
Monitoring casing corrosion of legacy wells using CSEM: 
Implications for large-scale energy and CO2 storage projects 
in shut-down hydrocarbon fields

Abstract
Large-scale CO2 and energy storage is a mandatory part of 

the green shift to reduce CO2 emissions and limit consequences 
of climate change. Large-scale storage will require the use of 
shut-down depleted hydrocarbon fields to take advantage of 
well-characterized reservoirs and cap rocks. Thanks to extensive 
data from historical hydrocarbon production, the uncertainties 
related to storage capacity, injectivity, and containment are limited. 
However, legacy exploration and production infrastructure, and 
especially legacy wells, are the main threat for possible fluid 
leakage toward the surface. Such legacy wells are numerous and 
penetrate the full rock column. In this paper, we describe a 
workflow to screen and monitor legacy wells in the shut-down 
Frigg Field in the North Sea. By using numerical modeling of 
electromagnetic (EM) field propagation in one of the Frigg Field 
wells, we explore the complex interactions of fields, currents, and 
well structure in the presence of corrosion. The corrosion is 
implemented as a change in the electrical conductivity of the 
innermost steel casing at different depths along the structure. To 
enhance probing depth, we plug the dipole source (1 km long) 
into the casing at the seafloor and excite the casing as an antenna. 
We find that at moderate levels of corrosion, the current distribu-
tion is significantly modified with respect to the uncorroded case. 
This generates a signal that propagates and can be observed at the 
seafloor in the numerical results. Other elements of the well 
geometry (e.g., concentric overlapping cement casings) have their 
own effect on the signal. This leads the possibility of estimating 
the location of the corroded area within the well geometry. These 
results suggest that by relaxing some of the model’s approximations 
and implementing realistic transmitters, it will be possible to 
evaluate and optimize controlled-source EM survey strategies for 
detecting and monitoring corrosion levels.

Introduction
In the European Green Deal, the North Sea plays a central 

role in reaching climate neutrality by 2050. The North Sea is 
envisioned as a hub (Thommessen et al., 2021) to (1) provide 
renewable energy from offshore wind farms; (2) produce green 
hydrogen generated by renewable energy; and (3) store CO2 and 
energy (e.g., H2, compressed air, or heat) in deep rock formations 
due to its large storage capacity and existing infrastructure (Lothe 
et al., 2019; NMPE, 2020; Osmond et al., 2022). The Norwegian 
Continental Shelf (NCS) has an estimated CO2 storage capacity 

Simone Zonetti1, Bastien Dupuy2, Benjamin Emmel2, and Anouar Romdhane3

of more than 80 Gt in different geologic formations (Norwegian 
Petroleum Directorate, 2014a). Geologic reservoirs that can serve 
as storage in the NCS include saline aquifers and depleted shut-
down oil and gas fields. Historical oil and gas regions are the 
most obvious candidates for fast development of subsurface storage 
because they have well-characterized proven reservoir quality 
and sealing cap rocks. There are three additional advantages. 
(1) They are usually underpressured, enabling better storage 
capacity by avoiding limitations due to pressure buildup (e.g., 
Ringrose and Meckel, 2019) and enabling less risk of geomechani-
cal failure due to CO2 injection. (2) There is likely more control 
on plume migration, and conformance monitoring is easier 
(Eliasson et al., 2021). (3) There are possibilities to use infra-
structure in place (e.g., pipelines, wells, platforms, etc.), thus 
reducing initial investment costs. Consequently, the shut-down 
fields are locations that can be utilized for storage purposes rela-
tively quickly (e.g., Porthos and Aramis projects in the Netherlands 
[e.g., Akerboom et al., 2021]).

On the other hand, challenges arise with the use of shut-down 
fields for CO2 or energy storage. These include the effect of residual 
oil and/or gas that will still be present and may lead to chemical 
interactions with the injected fluids (Sun et al., 2020; Hamza 
et al., 2021). Residual hydrocarbons (especially gas) are also 
problematic for the interpretation of time-lapse seismic (which is 
the backbone for monitoring) due to the weak contrast between 
gas-brine- and CO2-brine-saturated sands (Urosevic et al., 2010; 
Hannis et al., 2017). However, the main challenge relates to old 
legacy wellbores that may slow the shift from an oil and gas 
producing field to a storage field. Thousands of wells (8000 wells 
in the NCS and 6500 wells in the Norwegian North Sea) have 
been drilled in the region (Figure 1). Some of the wells are per-
manently or temporarily abandoned, including exploration wells 
from the 1970s to the 1990s. This happened long before modern 
safety and environmental regulations for well plugging and aban-
donment were implemented (e.g., NORSOK D-10, 2004). When 
a well is plugged and abandoned (P&A), cement plugs are built 
at a minimum of three locations (Vrålstad et al., 2019): (1) directly 
above the main reservoir, (2) in each potential flow zone, and 
(3) close to the surface (environmental plug). In addition to P&A 
regulations, regulations for CO2 storage require an assessment of 
leakage risks, monitoring, and mitigation possibilities for legacy 
wells (e.g., ISO, 2022). Legacy wells have been identified as the 
main leakage path for fluids drilled or injected into the subsurface 
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(Gasda et al., 2004). The Intergovernmental Panel on Climate 
Change Special Report on Carbon Capture and Storage (IPCC, 
2005) indicates that potential migration and release pathways 
from geologic reservoirs include inadequately completed and/or 
abandoned wells. The associated mechanisms for migration and 
release pathways may include degradation of the cap rock or the 
wells from reactions with acidic formation waters (typically brine 
that is partially saturated with CO2).

The leakage risks are related to a potential lack of control 
during P&A completion or to degradation of the well elements 
over time after P&A. For example, cement plugs are prone to 
degradation due to pH changes of the reservoir brine (Bertolini 
et al., 2003) or due to stress and pressure changes in the reservoir 
and cap rock. If the casing is left in place when the well is aban-
doned, the casing steel can be subject to corrosion due to corrosive 
fluids such as brine mixtures with CO2 (e.g., Choi et al., 2013). 
Preferred paths for fluid leakage in wellbores are at the interfaces 
between well elements, especially (1) between the rock formation 
and outer casing cement, (2) between the outer casing cement and 
casing, (3) between the casing and cement plug, and (4) through 
the cement plugs themselves (Figure 1c).

Legacy wells also constitute an asset, not only a threat (IPCC, 
2005), for large-scale CO2 and H2 storage. Drilling of the under-
ground is necessary to finely characterize and validate a storage 
area. Log and core data, recorded while drilling exploration wells, 
provide knowledge of potential reservoirs and their sealing abilities 
including the full rock formation columns (not only the oil and 
gas targets). Legacy wells and related data are consequently crucial 
for characterization of the reservoir and overburden of future 
storage complexes. To derisk the storage complex and gain a 
permit for large-scale storage in the NCS (Norwegian Petroleum 
Directorate, 2014b), it is mandatory to assess the status of legacy 

wells and monitor them over time to ensure that their elements 
are not being damaged and no leakage is occurring. Legacy wells 
with an uncertain integrity status are a financial risk for potential 
operators. If legacy wells must be re-entered to secure the storage 
unit, the costs may be comparable to the cost of drilling a new 
well. In addition to regulations and operational costs, legacy 
wells pose a challenge regarding public acceptance of under-
ground fluid storage projects, requiring reliable monitoring of 
potential leakages.

A legacy well screening and monitoring workflow for CO2 
storage in aquifers has been demonstrated for the Smeaheia site 
(Romdhane et al., 2022a). In this paper, we focus on Frigg Field 
(Figure 1), a shut-down and decommissioned gas field located in 
the central part of the North Sea (Total, 2011). The first step aims 
at identifying the legacy wells in the area and screening the old 
well completion and P&A reports. This stage allows us to classify 
the legacy wells, depending on information available about their 
status at the time of drilling and abandonment. Several criteria 
are assessed including P&A status, report quality, verification 
job, amount of cement injected, and number and location of cement 
plugs (Emmel and Dupuy, 2021). Alternative approaches are 
proposed in the literature (Pawar et al., 2021; Cahill and Samano, 
2022; Koning et al., 2023). When the wells are assessed and 
classified, we select the critical ones that need further investigation 
(e.g., active monitoring and surveillance). Because the wells are 
abandoned, the wellhead is usually cut and buried under the 
seafloor. With the borehole being inaccessible and very expensive 
to re-enter, we focus on noninvasive monitoring tech-
niques. Geophysical approaches, such as seismic and controlled-
source electromagnetic (CSEM), are commonly used in oil and 
gas exploration and reservoir monitoring and can provide informa-
tion about the well status without the need to re-enter. Preliminary 

Figure 1. (a) Location of the study area in the North Sea (white box). Red dots are oil and gas well locations. (b) Map of Frigg Field with well locations. For the British part (green dots), the 
abandonment status is given. For the wells located in the Norwegian economic zone (red dots), the well identifiers are given. The size of the red dots relates to screening results for P&A 
status following the approach given in Emmel and Dupuy (2021). (c) Plugging and abandonment plan for well 25/1-8 located in the center of Frigg Field (Norwegian Petroleum Directorate, 
1991). Numbers indicate preferential leakage paths along a well structure.
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work by Romdhane et al. (2022b) shows 
that corrosion of shallow sections of 
casing can be detected with CSEM. 
Wilt et al. (2020) demonstrate that 
using the casing as an antenna for time-
domain reflectometry surveys is relevant 
to enhance the probing depth for casing 
corrosion in onshore wells.

We will first describe the shut-
down Frigg Field, with some details of 
storage capacity and examples of res-
ervoir fluid migration in the case of 
injection of CO2. Then, the existing 
legacy exploration wells are assessed 
and classified, one of which is located 
in the center of the field and selected 
for detailed analysis. Finally, we build 
a numerical model of the selected legacy 
well to test the ability of EM signals 
to detect corroded casings.

Frigg Field storage capacities
Frigg Field is located in the central 

part of the North Sea (Figure 1a). 
Production started in 1977 after the first 
discovery in 1971. The field was shut 
down in 2004 after 27 years of produc-
tion from a reservoir in the Frigg 
Formation at a depth of about 1900 m. 
Final decommissioning of the facilities 
was completed in 2010 (Total, 2011).

Based on hydrocarbon production 
data, the storage capacities for CO2 
(Holloway et al., 1996) and H2 (Emmel 
et al., 2023a) can be calculated. During 
its lifetime, the Norwegian part of the 
field produced 115.8 billion standard cubic 
meters (Sm3) of gas and 0.114 million Sm3 
of condensate (Norwegian Petroleum 
Directorate, 2023). Using the parameters given in Table 1, theo-
retical storage capacities of 355 to 422 Mt for CO2 and 5.9 to 7.6 
Mt for H2 are estimated. The mass of H2 can be transferred to an 
energy equivalent of 197 to 299 TWh. Norway’s CO2 emissions 
in 2022 was 48.9 Mt (Statistics Norway, 2023a) and energy 
consumption was 218 TWh (Statistics Norway, 2023b). 
Consequently, Norway’s CO2 emissions for approximately eight 
years can be stored in Frigg Field. In case of energy storage in the 
form of H2 injection, approximately one year of Norway’s energy 
can be stored in Frigg Field.

By using a simplified reservoir model based on publicly avail-
able wellbore data and map information, parameterized with data 
given by De Leebeeck (1987), we run reservoir modeling simula-
tions with variations in the injection well location (Figure 2). We 
show that, independent from the injection well location, CO2 will 
reach most of the legacy wells (Romdhane et al., 2022b). Frigg 
Field capacity estimates for storage of CO2 or H2 are substantial. 

However, before using Frigg Field as a storage site, a detailed 
analysis of legacy wells is required.

Well screening
In Frigg Field, 67 wells were drilled according to the available 

database, including 10 exploration wells with publicly available 
documentation on the completion process. We only screened 
legacy exploration wells because (1) the data are publicly available, 
(2) they are usually the oldest wells drilled in an unknown field, 
(3) they penetrate the full rock column even below the reservoir 
unit, and (4) P&A has been executed without detailed knowledge 
of the hydrocarbon reservoir target and without taking into 
account any possible future fluid storage operations. Emmel et al. 
(2023b) use the available data to screen the P&A status of explora-
tion wells in Frigg Field following the method described in 
Emmel and Dupuy (2021). This method analyzes the data reported 
from the operator to the Norwegian Petroleum Directorate. These 

Table 1. Theoretical CO2 and H2 storage capacities for Frigg Field and parameters used for the calculations. The mass of H2 is 
converted to potential energy by using heating values of 33.33 and 39.4 kWh/kg (Emmel et al., 2023b).

Original in-place free gas   (billion Sm3)  150.2  Oil density  (kg/m3)  0.834 

Produced gas   (billion Sm3)  116.62  H2 density at res. cond.  (kg/m3)  10.072–12.906 

Produced condensate  (million Sm3)  0.46  CO2 density at res. cond.  (kg/m3)  604–718 

Remaining gas   %  22.36  CO2 storage capacity  Mt  355–422 

Res. pressure   bar  150–197  H2 capacity   Mt  5.93–7.59 

Res. temperature  (°C)  60  Energy equivalent H2  TWh  197.65–299.04 

GEF     198       

Figure 2. (a)–(f) Results of reservoir modeling. Mole fraction of CO2 in the gas phase at the top of the Frigg Formation using 
different injection locations after 50 years of injection of 250 Mt of CO2. The approximate positions of legacy wells in the center 
of the field are shown with white boxes, and varying locations of the injection wells are marked with white dots. The model’s 
width is approximately 17.5 km.
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data usually contain all details of the drilling and abandonment 
procedure summarized in a well completion report. P&A is then 
compared to the present regulations for NCS (NORSOK D-10, 
2004). Twelve criteria are differently weighted, resulting in a 
final maximum score of 31. Higher scores indicate complete 
documentation of the drilling and abandonment procedure and 
a good P&A job following current regulations. Lower scores 
indicate missing documentation and/or poor P&A completion 
with respect to current regulations. Wells from Frigg Field get 
screening scores between 1 and 19.9 (Table 2). Low-scored wells 
require more attention and monitoring in the case of storage in 
this area.

Noninvasive monitoring of casing corrosion
Modeling approach and numerical model. For noninvasive 

monitoring, as we consider effects of the corrosion on the casing, 
we focus on CSEM, which is most sensitive to changes in electrical 
conductivity in the subsurface. Marine CSEM can be used for 
hydrocarbon exploration (Constable, 2010). It has been demon-
strated to be potentially useful for well-integrity characterization 
by a small-scale experiment (Wilt et al., 2020) and synthetic 
modeling (Romdhane et al., 2022b). Wilt et al. (2020) demon-
strate that time-domain reflectometry for onshore wells is relevant 
when the steel casing is used as an antenna. Romdhane et al. 
(2022b) show that CSEM enables the identification of 10 m long 
sections of corroded casing at 150 m depth by using a conventional 
CSEM acquisition layout in a marine environment. To improve 
probing depth and characterize corroded sections at greater depth, 
we are testing the use of the casing as an antenna by plugging a 
dipole antenna into the casing. This method, aimed at energizing 
the steel casing at the wellhead and focusing on time-lapse 
changes due to well damage, is known as the top-casing method 
(Wilt et al., 2018; Um et al., 2019; Wilt and Nieuwenhuis, 2019; 
Wilt et al., 2020).

Modeling CSEM signal is carried out with COMSOL 
Multiphysics software. In a first approximation, we only consider 
conductive effects in the model, therefore neglecting inductive 
effects. This amounts to solving, in the frequency domain, the set 
of equations:

J = (σ + iωε0εr)E ,    (1)

∇ · J = Q, and     (2)

E = –∇V,     (3)

where E is the electric field, V is the electric potential, Q is the 
charge density, and J is the total electric current density. Here, 
σ, εr, and ε0 are the medium properties governing wave propaga-
tion: electrical conductivity, relative dielectric permittivity, and 
vacuum electrical permittivity, respectively. In addition, ω is the 
angular frequency.

The modeling domain is surrounded by absorbing boundary 
conditions to avoid unwanted reflections due to the use of a limited 
bounded simulation domain. By taking advantage of the symmetry 
of the geometry along the plane of the well and the dipole, 
computational requirements can be reduced by half. The model 
is meshed with a tetrahedral mesh (Figure 3).

We use a well model from the P&A report (Figure 1c) to 
build a numerical model for CSEM modeling. The cylindrical 
well elements, radially layered to accommodate different wellbore 
and casing sizes, are enclosed in a large cylindrical domain with 
a radius of 1500 m. The radial spacing between metal casings 
is fully resolved in the geometry. The metal casings themselves 
are modeled as thin layers, with an effective formulation that 
accounts for their thickness without requiring a mesh (known 
as the electric shielding boundary condition in COMSOL 
Multiphysics software).

Table 2. Summary of screening results of the 10 exploration wells of Frigg Field. Results are given for single criteria and total score. Status is for the last re-entry stage. Abbreviations are 
as follows (Emmel and Dupuy, 2021): wb_name = wellbore name; sc_status = status description for exploration wells from NPD; sc_entryYear = year of drilling (related to regulations); 
sc_plug_da = reporting of plugging operations to the authorities; sc_plug_ab = score for finishing date reported to the authorities; sc_report = report quality; sc_cem_job = casing cement 
job evaluation; sc_cs_ver = casing cement job verification; sc_plug_jo = whether abandonment, reservoir, and surface plugs are in place; sc_plug_len = plug length; sc_pl_ver = whether 
there was tagging or weight testing of plugs; sc_mil = milling of casing to improve cement integrity; and sc_ind_leak = whether there was leakage indicated by secondary measurements.

wb_name sc_
status

sc_
entryYear

sc_plug_
da

sc_plug_
ab

sc_
report

sc_cem_
job

sc_cs_
ver

sc_plug_
jo

sc_plug_
len

sc_pl_ver sc_mil sc_ind_lk sc_total

25/1-1 3 0 0 0 0 0 2 –6 0 0 0 2 1.00

25/1-2 3 0 0 0 0 0 2 –6 0 0 0 2 1.00

25/1-3 3 0 0 0 0 0 2 –6 0 0 0 2 1.00

25/1-5 3 0 0 0 0 0 2 –6 0 0 0 2 1.00

25/1-7 3 0 0 1 1 0 2 –5 1 0 0 2 5.00

25/1-8 3 0 0 1 1 0 2 –3 2 0 1 2 9.00

25/1-10 3 0 0 0 1 0 1 –4 3 0 0 2 6.00

30/10-1 2 0 0 0 0 0 1 –3 2 0 0 2 4.00

30/10-4 2 0 0 0 0 0 1 –2 0 0 0 2 3.00

30/10-5 3 0 0 0 1 2.4 1.5 3 3 3 1 2 19.90

Max value 3 2 1 1 3 3 3 6 3 3 1 2 31.00
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Corrosion can be introduced to any metal casing by reducing 
the local conductivity in any arbitrary cylindrical segment of the 
casing (Wilt et al., 2020). For this work, we focus on the innermost 
casing and look at a 100 m long corroded section (Figure 3). The 
uncorroded steel conductivity is set to σ = 4 × 106 S/m. Corroded 
casing conductivity can take values as low as σ = 4 × 103 S/m (Wilt 
et al., 2020). Therefore, the thin layer approximation is warranted 
considering two factors. First, the conductivity of the casings is 
much larger than the conductivity of the surrounding materials 
(which are on the order of 1 S/m). Second, given a casing thickness 
of 12 mm, the skin depth at the operating frequency of 10 Hz 
(for casings’ relative permittivities and permeabilities of 1 and 10) 
varies from 20 mm in the uncorroded case to 800 mm in the case 
with the highest corrosion.

The whole geometry is also layered, following the geometrical 
changes in the well elements, with the inclusion of a water layer 
and an air layer at the top. Properties of the rock formation are 
also assumed to be layered based on a 1D model of conductivity 
from the resistivity log. Relative permittivity values are taken to 
be 6 for the formation, 2.2 for cement, 78.4 for water, and 1 for 
steel. EM fields are excited via a 1 km long dipole on the seabed 
(with one end connected to the 133/8-inch steel casing, which 
reaches the seafloor and goes as deep as 1000 m below the sea 
surface) and a return electrode on the seafloor. The dipole is driven 
by imposing a potential difference of 1 kV across its length at an 
operating frequency of 10 Hz. We generate a set of models with 
different corrosion sections and different levels of corrosion, and 
we compare the electric field components. Figure 3 summarizes 
the setup with details of the well elements, rock formation con-
ductivity, and mesh.

In the following subsection, we investigate the potential of 
this modeling approach in providing insight into the physics of 
signal propagation in the well structure, its interaction with the 
corroded region, and its propagation back to the seabed. This 
establishes a basis for further investigation of CSEM for corrosion 
monitoring and detection. In particular, given the approximations 
and simplifications introduced (especially in the omission of 
inductive effects) and the limited exploration of different excitation 
frequencies and configurations, absolute signal levels returned by 
the model are not yet interpreted against the capabilities of realistic 
instrumentation used in the field. For this reason, field magnitudes 
are reported in arbitrary units, and their usefulness is limited to 
relative comparison between different cases. The extension of the 
modeling to realistic signal levels and detection strategies is 
reserved for future work.

CSEM modeling results. With a linear voltage drop along the 
dipole on the seafloor as excitation, we investigate the changes in 
the electric field caused by different levels of corrosion in the 
innermost casing of the well by using the case with no corrosion 
as a baseline. We consider the scattered electric field, which is 
defined as the difference between the electric field for the case with 
no corrosion (i.e., intact casing, no changes in conductivity) and 
the case with corrosion, as our variable of interest. Results for a 
dipole connected to the third casing of the well and a 100 m long 
corroded section starting at a depth of 500 m are displayed in Figure 
4. The figure shows how the entire well structure acts as an antenna, 

with the corroded section at the center of current lines. The field 
excitation and the signature of the corroded casing are clearly visible. 
The reservoir layer at 1927 m depth (top Frigg Formation) has high 
resistivity compared to the conductive cap rock (Hordaland Group). 
We observe that a fair part of the EM energy is leaking in the 
reservoir, reducing the probing depth under this resistive layer. 
Similar behavior is observed by Heagy and Oldenburg (2019) when 
modeling a DC resistivity experiment. They find that larger resistiv-
ity contrasts between casing and rock formation will lead to a larger 
secondary response. Wilt et al. (2020) also emphasize that the 
background resistivity distributions can influence the recorded 
electric field at the surface and reduce the leak-off of current from 
the well casing into the rock formation.

To evaluate the possibility of detecting corrosion and its 
severity, we examine scattered fields at the seafloor along the 
radial direction from the well in the opposite direction of the 
dipole (corresponding to the positive x-axis in Figure 4). This is 
where signals can be measured by adapting conventional CSEM 
acquisition layouts. It is interesting to first look at how signal 
levels (i.e., scattered field magnitude) behave with varying distances 

Figure 3. (a) Model of well elements and rock formation conductivity. In the well geometry, 
shaded areas indicate cement casing and plugs, thick black lines correspond to metal casings, 
and the yellow areas indicate an example location of a 100 m long corroded metal casing. 
White areas are filled with water. The lateral scale is not to scale versus the vertical scale. 
The conductivity model spans 1500 m horizontally, and the well is assumed to be located 
in the center. (b) Meshing in proximity of the well structure. Formation elements are in red, 
wellbore and sea water is in blue, cement is in black, and air is in cyan. Areas with denser mesh 
correspond to locations with small geometric features. Because of the different scales in the 
lateral and vertical directions, mesh elements appear distorted in the image.
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from the well and varying levels of corrosion. As one would expect, 
signal strength decays exponentially with distance (Figure 5). 
Heagy and Oldenburg (2019), Wilt et al. (2020), and Beskardes 
et al. (2021) observe similar phenomena:  a decrease over distance 
when modeling the DC electrical part of the response. At the 
same time, the most significant changes in signal strength occur 
when casing conductivity is reduced to a factor of 10, with only 
a marginal signal increase for further reduction (right-hand side 
of Figure 6). This indicates that for a well structure with telescopic 
casings, even a moderate reduction in conductivity in the innermost 
casing displaces the currents toward other casings, significantly 

altering the field topology. Once this is achieved, additional 
decreases in the conductivity do not further alter the current 
distribution and only marginally affect the overall signal strength. 
This behavior is clearly visible in Figure 7, where a drop in con-
ductivity in the corroded region leads to a significant current 
reduction in the innermost casing (the current is down 90%, with 
conductivity reduced by a factor of 10), while the currents increase 
in the second and third casings. The current increase is more 
localized in the second casing because of the immediate proximity 
to the corroded area with respect to the third casing. At larger 
corrosion levels, there is also a clear interplay between the second 
and third casings, with the current profile on the second casing 
displaying a local minimum at a depth of 550 m.

Next, we consider how the signal at the seafloor is affected 
by the depth of the corroded region. For varying levels of corrosion, 
the location of the corroded region is varied from 350 to 1700 m, 
covering most of the innermost casing. Modeling larger depths 
is technically possible, but the signal levels at the seafloor are very 
low and produce noisy data. For a meaningful comparison between 
different locations of the corroded region and to evaluate relative 
changes in the local fields, we look at the signal gain gi rather than 
the scattered field. This is defined for each field component i as ​​
g​ i​​  =  20​log​ 10​​​​(​​1 − ​​E​ scattered​​ _ ​E​ intact​​

 ​​)​​​​, where Escattered and Eintact are the scattered 
electric field and the electric field of the intact casing case, respec-
tively. Results are reported in Figure 8 for measurements performed 
on the seafloor 300 m away from the well. A local minimum is 
present at a depth of 800 m, corresponding to the location of two 
overlapping cement casings in the well structure. The signal gain 
increases as part of the corroded section exits this area, resuming 
its decline below 1000 m depth when only one cement casing 
is present.

The results for a complete set of corrosion levels and depths 
of the corroded region are reported in Figure 9. They confirm the 
qualitative behavior described in Figures 7 and 8, with gain rapidly 
increasing with a conductivity of the corroded region at approxi-
mately 106 S/m and a local minimum at depths between 700 and 
900 m where the two cement casings overlap.

Discussion
These results suggest that the top-casing CSEM survey of a 

complex well geometry that is typical for deep exploration wells 
is sensitive to the effects of corrosion to 
the steel casings when modeled as a 
reduction in electrical conductivity. 
Already, with a reduction of a factor of 
10, the current distribution is signifi-
cantly modified, with current paths 
shifting from the more resistive cor-
roded region to the more conductive 
casings in its proximity. While further 
corrosion in the same location does not 
alter the current paths, it does generate 
a marginally stronger signal at the sea-
floor. In addition, it has been shown 
that the EM signal of the corroded well 
carries information about the location 

Figure 4. (a) Well structure and formation conductivity (more details in Figure 3). The 
corroded section is highlighted in yellow. (b) Scattered field magnitude in log scale and 
current lines (black lines) on the vertical plane along the well and the dipole for a 100 m 
long corroded section at a depth of 500 m with a conductivity of 4000 S/m. The scattered 
field components are defined as the difference between the field components in the case 
with corrosion and without corrosion. The dipole is visible as the horizontal line left of the 
well at a depth of 127 m. Field excitations are clearly propagating along the whole well 
structure, with current lines (in black) closing around the corroded section. Note how the 
reservoir (with high resistivity) shields the deeper portion of the model, where scattered 
fields are introduced via the casings below 2000 m.

Figure 5. (a) Scattered field magnitude and (b) signal gain along the seafloor compared with the distance from the wellhead 
for different values of corroded section conductivity. The decay of field magnitude with distance is mostly exponential, as 
expected, while signal gain peaks between 300 and 500 m from the well.
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of the corroded region itself, namely with a drop in seafloor signal 
when the corroded section is located behind two overlapping 
cement casings. This suggests that with knowledge of the well 
structure and its uncorroded signal (baseline model), it can be 
possible to determine not only whether corrosion has occurred 
and its severity, but also estimate its location. Similar conclusions 
are drawn by Wilt et al. (2020) for onshore wells. However, in 
order to evaluate the expected signal levels and compare them 
with existing detection capabilities, a more comprehensive model-
ing approach will be required (i.e., with the inclusion of inductive 
effects and the investigation of a range of excitation frequencies). 
A more detailed study of the signature of corrosion on different 
casings, rather than on the innermost casing alone, would be of 
interest. It would also be interesting to study the signature of 
multiple areas of corrosion in the same well geometry and the 
length of the corroded section (Beskardes et al., 2021). Finally, 
implementing realistic sources will allow us to quantify the 
observed changes at the seabed and compare them with EM noise 
floors (Pidlisecky et al., 2007; Grayver et al., 2013) relative to 
CSEM data uncertainty (Mittet and Morten, 2012). This would 
enable us to study and optimize detectability of changes by adapt-
ing acquisition layouts (including potentially downhole layouts) 
and testing other frequencies and field components.

In general, the suggested modeling approach and its immediate 
extension provide a promising strategy for the future detection 
and monitoring of corrosion in P&A wells. The capability of 
accessing and understanding the details of signal propagation and 
complex interactions within the well structure, and the ease of 
implementing any well geometry and local formation properties, 
can be valuable in optimizing the approach to specific challenges. 
Earlier studies (Romdhane et al., 2022a) also show that CSEM 
can be used to characterize shallow cement plugs (environment 
plugs close to the surface). For assessment of overburden and 

Figure 6. Scattered field magnitude compared with varying conductivity of the corroded 
region at different distances from the well on the seafloor. Note how the largest changes 
in signal occur on the right-hand side of the plot, where conductivity is reduced by a factor 
of 10. Varying the distance to the well amounts to a simple scaling factor, suggesting no 
significant qualitative difference between locations.

Figure 7. Relative variation in the surface current along the different casings with varying 
degrees of corrosion in a 100 m long section highlighted in the well schematic on the left 
(to scale with the vertical axes of the plots). As conductivity in the corroded region drops, 
so does the current in the first casing. This corresponds to an increase in the surface 
currents in the second and third casings.

Figure 8. Signal gain versus depth of the top of the corroded region for different corrosion 
levels measured on the seafloor 300 m away from the well. The gain drops to a local 
minimum as the corroded region approaches the area between 700 and 1000 m depth 
where two cement casings overlap, reducing the ability of the currents to bypass the 
corroded region via other casings.

Figure 9. Gain for the x component of the electric field as measured on the seafloor 300 m 
away from the well when the dipole is connected to the fourth casing for different values 
of the conductivity and depth (of the top boundary) of the corroded section. The well 
structure, to scale in the vertical direction, is provided as reference.
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reservoir plugs, tube wave generations at the wellhead and record-
ing of time-lapse changes along the well or at the wellhead are 
valuable methods to be tested.

Conclusions
The North Sea is considered to be a potential major hub for 

CO2 and energy storage. Shut-down fields such as Frigg Field are 
relevant storage locations due to their well-characterized reservoir 
and cap-rock formations and large storage capacities. However, 
CO2-injection-related reservoir models from Frigg Field indicate 
that exploration legacy wells are situated at critical locations within 
the field. Independent from injection locations, these wells will 
be reached by a migrating CO2 plume. Using Frigg Field (as an 
example of a shut-down field) for large-scale storage requires 
assessing and monitoring legacy wells. Characterization of the 
well elements, especially cement plugs and casings, is required to 
ensure that old legacy wells are not a containment threat and can 
act as a leakage path. Top-casing CSEM modeling shows promis-
ing results in characterizing and monitoring the casing corrosion. 
The probing depth depends on the casing structure and the rock 
formation conductivity but seems to be good enough to be a 
realistic method to use at field scale. More in-depth modeling 
and field-scale tests are required to quantify the magnitude of the 
changes due to casing corrosion. If such a CSEM survey is carried 
out at regular times, screening for time-lapse changes in the signal 
will allow us to identify any change in the casing corrosion, 
monitor possible corrosion by corrosive fluids (CO2), and detect 
possible leakages early (migration of CO2 up along the legacy well 
corroding higher sections of the well casing). 
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