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ABSTRACT

In this work, an experimental design for the evaluation of
impacts of magnetic fields from HVDC cables on benthic
animals is presented. Unlike previous studies, the vector
orientation of the field and the spatial distribution are non-
uniform, representing the magnetic fields from an HVDC
system more accurately. The setup is designed using
numerical models and tested to show that no additional
stresses are imposed in the experiment and that the device
produces the magnetic fields predicted by the models.
Biological techniques quantifying behavioural changes and
stresses are described to present a complete approach for
the experimental design.

KEYWORDS

Magnetic fields, HVDC cable systems, Experiments,
Benthic infauna.

INTRODUCTION

In recent years, HVDC cable systems have been
increasingly used both as interconnectors and in offshore
wind farms located further from the shore. As many marine
organisms are capable of magnetoreception and use
geomagnetic field as a navigational cue, there have been
rising concerns regarding the impacts of HYDC systems on
the behaviour and physiology of marine life [1]. Benthic
animals (i.e. animals living in or on the seabed, typically
within the top 0.1 m) will be in closer proximity to the cable,
as cables are usually buried in the sediment (burial depth
of approx. 1m). This spatial relationship increases the
potential of exposure to higher magnetic field strength.

Most of the EMF (electromagnetic field) related research
focused on understanding of mechanisms behind the
electro- and magnetoreception. It is known that the
mechanisms of EMF detection and the parameters which
are detected vary depending on the species [2],[3]. For
instance, sea turtles, salmon, and lobster were shown to
have the ability to detect both the intensity of the magnetic
field and the information about the magnetic field vector
direction [4], [5]. Some animals are believed to rely on the
direction of the horizontal component of the magnetic field
only, whilst others also partially rely on the inclination of the
field for directional navigation [5]. This highlights the
importance of the consideration of vector orientation of the
field and its spatial distribution in experiments relating to
submarine cables.

In most publications aiming to reproduce the EMFs from
submarine cables, an arrangement of Helmholtz coils
placed outside the tanks is used [6-16]. Helmholtz coils are
often used as they do not require high currents to produce

a magnitude of the field comparable to that typical for HV
cables. A schematic of Helmholtz coils and a magnetic field
associated with them is presented in Fig. 1.
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Fig. 1: A schematic of Helmholtz coils arrangement
used in reviewed experiments, reproduced using a
model from [17]. The magnetic field inside the coils is
unidirectional and uniform.

Several publications focus solely on reproducing the
magnetic field intensity. In this approach, two Helmholtz
coils connected in series are placed on two sides of the
tank to create a relatively uniform field within the tank [6],
[9], [11], [13], [15], or alternatively, a single Helmholtz coil
is used with the tank placed inside it [7], [8]. While this
approach can be useful for experiments on animals which
remain stationary, a uniform distribution does not represent
the magnetic field accurately if the spatial change in field or
the magnetic field vector orientation is what the animals
respond to.

Other publications introduce a magnetic field gradient by
placing two Helmholtz coils that only partially cover the tank
to recreate a magnetic field decrease in the rest of the tank
[10], [14], [16] . Although introducing a magnetic field
spatial variance is more representative of a real cable
scenario, the direction of the magnetic field vector in this
arrangement changes by 180° as the animals move
between the part of the tank covered by the Helmholtz coils
to the uncovered part. The magnetic field norm rapidly
drops and then increases around the edge of the coil. Thus,
even though the overall magnetic field norm decreases, it
does so in a way unrepresentative of a real-life scenario as
it decreases faster than a field from an HV cable, and it
does so with a fluctuation close to the edge of the coil.

In [12], an alternative method including a magnetic field
gradient was used. None of the tanks were placed inside
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the two Helmholtz system described earlier. Instead, the
tanks were placed outside on both sides of the system. In
this way, the direction of the magnetic field vector does not
change while the magnetic field norm drops with the
distance which is preferable to the methods outlined in [10],
[14], [16] .

In [7], besides the Helmholtz coil setup, an arrangement of
four electric solenoid magnets was used to create magnetic
field norms of 2.8 mT and 40 mT. The distribution of the
magnetic fields created this way is very localised and
unrepresentative of the conditions close to the cable.

These commonly employed approaches create mostly
unidirectional, and often uniform fields, as opposed to an
HVDC cable which has components of the magnetic field
in both horizontal and vertical directions.

Magnetic fields typical for HVDC systems

HVDC cables most commonly appear in a bipole or
monopole configuration. The magnetic field, from a
monopole cable can be assumed to be

Hol
B=——0¢,
2mR

where I is the current, R is the radial distance from the
centre of the cable and p, is the permeability of the
vacuum. Equation (1) is expressed in cylindrical
coordinates centred on the conductor axis, where <7> is the
azimuthal angle unit vector. In the bipole case, the
magnetic fields from individual cables add in between the
cables and cancel everywhere else leading to a reduced
magnetic field far from the cable, as shown in Table 1. The
typical distribution of the magnetic field and the associated
vector orientation of the field is presented in Fig. 2. The
materials were assumed to be non-magnetic, and the cable
geometry was taken from [18].
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Fig. 2: Magnetic field and vector orientation of an
HVDC bipole cable system, calculated for a current of
1000 A and no core separation.

Distance Along y-axis (m) Magnetic Field (mT)
0 6.6
0.1 1.77
0.5 0.095
0.7 0.049
1 0.024

Table 1: Magnetic field values vs distance computed
for the cable in Fig.2. Distance of 0 m indicates the
middle of the cable system.

In this work, an alternative experimental setup is designed
and tested to address the limitations of the previous
approaches. The setup produces a non-uniform field with a
vector orientation that resembles a HVDC bipole cable
system, the most used type of HVDC cable systems.

SETUP REQUIREMENTS

In this section, the requirements of the setup used for
testing on benthic animals are introduced. The experiment
design includes multiple cores (experimental aquaria) for
storing animals that are located at different distances on
either side of a device producing magnetic fields. In this
setup, SCAMPI (Synthetic Cable for the Assessment of
Marine Power Impacts) is used to produce the magnetic
fields; the design of SCAMPI is introduced in the
subsequent section. A schematic of the experiment is
presented in Figs. 3 and 4. The device is placed in a main
tank where it is fully covered in water. The water in the main
tank is used for cooling the cores and SCAMPI to a
temperature that is representative of the temperature the
animals experienced during collection. Thermocouples are
placed in the water and connected to PicoLog so that the
temperature of the tank can be monitored in real time. The
individual aquaria are continuously supplied with aerates
seawater.
plastic cores placed

on either side of
SCAMPI

main tank filled

with water

Fig. 3: A schematic indicative of the experimental
setup used in experiments on benthic fauna.
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Fig. 4: A 2D slice representing the setup for
experiments on benthic animals.

EXPERIMENTAL DESIGN

In this section, we present the design of SCAMPI through
numerical models constructed in COMSOL Multiphysics.
The device has been developed to recreate non-uniform
magnetic fields typical for HVDC cable systems. The
proposed solution includes a wire wrapped in multiple turns
enclosed in a polyacetal enclosure. Multiple turns were
used to create an enhanced magnetic field of a distribution
similar to a HV cable. To ensure that SCAMPI produces
magnetic fields equivalent to those from an HV cable, the
prototypes of SCAMPI were developed through multiple
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numerical models, including both 2D and 3D
electromagnetic models. The final device has a diameter of
30 cm and a length of 1.25 m. Previously SCAMPI was
used in a case study presented in [19]. However, the design
and testing of the device were not disclosed.

2D modelling

The magnetic field produced by SCAMPI using the 2D
model is presented in Fig. 5. The setup was designed in a
way that will allow for fields of up to ~ 2 mT in cores located
10 cm from the device's surface, similarly to the values
indicated in Table 1. Various cable sizes and coil turns, as
well as the separation of the rows, were considered to
arrive at the final design. SCAMPI was intended to be of
similar size to a submarine cable whilst producing similar
fields to it. The device in the model is supplied with a
current of 130 A, to recreate fields similar to an HVDC
bipole, the current flows in opposite directions on two sides
of SCAMPI through multiple turns. A bigger separation
between the two conductor rows would result in higher
magnetic field outside of the device. However, the size was
intended to be small enough so that it does not introduce
constraints to future experiments with different
requirements.
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Fig. 5: A 2D model of SCAMPI, magnetic fields are
plotted for a current of 130 A.

The 2D model does not consider the effects associated
with the fact that SCAMPI has a finite length of around 1.2
m as the model extends to infinity in the z-direction. At close
distances to the device, the 2D model is an accurate
representation of the field since the distance from SCAMPI
is small compared to its length. However, at distances
comparable to SCAMPI's length and further, the effects of
the edges of SCAMPI become more pronounced, altering
the magnitude and spatial distribution of the field.

3D modelling

To address the limitations of the 2D model, a 3D model of
SCAMPI was developed to model the field further from the
device. The model was reduced to an octant to reduce
computational power. ‘Perfect Magnetic Conductor’ was
applied to the boundary marked as blue, and a ‘Symmetry’
boundary condition was applied to the boundaries marked
as green in Fig. 6. The remaining external boundaries were
set to be magnetically insulating. The individual conductors
were modelled using the ‘Coil’ function.

Figs. 7 and 8 present the magnetic field produced by the
proposed setup. Due to the limited length of the device the
position of the cores located on the edges was adjusted to

obtain a less than 6.5% variation of the mean magnetic field
in the sediment volume across all aquaria.
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Fig. 6: Geometry and mesh of the 3D model reduced
to an octant.
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Fig. 7: Magnetic field produced in cores using a
current of 60 A.
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Fig. 8: A surface plot of the magnetic field
produced in the cores with animals plotted at the
bottom of the cores for a current of 60 A.

Mechanical support

The mechanical support was developed to hold the
conductors in place without the conductors touching and
overheating. It consists of six Delrin plates connected using
three parallel bars. The mechanical enclosure was
developed in Solid Works. The model was then laser-cut,
and the cable was wound through the mechanical support.
The sketch of the final design made in Solid Works is
included in Fig. 9. The assembled device is shown in Fig
10.
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Fig. 9: A SolidWorks sketch of the mechanical
support, the dimensions are given in [mm].
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Fig. 10: SCAMPI after assembly.

TESTING

The device has been tested to ensure that no additional
stresses are imposed in the experiments, i.e. the
temperature and noise, and that the magnetic fields agree
with ones predicted by the numerical models. The results
of performed testing are presented in this section.

Supply

As SCAMPI requires a constant current of up to 130 A to
operate, a DC supply rated for up to 200 A is used. The
current during testing is measured using a clamp meter
connected to PicoLog to collect the information about the
current remotely and ensure that the magnetic field
produced by the setup is kept constant, as the magnetic
field is proportional to the current. Thermocouples are
placed in the tank to ensure a stable temperature.

Acoustic

The noise from the device was measured at six different
locations using a hydrophone. The sample rate used for
recording was set to 4000 Hz, and each recording lasted
10 seconds. The gain of RESON EC6081 mk2 preamplifier
was set to be 30 dB, and the B & K type 8105 spherical
hydrophone with a receiving sensitivity of -205 dB re
1V/uPa was used. The highest background noise level
recorded was 117.89 dB re 1 pPa (with the device switched
off), which was mostly due to the mains noise as indicated
by the frequencies of the recorded signals. The
measurements were then repeated with the device
switched on. The highest value recorded was 0.4% above
the background noise, with no obvious pattern change in
spectrograms. Thus, the noise generated by the device
was considered negligible.

Thermal

The temperature in the tank was measured overnight to
test the efficiency of the chiller used in the experiment. The
experimental design includes a temperature measurement
using the thermocouples connected to PicoLog Cloud
enabling remote tracking of the temperature. The average
temperature for SCAMPI energised with 90 A over 24 hours

was 12.7 °C with the maximum and minimum variation from
the mean of + 0.4 °C.

Electromagnetic

The magnetic field was experimentally validated using the
Physics Toolbox app. Measurements were taken in the
middle of SCAMPI in 5 cm increments in the middle of the
device extending to 0.7 m, the current of 123 A was used.
The resulting magnetic field norm was compared against
the 3D results, as shown in Fig. 11. The measurements
were adjusted for the background geomagnetic field
measured at the location. The differences observed are
likely due to the uncertainty regarding the exact position of
the sensor and its spatial resolution. As demonstrated by
Fig. 11, the magnetic field agrees with the predicted
simulation values, the average percentage error with
respect to the numerical solution was 5%.
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Fig. 11: Validation of the predicted magnetic field
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OTHER EMF CONSIDERATIONS

As analysed in [19], in addition to magnetic fields, there can
be electric fields induced in the seabed due to the water
movement above the HVDC cable system. This effect has
not been included in the proposed setup and modifying the
setup to include this effect would be challenging as it would
need to involve a set of electrodes in each core. However,
an example setup which models this effect has been
presented in [19]. The electric fields associated with the
motionally induced electric fields are in the order of
magnitude of 1072 mV/m.

BIOLOGICAL METHODS

The methods outlined here are broadly applicable across
sediment invertebrates, including echinoderms,
polychaetes, and gastropods. Within this framework,
organisms can be assessed for changes in ecologically
significant processes such as sediment reworking through
bioturbation, porewater exchange via bioirrigation, and
physiological responses including oxygen consumption.
The integration of SCAMPI with acrylic cores provides a
platform that can be tailored to the behavioural ecology of
different taxa. Aquarium dimensions and sediment depth
can be adjusted to mimic natural habitat conditions,
accommodating species ranging from small, surface-
oriented deposit feeders to large, deep-burrowing or tube-
building species.

Bioturbation

Within this setup, sediment reworking can be quantified
using fluorescent luminophores applied to the sediment
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surface utilising a method known as fluorescent sediment
particle imagery [20]. These tracers allow high-resolution
measurements of bioturbation activity, including maximum
reworking depth ( *SPlLmax), mean and median reworking
depths ( *SPILmean, “SPlLmedian), and changes in surface
boundary roughness (SBR). Such measurements capture
both the intensity and spatial structure of sediment
disturbance, providing a mechanistic link between
electromagnetic field exposure and alterations in benthic
behaviour (Fig. 12).

Single Core Side Stitched Profile (Entire core)

Fspi Median
&
Fspi Mean

Fspi Maximum

Fig. 12: Imaging of fSPI process. Individual UV images
of square acrylic cores containing fluorescent
luminophores are stitched to create a full sediment
profile. The processed image illustrates how reworking
metrics (SBR, "SPlLmax,

#SPILmedian and *SPILmean) are associated. Created in
BioRender. Jones, A. (2025)
https://BioRender.com/ecfz7cw

BIOIRRIGATION

Fig. 13: Method of bioirrigation process, illustrating the
addition of a bromide tracer solution to sediment cores.
Two porewater samples were collected: one
immediately following tracer addition and a second after
an 8-hour incubation period. Created in BioRender.
Jones, A. (2025) https://BioRender.com/a115x0t

Bioirrigation and Nutrient Dynamics

The use of cores allows quantification of ventilatory
behaviour and solute exchange across the sediment water
interface in response to EMF exposure [21]. Tracer
additions (bromide) resolve bioirrigation rates, while
nutrient analyses of overlying water track nitrogen and
phosphorus fluxes [22] (Fig. 13). This experimental design
enables these measurements to be made alongside
bioturbation, providing an integrated framework for
assessing benthic functioning under EMF conditions.

Physiology

To assess physiological responses to electromagnetic field
(EMF) exposure, closed-loop respirometry offers a
sensitive method for measuring oxygen consumption as a
proxy for metabolic rate [23]. This approach can provide
valuable insights into organismal energy expenditure and
potential stress responses linked to EMF conditions. Within
this framework, oxygen concentrations can be
continuously logged using optical sensors adapted into a
lid to seal the core systems [24]. Incorporating a small
internal recirculating pump within each core is
recommended to ensure homogeneous mixing and
minimize boundary layer effects, which can otherwise
underestimate oxygen readings [23].

Background respiration including microbial oxygen
demand should be accounted for by running parallel
control cores without organisms. Subtracting these values
from total oxygen consumption allows for the isolation of
organismal respiration rates (faunal mediated oxygen
consumption) [24]. This methodology not only allows for
high-resolution tracking of physiological changes under
EMF exposure but also helps link these individual-level
responses to ecosystem-scale processes.

CONCLUSIONS AND FUTURE WORK

A device for recreating magnetic fields typical for HYDC
submarine cables was designed, constructed, and tested.
The presented approach is an improvement over the setup
consisting of Helmholtz coils, used in most publications,
due to the inclusion of non-unform and non-unidirectional
fields. The description of the setup, the testing, and the
biological methods constitute a comprehensive guide that
can be adopted in future biological experiments aiming to
recreate conditions typical for HVDC cables. Future work
will include the analysis of behaviour and physiology
changes after exposure to magnetic fields typical for HYDC
cables.
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GLOSSARY

SCAMPI: Synthetic Cable for the Assessment of Marine
Power Impacts
EMF: Electromagnetic Field
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