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ABSTRACT

Along with transient electromagnetics (TEM), the magnetotelluric (MT) method has been applied in recent
decades to image subsurface resistivity, with deep conductive bodies frequently observed extending into
geothermal reservoirs. However, acute resistivity contrasts close to shorelines significantly affect MT data: the
measured responses may become significantly distorted compared to a forward response that would not
account for this effect. This has the potential to bias the inverted resistivity features, which may result in hiding
deeper subsurface features and obstruct geothermal exploration. In this work, the coastal effect is briefly
reviewed and cases from geothermal prospecting in Iceland are discussed. Although the coastal effect is well
understood in theory, its influence on more recent electromagnetic methods has not been fully explored in
Icelandic geothermal contexts, since the increasing availability of high-resolution seafloor models, along with
improved numerical tools, offers new opportunities to revisit and better understand these effects. This
contribution provides a brief conceptual overview of the coastal effect, supported by forward modeling,
illustrating how underlying low-resistivity structures could be masked in some cases. The results show how both
past and future near-shore MT soundings can benefit from implementation of high-resolution bathymetric data.

1 INTRODUCTION

Recently, two new low-temperature geothermal systems were found in Iceland close to the coastline (Cariaga,
2024ab). In both areas, earlier geophysical exploration by electromagnetic methods did not indicate underlying
geothermal resources, which can be partially explained by the costal effect (Lilley, 2007). When exploration is
carried out with direct-current electromagnetic methods, the highly conductive seawater draws the ground
currents towards it, skewing the electrical measurements (Hersir, 1988). With the advent of more economical
drilling, application of temperature gradient drilling, in conjunction with geological fault and fracture mapping,
has mostly replaced direct-current methods in geophysical exploration in Iceland.

For alternating-current methods, such as Magnetotellurics (MT), the effects are more complicated due to
electromagnetic induction (Chave, 1983). The influence of the shoreline on MT is commonly known as the
coast/al effect (Key and Constable, 2011; Pandey et al., 2008), although related literature also refers to it as the
geomagnetic coast effect (Parkinson and Jones, 1979; Petereit et al. 2022), peninsula effect or island effect
(Lauritsen, 2016). Induction of electrical currents in both the ground and ocean is governed by Faraday’s law,
whereby a time-varying magnetic field induces electric field circulation, driving electrical currents, which in turn
generate secondary induced magnetic fields (Maus, 2007).

Along with transient electromagnetics (TEM), magnetotelluric (MT) methods have been applied in recent
decades to facilitate the exploration of high-enthalpy geothermal reservoirs, with typical resistivity signatures
repeatedly imaged at various geothermal sites in the world (Arnason et al., 2025; Samrock et al.,2018; Didas et
al., 2024; Gresse et al., 2021). Thanks to the availability of new high-resolution seafloor models, along with
improved numerical tools, the coastal effect can now be modelled more precisely. Here we explore here the
possibility that the coastal effect may have distorted deeper resistivity structures.

We estimate the extent to which conductive structures in the depth range 2-5 km can be resolved using existing
networks of MT measurements with or without modelling the coastal effect in the forward operator. We focus
here on a synthetic analysis that helps better understand the importance of inversion settings and influence of
the ocean, depending on the proximity to the coastline.



List Authors in Header, surnames only, e.g. Smith and Tanaka, or Jones et al.<Header Style>

2  3-DINVERSION SETTINGS

3-D inversion techniques have become widely used in magnetotelluric (MT) data interpretation. However, with
real data sets, many settings that control the outcome of 3-D inversion have not been sufficiently explored, such
as alignment of the coordinate system, handling of data errors and model regularization (Tietze & Ritter, 2013).
Here we summarize some of the most important findings in the literature with regards to choosing appropriate
settings for 3-D inversion, before we explore in more detail the influence of including the bathymetry in the model
and the forward calculations. We focus on 3-D inversion with the ModEM package (Egbert & Kelbert, 2012).

2.1 Principles of the ModEM solver

The inversion algorithm is based on a standard minimum-structure non-linear conjugate gradients algorithm.
Within the inversion process, the ModEM-3DMT algorithm seeks to minimize the penalty function ®, which
consists of a data regularization and a model regularization term (Egbert & Kelbert, 2012; Kelbert et al., 2014):

®(m,d) = (d — f(m))"Cy™" (d — f(m)) + v(m — my)" €™ (m — myo) M

where d is the observed data, m the conductivity model, f(m) the forward response, C, the data covariance, mg

the prior model, C,, the model covariance and v a trade-off parameter. The data covariance is a diagonal matrix,
. . . . . 1 .

which contains the inverse of the squared data errors e; for each data point: Cd=d|ag(e—2). The model covariance

L
C.is a 3-D smoothing and scaling operator, similar to the scheme used by Siripunvaraporn & Egbert, (2000). The

model covariance C, is applied to the distance of the current model m to the a priori model mo; in other words,
the ModEM algorithm attempts to minimize differences in resistivity between the recovered model and the prior
model (Lee et al., 2020). Hence, prior model properties and smoothing parameter settings are closely
interrelated. In addition, in model cells where the sensitivity is low, the inversion model tends to remain at the
assumed prior resistivities (Tietze & Ritter, 2013).

2.2 Modelregularization settings

The covariance matrix C,, is used for model regularization and is defined in the ModEM software by the
smoothness factors, with values between 0 and 1. Horizontal and vertical smoothing may be different, and the
extent of horizontal smoothing may vary with depth, in both X and Y directions (Kelbert et al., 2014).These
coefficients have an impact on the smoothness of solution. Small values allow for more rapid changes of the
resistivity in the obtained model. Large coefficients limit contrasts of resistivity in neighboring cells and can
produce models in which conductive areas are too big and with a respectively smaller conductivity (Slezak et al.,
2019).

If deviations from a prior model are heavily penalized, regularization is prone to result in erroneous and
misleading 3-D inversion models, particularly in the presence of strong conductivity contrasts. A ‘good’ overall
rms misfit is often meaningless or misleading as a huge range of 3-D inversion results exist, all with similarly
‘acceptable’ misfits but producing significantly differing images of the conductivity structures. Reliable and
meaningful 3-D inversion models can only be recovered if data misfit is assessed systematically in the
frequency-space domain (Tietze & Ritter, 2013).

2.3 Diagonal and off-diagonal components and data weighting

Accordingto (Tietze & Ritter, 2013), 2-D subsurface structures can vanish if data are not alighed with the regional
geological strike direction, when interdependencies between data components are not considered in standard
3-D MT inversion codes. While integrating Zxx and Zyy (diagonal components) into the data set may degrade the
performance of the inversion, due to the lower magnitudes and, therefore, lower signal-to-noise ratios of these
elements, they might be important to consider. In this case, data weighting, that is, how strongly individual
components of the impedance tensor and/or vertical magnetic field transfer functions dominate the solution, is
a crucial control for the outcome of 3-D inversion. A small weight (large error) on diagonal components will tend
to an inversion result where these components are ignored and thus can lead to biases, while a large weight
(small error) may prevent the inversion procedure to converge.

Data weights and errors are handled very differently by various authors: statistically determined variances of the
impedance tensor elements, impedance variances combined with pre-set error floors, or use of relative error
bounds - i.e. a percentage of the data value (Tietze & Ritter, 2013). To resolve a deep conductor with inversion of
impedances in the geographic north (N0Q°) aligned coordinate system, Tietze & Ritter (2013) tried to amplify the
information contained in the smaller-sized diagonal impedance elements by setting their error bounds to very

small values (e.g. a floor <1%./abs(det(Z)). However, they also acknowledge that it is often not feasible to set
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Zxx and Zyy errors to such small values for the entire period range, because the diagonal components of field
data often suffer from poor signal-to-noise ratios, particularly in noisy environments. At the same time, defining
large error bounds or using (large) statistically derived error bars, effectively downweights or omits the
information contained in the diagonal impedance elements (Tietze & Ritter, 2013).

A series of tests were carried out to find out suitable error levels. For example, attempts were made to calculate
error differently on the diagonal components (Zxx and Zyy) than on the off-diagonal components (Zxy and Zyx).
This resulted in inversions not able to move forward. The best option was found to be, for all components, the
following formula, as suggested by ModEM supporting software, 3D Grid:

Err = 5%./abs(Zxy - Zyx) (2)

The resulting error on the off-diagonal components typically represents 5% of the value of these components.
On the other hand, since the diagonal components are usually several orders of magnitude smaller than the off-
diagonal, this formula results in errors on the diagonal components often higher than the values themselves.
This means that the weight on the diagonal components in the inversion is very small, i.e. these components are
not really being fitted by the procedure. This approach seems consistent with findings from the literature that
diagonal components have a small signal-to-noise ratio. However, this aspect should be taken into
consideration when interpreting results from real data sets.

3  INFLUENCE OF THE OCEAN

In order to assess the influence of the ocean on the ability to detect deep conductive structures through MT data
modelling, two geothermal areas were investigated: Nesjavellir (relatively far from the coast) and Reykjanes
proper (surrounded by coast line). Forward simulations were carried out, with and without bathymetry
information included. Two types of models were tested: a homogeneous model for all Iceland (10 Qm) and a
typical resistivity structure of geothermal areas localized at each of the site, with both a shallow and deep
conductor. The homogeneous models are illustrated in Figure 2 and the resistivity structures used in the
analyses at Hengill and Reykjanes are represented in Figure 3.
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Figure 1. Southwest corner of Iceland showing Reykjanes Peninsula and Hengill volcano.
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Figure 2. Homogeneous models (10 Qm + ocean at 0.3Qm) used in the analyses at Hengill (left) and
Reykjanes (right). The mesh grids are further illustrated on the insets.

Six forward datasets were thus simulated: Reykjanes and Hengill, homogeneous and geothermal structure,
bathymetry or no bathymetry. The synthetic dataset corresponding to the resistivity structure at Reykjanes,
including bathymetry, was further inverted.

3.1 Forward simulations

The forward simulation of these synthetic cases are carried out with a model grid composed of 172 x 232 x 48
cells (X, Y, Z). The inner part comprises a uniform mesh of 130 x 190 x 48 cells (X Y Z) with an edge length of
109 m. On all four sizes, the central domain is padded with 21 planes where cell sizes increase laterally by a
factor of 1.3. The vertical thickness is 50 m for the first layer; subsequent layer thicknesses successively increase
by a factor of 1.2.

As expected, forward simulations illustrate a much stronger effect of the bathymetry in Reykjanes (Figure 4) than
in Hengill (Figure 5). In Reykjanes (Figure 4), the effect also varies depending on the sounding location. It can be
seen, e.g., that the bathymetry is causing a larger separation of the Zxy and Zyx components for soundings
RKN151 and RKN152 (center and bottom panels) than for sounding RKN100 (top panel). In Hengill (Figure 5), the
effectis slightly more significantin the southern part of the investigated area, possibly due to its greater proximity
to the southern shore.
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Figure 3. Resistivity structures used in the analyses at Hengill (left) and Reykjanes (right) to represent the
typical signature of a geothermal system. Three views are shown: 2D slice at 500 m depth, 1D model and
2D transect. Their respective locations are indicated by dashed lines, square and plain lines.
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Figure 4. Forward simulations at Reykjanes, including bathymetry, using a homogeneous model at 100 Qm
(Left panels) and a 1D model including both a shallow and deep conductor (right panels). The location of
the soundings is shown as a red dot to the right.
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Figure 5. Forward simulations at Hengill, including bathymetry, using a homogeneous model at 100 Qm
(lLeft panels) and a 1D model including both a shallow and deep conductor (right panels). Results are
presented for three stations at Hengill: 4, 9 and 18, showing overall small effects from the ocean. The
location of the soundings is shown as a red dot to the right.

These findings are in-line with Arafat and Daud (2020), where the greatest influence of the coastal effects is for
periods of 1s and above, and as a rule of thumb, the effect is pronounced when the distance to the ocean is
equal or less than the exploration depth for the given period/frequency. Comparison between the panels of
Figure 3, also shows how skewing of the components varies between sites, both Z,, and Z, being skewed
upwards in one instance (RKN100), in which case using the determinant for a 1D model would lead to a
significantly altered result.

3.2 Inversion

Inversion of the synthetic dataset corresponding to the reference model including the shallow and deep
conductor (i.e. typical geothermal structure) was carried out at Reykjanes, with bathymetry. A 3-D bathymetry
of the Icelandic shelf was included as a priori information. A resistivity of 0.3 Qm was assigned to the sea water
and this model domain was kept fixed at all times during the inversion. The remaining ‘land cells’ were set to
10 Qm in the prior (and starting) model. Random noise of 5% was added to the data before inversion and data

errors were set to 5% of \/abs(Zxy * Zyx) for both diagonal and off-diagonal impedance tensor elements.

It is observed in Figure 6 that the shallow conductor and intermediary resistive layer are well resolved by the
inversion, both in terms of value and thickness. The deep conductor on the other hand is not resolved at all: all
inverted values below the intermediary resistor are equal to the prior. It can also be noted that the upper resistive
layer (top 100 m, mostly visible on the 1D plot where the depth is shown with a log scale) is not resolved either
but this is expected given its very small thickness when looking at it with a linear depth scale (2D transect).

In light of this result, it is worth considering if the absence of the deep conducting layer in south Iceland (Arnason
et al. 2025 and references therein) could be explained by the coastal effect, given the short distance from the
coast to the end of the coastal shelf.
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In order to reach the convergence criterion (rms <1.05), the inversion had to be launched twice, with the second
run using as a prior model the final inverted model of the first run. The rms of the final model in the first run was
1.53, meaning that the process stopped before reaching th convergence criterion. Using it as a prior model
helped the inversion continue as it released the constraints on the homogeneous prior. A decent fit to the data
is obtained (Figure 7), although further optimizing the inversion settings may help build more trust in the
conclusions.
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Figure 6. Reference model (left) versus inverted model (right) at Reykjanes, using the case where
bathymetry is included. The prior and starting models were a homogeneous land at 10 Qm, with seawater
above bathymetry levels. 2D slices at 500 m and 7700 m are shown, corresponding to the shallow and deep
conductor, respectively, in the reference model.
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Figure 7. Data fit at three sites (the same as in Figure 4) in Reykjanes for the inversion shown in Figure 6.

4 CONCLUSIONS

A series of synthetic analyses were carried out in this study, using typical MT configurations used at Reykjanes
and Hengill geothermal sites, Iceland, and the 3-D inversion software ModEM — Mod3DMT. The importance of
different inversion settings was discussed, based on findings in the literature as well as synthetic tests and
experience. The effect of the proximity to the shoreline on the ability to image the deep conductor, and thus
recover the important features for geothermal exploration, was investigated. The results show how the seawater-
land interface, represented by bathymetric data, considerably influences the ability of MT to resolve deep low-
resisitivity targets. When comparing data inverted with and without bathymetry at Reykjanes, in synthetic cases
where a shallow and deep geothermal conductors are included in the reference model, we see that the
bathymetry tends to mask the signal from the deep conductor, as it increases the apparent resistivity
everywhere. Furthermore, when inverting this synthetic dataset, we were not able to identify the deep conductor,
although the shallow conductor and intermediary resistive layers were properly resolved. This calls for a
reevaluation of previous interpretation of resistivity data in Iceland close to the shore, and highlights the need of
evaluating how and if a deep conductor can be imaged when MT stations are in proximity to the ocean.
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