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Abstract 
In this paper we ask the question whether or not electrochemically enhanced deposition of minerals can be utilized to 
repair leakage paths existing in cement plugs in wells. Electrical polarization of two electrodes may result in oxygen 
reduction and water electrolysis, where both processes change the local pH close to the two electrodes. The solution 
close to the anode is becoming acidic while close to the cathode it is becoming alkaline. Since solubility of many 
scaling minerals is pH dependent, precipitation of minerals on conductive surfaces can be induced by electrical 
polarization. We test whether cathodic polarization of conductive surfaces can be used to facilitate deposition of 
minerals from brines resembling reservoir fluids. As a model the reservoir formation water from the Gyda field was 
chosen. The electrochemically enhanced deposition at 23 and 120 °C from a synthetic Gyda brine was tested by 
polarizing at 5 V. The results show that cathodic polarization significantly enhanced precipitation of minerals from 
the synthetic Gyda brine.  
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1. Introduction
The Norwegian North Sea has an increasing amount of 
gas and oil fields that are depleted and shut down. These 
are candidates for storage of CO2, and maybe in the future 
also hydrogen. The fields have a proven trapping and 
sealing capacity over geological timescales and might be 
suitable to guarantee safe storage of future renewable 
energy sources or CO2. Until 2021, 24 gas and oil fields 
explored throughout the 1970 and 1980’s have been shut 
down on the Norwegian continental margin [1]. 
Numerical studies and leakage incidents [2] indicate that 
wells are one of the major paths for gas (CH4, CO2, 
hydrogen) leakage [3].  

At the end of the gas and oil production phase, wellbores 
are decommissioned via plugging and abandonment 
(P&A). To ensure that the P&A procedure seals the well 
and protects the surrounding (geological) environment 
against leakage in an eternal perspective, it is often 
necessary to remove long sections of steel pipes and 
create or repair annular barriers in the well. This is 
typically done by placing cement plugs inside the wells 
[4]. 

King et al. [5] compared statistics of well issues in the 
North Sea Norway, North Sea UK, and the Gulf of 
Mexico, and concluded that the major causes of well 

integrity issues were leakage through tubings and 
cement. The most probable leakage pathways via 
abandoned wells have been described by Gasda et al. [6]. 
One of them is a damaged cement plug. The sealing 
ability of the plugs can be impaired by chemical or 
mechanical degradation processes which may lead to gas 
leakage.  

In this paper we suggest an electrochemical method for 
repairing cement plug damages and eliminating leakage 
pathways through these plugs. 

The concept relies on utilizing cathodic polarization of 
the casing close to the cement plug (e.g., Figure 1 b), 
filled with scaling fluid to induce precipitation of 
minerals within or above the leakage pathway in order to 
plug (repair) it. The concept of anodic polarization of 
steel pipes has already been proposed for P&A purposes 
and the method has been tested for facilitation of pipe 
removal via enhanced corrosion. In contrast to its anodic 
counterpart, cathodic polarization protects steel pipes 
from corrosion. It has been shown that cathodic 
polarization of conductive surfaces in contact with 
scaling solution can lead to enhanced precipitation of 
scaling minerals like e.g., calcium carbonate [7]. 
Precipitation of scaling minerals is enhanced at high pH 
condition. Such conditions are induced in the vicinity of 
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electrode during cathodic polarization due to production 
of hydroxide ions, see Eq (1) [8].  

2H2O + 2e− → H2 + 2OH− (1) 

In this paper we test the concept of electrochemically 
enhanced deposition on a real scenario using formation 
water composition from the Gyda field sandstone 
reservoir. The electrochemically enhanced deposition at 
23 and 120 °C from synthetic Gyda brine was tested. The 
reasons for choosing Gyda field for this case study is 
highlighted in Materials and Methods section.  

2. Materials and method
2.1. Gyda case 

The Gyda field (Figure 1.a) is in the southern part of the 
Norwegian North Sea, approximately 325 km southeast 
of Kristiansand. From 1990 to 2020 the field produced 
about 41 mill m3 oil from a sandstone reservoir in the Ula 
formation at a depth of ca. 4000 m. The field temperature 
is around 155 °C and a high pressure of ca. 590 bar is 
prevailing. The claystone's of the Mandal formation 
provide a ca. 30 m thick seal. Six exploration wells and 
53 production wells perforate the oil field with a well 
density of 1.44/km2. In the discovery wellbore 2/1-3, 
hydrocarbons occur in three different formations in a 
depth ranging from ca. 3000 to 4100 m: (i) in the Tor 
formation limestone, (ii) in the Ula formation sandstone 
and (iii) in the Bryne formation sandstone [1]. 

Figure 1. a) Extent of the Gyda filed (brown area) with wellbore 
locations (red dots). b) Example of an abandonment plan for 
exploration well 2/1-4 [1] indicating the depth of the build plugs 
(grey shaded area). 

Gyda formation water composition (ionic composition, 
pH) was calculated as an average from six formation 
water samples reported by Warren et al. [9]. 

2.2 Preparation of synthetic Gyda formation water 

Synthetic Gyda formation water (brine) was made by 
mixing the salts listed in Table 1 with deionized water for 
at least 1 hour. The solution is a simplified version of 

Gyda formation water reported in [9]. The initial solution 
is oversaturated at room temperature, thus some amount 
of salts remains precipitated. 

Table 1. Ionic composition of synthetic and real Gyda 
formation water (fw) used for Phreeqc models. Salts 
(NaCl:130.57 g; MgCl2·6H20: 17.65 g; KCl: 8.5 g CaCl2·2H20: 
97.42g; NaHCO3: 0.6g; Na2SO4: 2.90 g and FeCl3: 0.41 g) were 
mixed with deionized water to make up a total of 1 L solution.  

Synthetic 
Gyda fw 

 Real Gyda 
fw 

Ion Mass (g/l) Mass (g/l) 
Na+ 
Mg+ 

52.53 
2.11 

54.72 
2.11 

K+ 4.46 4.48 
Ca2+ 26.56 26.51 
Fe3+ 0.14 0.14 

CO3
2- 0.60 0.43 

SO4
2- 1.89 1.96 

Cl- 
Ba2+ 
Sr2+ 

136.82 
-
-

121.57 
0.32 
0.85 

2.3 Geochemical modelling of pH and temperature 
changes 

It is expected that local pH changes close to electrodes 
(polarized conductive surfaces) will lead to acceleration 
or inhibition of salt precipitation. To predict the impact 
of pH changes on the geochemical equilibrium between 
the Gyda brine and the precipitate, we modelled mineral 
dissolution/precipitation for different pH values and 
temperatures for the Gyda formation water with the 
composition described elsewhere [9]. The pressure, 
temperature and pH dependence of mineral reactions 
calculations have been done using the software Phreeqc 
with the wateq4f.dat data-base [10].  

2.4 Electrochemical deposition 

Electrochemical deposition was induced by applying a 
potential between two graphite electrodes immersed in an 
electrolyte (synthetic Gyda formation water). Graphite 
was chosen over metal to avoid corrosion of anode 
associated with the release of iron. Graphite tubes were 
used as cathode, anode and reference, and the potential 
between cathode and anode was set to 5 V. Experiments 
were conducted at 23 and 120 °C and the electrodes were 
polarized for 15 minutes. After the exposure, the 
electrodes were quickly flushed with deionized water to 
remove excess of brine and prevent excessive 
crystallization of the remaining salt during the drying 
process. Scanning electron microscopy (SEM) was used 
to investigate the topography of the electrode surfaces, 
and powder X-ray diffraction (XRD) was used to find the 
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mineralogical composition of the deposit. For SEM 
imagining of the surfaces, a Hitachi S3400 N thermal 
emission microscope was used with an acceleration 
voltage equal to 15 kV.  

3. Results and discussions

3.1 Geochemical modelling 

At first, we modelled the pH values that should be 
expected at different pressure/temperature conditions 
using the measured pH of the synthetic Gyda formation 
water (pH of 5.2 which is in line with the pH reported for 
Gyda brine samples [9]) as the initial value. The results 
in Figure 2 show the pH decrease from 5.2 to 4.7 with 
increasing temperature and pressure. The resulting data 
was further used as an input for geochemical modelling 
(Figure 3).  

Figure 2. Modelled pH values for the Gyda formation water at 
different pressure/temperature conditions using Phreeqc. The 
initial conditions used were pH value of 5.2 at temperature of 
23 ºC and 1 atm pressure. 

Figure 3 shows modelled saturation indices (SI) for 
different model assumptions: 

(i) Pressure/temperature and pH conditions at
reservoir depth for the real and synthetic
Gyda formation waters (T=154 °C; P=582
atm)

(ii) Pressure/temperature and pH conditions at
laboratory conditions for the real and
synthetic Gyda formation water (T=23 °C;
P=1 atm)

Figure 3. Saturation indices (SI) modelled for mineral phases at 
different pressure/temperature/pH conditions using the 
synthetic Gyda formation water (top) and real Gyda formation 
water (bottom) ionic composition.  

A SI < 0 means the mineral phase is in the solution, and 
a SI > 0 means the solution is oversaturated and the phase 
will precipitate. From Figure 3 it is seen that the iron 
(Fe3+) bearing phase (goethite) reach the highest 
saturation for all model assumptions. The main 
difference between synthetic and real Gyda formation 
water modelling was the presence of BaSO4 in the real 
composition. Also, for the real composition, Ca(OH)2 
and Mg(OH)2 have SI > 0 at pH 8.8, 582 atm and 154 °C, 
which is not the case for the synthetic composition.  

Figure 4 shows modelled saturation indices at different 
pH values under laboratory conditions (room temperature 
and pressure) for the synthetic and real Gyda formation 
water. Only the Ca-bearing mineral phases and sodium 
chloride (NaCl) are presented.  
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Figure 4. Modelled saturation indices (SI) for Ca-bearing 
mineral phases and NaCl at 23 °C, 1 atm for different pH values, 
using the synthetic Gyda formation water (top) and real Gyda 
formation water (bottom) ionic composition. 

NaCl and gypsum (CaSO4·4H2O) are relatively 
insensitive to pH variations. While NaCl had a SI lower 
than 0 for all pH values and would stay dissolved, 
CaSO4·4H2O precipitate at almost all pH values except 
from pH 14. At alkaline conditions (pH >12) portlandite 
(Ca(OH)2) and calcium carbonate (CaCO3) were shown 
to precipitate. If the pH close to the electrode is less than 
12 but greater than 6, only CaCO3 has a potential to 
precipitate.  

3.2 Electrochemical deposition on graphite tubes 

Figure 5 compares the surfaces of cathode, anode, and 
reference sample after only 15 minutes of polarization (5 
V) in synthetic Gyda brine at different temperatures. The
surfaces of the two cathode tubes were covered with a
thick, white layer of minerals, while on the anode only a
thin layer of precipitate was present. The precipitate on
the anode occurred because the electrode stayed for 2
minutes in the brine solution after the potential was
switched off, before the electrode was dismounted from
the experimental setup and flushed with deionized water.
The reference sample had a slightly thicker layer of
precipitate than the anode. The large difference in
amount of precipitate between the cathode and the
reference sample indicates significant impact of electrical
polarization on mineral deposition. It is thus suggested
that the pH close to the cathode is larger than 6 at the
experimental conditions (see Figure 4) as it accelerates
precipitation. The local pH close to the cathode increases

due to reduction of hydrogen and generation of hydroxide 
ions [11, 12]. On the contrary, the local pH close to the 
anode was acidic due to the production of hydrogen ions, 
which from Figure 4 is seen to inhibit precipitation of 
scaling minerals.   

Figure 5. Photographs of graphite electrodes after 15 minutes 
of polarization at 5 V in synthetic Gyda formation water at 23 
and 120 °C. 

From Figure 5 it is also seen that an increase in 
temperature resulted in an increase of precipitate layer 
thickness on the cathode surface. This suggests that the 
temperature can further accelerate deposition processes.  

Figure 6 presents SEM images showing the topography 
of precipitate deposited on the cathode surfaces after 15 
minutes of polarization. Thick, partially cracked layers of 
precipitated material are present on both cathode 
surfaces. 

Figure 6. SEM images presenting topography of scale deposited 
at graphite surfaces after 15 minutes of polarization at 5 V in 
synthetic Gyda formation water. 
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X-ray powder diffraction patterns collected for the
surface precipitates are presented in Figure 7. The
patterns indicate the presence of peaks that are
characteristic for portlandite (Ca(OH)2), halite (NaCl)
and calcite (CaCO3). The major components found on the 
cathode surface were portlandite and halite, while calcite
was only detected in relatively small quantities.

Figure 7. XRD patterns of material deposited at the surface of 
cathode polarized at 5 V at 23 and 120 °C. The peak 
characteristics for the different materials are ascribed.   

Hydroxide ions are generated at the cathode, which 
increased the pH and promotes precipitation of 
portlandite through the following reaction [13]: 

Ca2+ + 2OH− → Ca(OH)2(𝑠𝑠) (2) 

where the free Ca2+ ions come from dissolved CaCl2 (see 
Table 1). The generation of hydroxide ions at the cathode 
also leads to an increased carbonate ion (CO3

2-) 
concentration [14]. This promotes precipitation of calcite 
according to Eq (3) and (4), 

HCO3
− + OH− → CO3

2− + H2O  (3) 

Ca2+ + HCO3
− + OH− → CaCO3(s) + H2O (4) 

where the bicarbonate ions (HCO3
-) originates from 

NaHCO3. The scaling solution is only slightly 
undersaturated in respect to NaCl. It is thus likely that 
some small amounts of NaCl will co-precipitate along 
with portlandite due to e.g., locally changed 

concentration of sodium and chloride ions. Precipitation 
of calcite is known to increase with increasing 
temperature, but the effect of temperature is not as 
significant as the effect of pH [15]. The solubility of 
portlandite decrease with increasing temperature [16, 17] 
which explains the larger amount of precipitate at 120 °C 
compared to 23 °C.  The presence of portlandite as the 
main mineral precipitated on the electrode surface 
together with the modelling results (Figure 4) suggest 
that the pH closest to the cathode surface was higher than 
12.  

3.3 Utilization of electrochemical deposition 

Electrochemically enhanced mineral precipitation can be 
a method useful for future P&A, as well as maintenance 
of well integrity, to repairing plug damages and eliminate 
leakage pathways through cement plugs. However, 
utilization of electrochemical deposition in the context of 
CO2 storage is highly dependent on the formation fluid. 
Brines needs to contain scaling ions like e.g., Ca2+, Mg2+, 
and carbonate and sulfate ions, which are common ions 
present in North Sea formation waters [9].  

In this study, cathodic polarization of a graphite surface 
immersed in synthetic Gyda brine enhanced precipitation 
of portlandite. Portlandite is the main hydration product 
of Portland cement- a cement typically used for plugging 
of wells. It is expected that in contact with CO2 brine the 
electrochemically precipitated portlandite could react to 
form calcium carbonate in a similar manner as portlandite 
present in cement material does [18, 19]. The reaction of 
portlandite with CO2 is associated with volume increase 
which may additionally contribute to clogging of leakage 
pathways. A prerequisite to perform electrochemical 
clogging is good electrochemical communication 
between the cathode and the counter electrode. 
Achieving such a communication at downhole conditions 
may be the biggest challenge for the concept to be widely 
applicable. 

4. Conclusions
In this paper we showed that cathodic and anodic 
polarization of conductive surfaces can be used to 
accelerate or inhibited scale deposition from reservoir 
brines rich in calcium like e.g., Gyda reservoir brine. 
Cathodic polarization at 5 V resulted in efficient 
precipitation of minerals from Gyda brine. The main 
minerals that precipitated were portlandite and smaller 
amounts of calcium carbonate. Increasing the 
temperature led to an increase in the amount of 
precipitate at the cathode surface. The acceleration and 
inhibition of scaling were driven by changes in the pH 
close to the electrode surfaces. Geochemical modelling 
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suggests that a pH value achieved at the electrode surface 
upon polarization at 5 V in the Gyda brine was above 12. 
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