), distribution of resolution (middle), and error distribution 
and statistics (bottom) for the field data at the Hillarys site. This example uses the dipole–dipole configura-
tion
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Fig. 48  Inverted conductivity distribution (top), distribution of resolution (middle), and error distribution 
and statistics (bottom) for the field data at the Swanbourne site. This example uses the dipole–dipole con-
figuration
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