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Abstract 10 

 11 

Telluric currents, often known as geomagnetically induced currents (GIC), are produced by the 12 

natural variations of the Earth’s magnetic field.  13 

The corrosion protection system of a buried pipeline generally comprises the coating and cathodic 14 

protection system. Cathodic protection is an electrochemical protection system that maintains the 15 

pipe-to-soil potential (PSP) sufficiently negative in order to reduce corrosion to negligible levels. 16 

Varying telluric currents alter the PSP, thus interfering with the pipeline corrosion protection 17 

system and can create conditions when corrosion might increase above acceptable levels.   18 

This paper presents an evaluation of telluric-associated corrosion derived from measured and 19 

modelled PSP variations. The corrosion rates (metal loss per year) due to varying telluric currents 20 

with continuous frequency spectra (1 Hz to 10-5 Hz) are approximated with the use of published 21 

experimental results derived for the specific sets of fixed frequencies.  22 

Results are presented for PSP observed on Australian and European pipelines during two periods 23 

of strong geomagnetic activity (in 2003 and 2004) and for identical hypothetical pipelines located 24 

at different latitudes for the entire year 2004.  25 

From the analysis of recorded PSP, it was found that the corrosion rates for a near-equatorial 26 

pipeline (Australia) could be higher than for mid-latitudes (Europe). This is possible because 27 

telluric-associated corrosion rates depend not only on geomagnetic activity, but on the properties 28 

of the pipeline coating, the performance of the cathodic protection system and environmental 29 

conditions. The study demonstrated that without cathodic protection the estimated corrosion rates 30 

exceeded the benchmark values recommended by national and international standards, and in 31 

exceptional case can exceed the acceptable values even with cathodic protection. 32 

Telluric-associated corrosion estimated for the identical hypothetical pipelines located in zones 33 

with different geomagnetic activity, clearly demonstrated the latitudinal dependence. The 34 

substantial increase of corrosion rates (about 5 times) has been found with increase of latitude from 35 

subauroral to auroral locations.   36 

 37 
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1. Introduction  38 

 39 

Buried oil and gas transmission pipelines, being made from steel, are subject to corrosion, which 40 

is one of the main concerns for their operational safety. Several methods are used to protect 41 

pipelines from corrosion (Peabody, 2001). The first line of protection includes the highly resistive 42 

durable coating layer. The mechanical and temperature stresses imposed on pipelines require 43 

monitoring of the coating and pipeline integrity, a challenging task for buried pipelines which can 44 

extend hundreds of kilometers in remote areas. To further enhance the level of protection, the 45 

cathodic protection system is commonly used. This system charges and maintains the pipeline steel 46 

electrically negative with respect to the surrounding soil (Peabody, 1979; Degerstedt et al., 1995; 47 

Peabody, 2001; Gummow, 2001; Revie (ed.), 2015).  48 

 49 

For cathodic protection to work effectively, the protection potentials should be maintained within 50 

the range of acceptable values, depending on the pipeline characteristics and environmental 51 

conditions. Typically, these levels would be between -1.2 V and -0.85 V (e.g., ISO 15589-1, 2015; 52 

NACE SP0169, 2013). In accordance with ISO 13623 (2017), the allowable corrosion rate for the 53 

pipeline is determined by the pipeline designer. With effective cathodic protection, a corrosion 54 

rate of 0.01 mm/ year can be achieved under certain circumstances (ISO 21857, 2021; ISO 15589-55 

1, 2015). In North America, a value of 0.025 mm/year or less is recommended as a benchmark 56 

(NACE SP0169, 2013) value for an allowable annual corrosion rate. 57 

 58 

Telluric (i.e. “geomagnetically induced”) currents are driven in the Earth and earthed conductors, 59 

such as pipelines, by variations of the geo-electromagnetic fields. These varying currents can enter 60 

and exit the steel pipeline at places where the coating has defects, thus producing the PSP 61 

variations with respect to the recommended CP level. Corrosion can occur when telluric currents 62 

are exiting the pipeline at the contact of bare steel with soil (e.g. Campbell, 1978; Martin, 1993; 63 

Ingham et al., 2022). An extensive list of references on telluric current interference with pipelines 64 

is provided in Boteler and Trichtchenko (2015). 65 

An example of simultaneous measurements of the geomagnetic field variations (at Ottawa 66 

Geomagnetic Observatory, Canada), geoelectric field variations (at location in Southern Ontario) 67 
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and PSP variations at a site on the pipeline in Nova Scotia, Canada, during the geomagnetic storm 68 

on 6-7 April 2000 is presented in Fig. 1. 69 

 70 

Fig. 1. Measurements performed during geomagnetic storm on April 6-7, 2000, of the following 71 

characteristics: a) geomagnetic field at Ottawa Geomagnetic Observatory, b) geoelectric field in 72 

Southern Ontario, and c) PSP variations on Maritime pipeline in Nova Scotia.  73 

 74 

As can be seen from Fig. 1, the increase in variations of the geomagnetic field during the 75 

geomagnetic storm enhances variations in the geoelectric field. This drives larger telluric currents, 76 

which, in turn, amplifies the PSP variations.  77 
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The intense and prolonged variations of PSP caused by telluric currents introduce inaccuracies in 78 

the estimation of the CP levels which are regularly monitored for safety reasons. This type of 79 

telluric interference is well known and is addressed in multiple research papers and technical 80 

documents (e.g., Degerstedt et al 1995; Place and Sneath, 2001; NACE TM0497, 2018; NACE 81 

SP0104, 2020; ISO 21857, 2021). Recently published results by Buchler (2020) presented an 82 

approach evaluating telluric-related corrosion risks through extrapolation of theoretical and 83 

experimental CP criteria obtained for pipeline interference with a DC-traction system. These 84 

results have been also included in the technical guidelines and recommendations of ISO 21857 85 

(2021). However, these publications do not present the estimation of telluric-associated corrosion 86 

rates. 87 

 88 

Most of the theoretical results and experimental data on pipeline corrosion are concerned with the 89 

naturally occurring electrochemical processes caused by constant direct currents (DC). These are 90 

well described, for example, in Peabody (2001). Another source of corrosion that attracts a lot of 91 

attention is alternating current (AC)-related corrosion caused by the electromagnetic interference 92 

from man-made AC-sources, such as power lines, trams, trains, and others (Gummow et al., 1996; 93 

Revie (ed.), 2015 and references therein, ISO 15589-1). Corrosion due to the low-frequency 94 

telluric currents fluctuating with periods from 1 second to 24 hours has attracted less attention. In 95 

earlier works by Gideon et al. (1970) and Campbell (1978), it has been estimated as negligible, 96 

although Peabody (1979) stated that the risk of corrosion due to telluric currents should not be 97 

ignored, a conclusion that later has been supported by Osella et al. (1999).  98 

 99 

A comprehensive approach to the evaluation of pipeline corrosion due to telluric currents was 100 

presented in Gummow (2002). The approach was based on the statistical estimation of the 101 

cumulative occurrences of geomagnetic disturbances using the 3-hour Kp index of geomagnetic 102 

activity, derived PSP variations, and experimental corrosion rate data published by McCollum and 103 

Ahlborn (1916). Gummow (2002) concluded that the increased corrosion during periods of high 104 

geomagnetic activity with Kp>5 could exceed the corrosion rate of 0.025 mm/year level 105 

recommended as a benchmark in NACE SP0169, 2013 (and, therefore, a level of 0.010 mm/year 106 

recommended in ISO 15589-1, 2015). Following the approach established by Gummow (2002), 107 

Ingham and Rodger (2018) estimated the corrosion on the pipeline in New Zealand for similar 108 
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geomagnetic conditions (i.e. Kp>5). Both studies assumed that the telluric current is constant for 109 

the 3-hour interval used to derive the Kp index, ignoring the actual variability of telluric currents. 110 

Moraes et al. (2020), estimated the telluric-associated corrosion on a pipeline in Brazil for the 111 

geomagnetic storm of March 17, 2015, using modelled PSP variations, thus including the 112 

variability of the telluric currents. All these studies came to a similar conclusion that telluric-113 

associated corrosion can exceed the maximum acceptable level.   114 

 115 

The purpose of the present study is to advance the evaluation of corrosion due to telluric currents. 116 

Rather than using geomagnetic indices, the study employs recorded and modelled PSP variations. 117 

The reference corrosion data for our study were taken from several sources, including the widely 118 

used McCollum and Ahlborn (1916), as well as more recent studies by Birbilis et al. (2005); Qin 119 

et al. (2020) and Du et al. (2021).  120 

 121 

Fig. 2 outlines two approaches used in our study. 122 

1) Evaluation of corrosion during geomagnetic storms based on available PSP observations. In this 123 

case, corrosion models derived from the above-mentioned published sources were applied to the 124 

measured PSP values (solid line boxes in Fig. 2).  125 

2). Evaluation of corrosion during the entire year 2004, with several additional steps and models 126 

used to calculate the PSP variations (dashed line boxes in Fig. 2). The input data consisted of 127 

observations of the geomagnetic field variations, regularly monitored over long periods of time at 128 

the geomagnetic observatories.  129 Jo
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 130 

 131 

Fig. 2. Logic diagram used for evaluation of the telluric corrosion on pipelines.  132 

 133 

The paper is structured as follows: 134 

Section 2 describes the observational data, such as pipeline PSP recordings and geomagnetic 135 

measurements. Section 3 outlines the approach for modelling the annual time series of PSP 136 

variations, Section 4 presents the details of the corrosion rate datasets compiled from the published 137 

sources. Main results are presented in Section 5, followed by Discussion (Section 6) and Summary 138 

(Section7). 139 

 140 

2. Observational data 141 

 142 

Continuous monitoring and archiving of pipeline data are not widely implemented, and the 143 

recordings of PSP are not readily available for the researchers. They are usually obtained directly 144 

from pipeline companies as a part of joint research projects. The policy on data use and 145 

dissemination is defined by each company, often with various restrictions. The modelled PSP time 146 

series are more frequently used for the assessment of telluric current effects on PSP variations, 147 

especially to investigate the impact of different geomagnetic conditions on the same pipeline for 148 

design and mitigation purposes. 149 
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For the evaluations presented here, both measured and modelled PSP data are used. Observed PSP 150 

variations were recorded on the Australian pipeline during November 3-15, 2004 (Trichtchenko et 151 

al., 2007), and on two pipelines in Europe during October-November 2003 (Hejda and Bochníček, 152 

2005). The recording sites on the Australian pipeline were located at ~ 20°S latitude and the 153 

recording sites on the European pipelines were located at ~ 50°N in the Czech Republic. These 154 

two sets of PSP observations provide a unique opportunity to evaluate telluric-associated corrosion 155 

caused by space weather based on observations during two of the most significant space weather 156 

events in the solar cycle 23. 157 

 158 
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Fig. 3. PSP variations (data with 1 min sampling interval) recorded at 3 sites along the Australian 159 

pipeline during 13 days in November 2004, which includes two periods of magnetic storms. Note, 160 

that UT days do not coincide with days in Australian local time (UT+10 hours), thus the start and 161 

the end of observations do not coincide with UT days. 162 

 163 

 164 

Fig. 4. PSP variations (30 s sampling interval) recorded during October 23-November 2, 2003, 165 

space weather events on two European pipelines, Druzba and Ingolstadt–Kralupy–Litvínov (IKL) 166 

at sites located in the Czech Republic: a) Orechov (Druzba) and b) Sv Katarina (IKL).  167 

 168 

Figs. 3 and 4 present the observed variations of PSP on Australian and European pipelines. During 169 

the November 2004 event (Fig. 3), the PSP variations on a pipeline at the equatorial location in 170 

Australia were larger than recorded at Orechov (Fig. 4a) on the Druzba pipeline at a higher latitude 171 

(~50°N) during the similar geomagnetic storms of October-November 2003 event. The PSP 172 

variations, recorded at Sv Katarina (IKL pipeline), were much larger than the ones observed at 173 
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Orechov (Fig. 4) for the same event. These differences can be attributed to the different electrical 174 

characteristics of the coating on two pipelines (see Hejda and Bochníček, 2005, for more details). 175 

 176 

Comparisons of PSP variations due to telluric currents on different pipelines might give 177 

inconsistent results due to external factors, such as in the local geomagnetic variations, and due to 178 

the pipeline characteristics (i.e. pipeline steel, coating, topology, corrosion protection system, etc.).  179 

 180 

To assess the telluric-associated corrosion on the same pipeline at a wider range of latitudes, the 181 

PSP variations were modelled based on the 5 s data available from three Canadian Geomagnetic 182 

Observatories: Fort Churchill (FCC, 58.8° N, 265.9°E) Meanook (MEA, 54.6°N, 246.6°E) and 183 

Ottawa (OTT, 45.4°N, 284.4°E) for the entire year 2004.  184 

The selected year includes two periods of strong geomagnetic activity, July 24-27 and November 185 

7-11, a typical number of the large space weather events per year at the peak of a solar cycle. The 186 

5-s sampled data (i.e., sampling rate 0.2 Hz) were chosen for a better representation of the fast 187 

variations of the geomagnetic field (Trichtchenko, 2021). 188 

Figs 5, 6 and 7 show the geomagnetic field variations of X- (i.e. North-South) component at all 189 

three stations for the entire year and during the periods of high geomagnetic activity on 3-15 190 

November 2004.  191 

 192 
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 193 

Fig. 5. Variations of X-component of geomagnetic field at FCC geomagnetic observatory during 194 

year 2004; a) the entire year b) geomagnetically active interval 3-15 November 2004. 195 
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 196 

Fig. 6.  The same as in Fig. 5, but for MEA geomagnetic observatory. 197 
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 198 

Fig. 7. The same as in Fig. 5, but for OTT geomagnetic observatory. 199 

 200 
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Comparisons of two major storm intervals in 2004, July 24-27 and November 7-10, in terms of 201 

their geomagnetic variations, show that at a high latitude FCC observatory the amplitude of the 202 

variations (~3500 nT in July and ~2150 nT in November) are much larger than at stations in lower 203 

latitudes, such as MEA (~2500 nT and ~2600 nT) and OTT (~1300 nT and ~800 nT). During 204 

November 2004 event, the increase in geomagnetic activity at all 3 stations started approximately 205 

at the same time on November 7, but continues longer at FCC (until November 14), than at MEA 206 

(until November 13) and only until November 10 at OTT. Therefore, both the amplitude and the 207 

duration of high geomagnetic activity differ significantly at all three observatories. Thus, in order 208 

to fully assess the possible impacts of geomagnetic disturbances and associated telluric currents, 209 

it is essential to include the range of representative locations.  210 

  211 
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3. Models used in PSP estimations 212 

 213 

For pipeline modelling, the Distributed Source Transmission Line (DSTL) approach has been 214 

employed (Taflove and Dabkowski, 1979; Boteler, 1997; Trichtchenko and Boteler, 2002). In this 215 

approach, uniform sections of pipeline are represented by linear circuit elements with their series 216 

impedances defined by pipeline steel resistance and parallel admittances defined by coating 217 

conductance to the ground. The geoelectric field in each section is represented by voltage sources 218 

distributed along the transmission line. 219 

Following Boteler (1997), the PSP variations (V) can be expressed as: 220 

 221 

𝑑2𝐸

𝑑𝑥2 − 𝛾2 𝑉 =
𝑑𝐸

𝑑𝑥
       (1) 222 

where E is geoelectric field along the section of pipeline (modelled with use of geomagnetic data 223 

as explained later in this Section), γ is propagation constant, defined as  𝛾 = √𝑍𝑌 ; with Y is parallel 224 

admittance and Z is the series impedance. Although both Z and Y are generally frequency-225 

dependent, for the frequencies of telluric variations (i.e. below 1 Hz) the inductive and capacitive 226 

parts of the pipeline impedance and admittance are negligible (Trichtchenko, 2016). As such, the 227 

series impedance can be replaced by the resistance of pipeline steel, and parallel admittance equals 228 

to the coating conductance to ground. 229 

Solution of Equation (1) can be written as: 230 

𝑉(𝑥) =
𝐸

𝛾
(𝐴𝑒−𝜸(𝒙−𝒙𝟏) − 𝐵𝑒−𝜸(𝒙𝟐−𝒙))   (2) 231 

where V(x) is PSP variations at location x, and coordinates x1 and x2 are the positions of the 232 

pipeline ends. A and B are constants dependent on the boundary conditions at the ends of the 233 

pipeline (terminating impedances), expressed as follows: 234 

𝐴 =
(𝑍0−𝑍𝑐)𝑍𝐿−(𝑍𝑐+𝑍𝐿)𝑍0 exp (𝛾𝐿)

(𝑍0+ 𝑍𝑐)(𝑍𝐿+𝑍𝑐) exp(𝛾𝐿)−(𝑍0−𝑍𝑐)(𝑍𝐿−𝑍𝑐 )exp(−𝛾𝐿)
    (3) 235 

 236 

𝐵 =
(𝑍𝐿−𝑍𝑐)𝑍0−(𝑍𝑐+𝑍0)𝑍0 exp(𝛾𝐿)

(𝑍0+ 𝑍𝑐)(𝑍𝐿+𝑍𝑐)exp(𝛾𝐿)−(𝑍0−𝑍𝑐)(𝑍𝐿−𝑍𝑐) exp(−𝛾𝐿)
    (4) 237 

where Z0 and ZL are terminating impedances at both ends of pipeline (x=0 and x=L) and Zc is the 238 

pipeline characteristic impedance 𝑍𝑐 = √𝑍
𝑌⁄ .  239 
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The PSP variations can be calculated from Equations (1-4) when pipeline parameters and the 240 

geoelectric field are known.  241 

The following assumptions about pipelines were made: the “hypothetical” pipeline extends in the 242 

East-West (i.e. Y-) direction with the uniform electromagnetic and geometric parameters as 243 

presented in Table 1, which corresponds to the case described in (Trichtchenko and Boteler, 2002). 244 

The PSP variations were calculated at the location point with x= 868 km, i.e. at the end of the 245 

pipeline, where the values are higher (Boteler, 1997). The East-West direction for the pipeline has 246 

been chosen to describe the extreme case, because, statistically, the geoelectric field is usually 247 

larger in this direction (Trichtchenko, 2021). 248 

 249 

Table 1. Electrical and geometric parameters of the modelled pipeline 250 

Pipeline parameter Value 

Length L 868 km 

Pipeline series resistance Z 0.028 Ω/km 

Pipeline parallel admittance Y 0.01 S/km 

Propagation constant γ 0.0167 km-1 

Characteristic Impedance Zc 1.67 Ω 

Terminating Impedances Z0=ZL 0.1 Ω 

Coating thickness c 0.7 mm 

 251 

After substitution of values from Table 1 into Equations 2-4, the resulting PSP variations at the 252 

end of pipeline VL(t) can be expressed as: 253 

𝑉𝐿(𝑡) = 3.4 · 𝐸𝑦(𝑡)      (5) 254 

where VL is in mV, Ey is the value of geoelectric field in mV/km. 255 

 256 

Geoelectric field is modelled with use of the measured geomagnetic field B and the modelled 257 

surface impedance Zearth, based on widely utilized formula presented in the magnetotelluric 258 

literature, (Simson and Bahr, 2005) as follows: 259 

[𝐸⃗  ()] =
1

𝜇0
[𝑍𝑒𝑎𝑟𝑡ℎ()] [𝐵⃗  ()]     (6) 260 
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where ω is the angular frequency, and the vectors of electric and magnetic fields are [𝐸⃗  ()] =261 

( 
𝐸𝑥(𝜔)
𝐸𝑦(𝜔)

) and [𝐵⃗  ()] = ( 
𝐵𝑥(𝜔)
𝐵𝑦(𝜔)

). 262 

The components of frequency domain magnetic field are obtained with use of discrete Fast Fourier 263 

Transform (Press et al., 2007, also Trichtchenko and Boteler, 2002).  264 

The one-dimensional Earth resistivity structure (”layered earth”) is used, i.e. the impedance Z at 265 

the top of any layer n is found by applying the recursive relation for the impedance of an N-layered 266 

half-space (Weaver, 1994). 267 

𝑍𝑛 = 𝑖𝜔𝜇0 (
1−𝑟𝑛𝑒𝑥𝑝(−2𝑘𝑛𝑙𝑛)

𝑘𝑛(1+𝑟𝑛𝑒𝑥𝑝(−2𝑘𝑛𝑙𝑛))
)     (7) 268 

where for each layer n: 269 

 ln is the thickness, 270 

 kn is the propagation constants 𝑘𝑛 = √𝑖𝜔𝜇𝑛𝜎𝑛 , 271 

 μn, is relative permeability, 272 

 σn is conductivity, 273 

 rn is reflection coefficient defined as: 274 

𝑟𝑛 =
1−𝑘𝑛

𝑍𝑛+1
𝑖𝜔𝜇

1+𝑘𝑛
𝑍𝑛+1
𝑖𝜔𝜇

 .      (8) 275 

The impedance ZN for the last layer N (uniform half-space) is 𝑍𝑁 = (𝑖𝜔𝜇)/𝑘𝑁  . 276 

 277 

As the “hypothetical” pipeline extends along Y-axis, only the Ey component is used for the 278 

calculations of PSP variations: 279 

𝐸𝑦() = −
1

𝜇0
𝑍𝑒𝑎𝑟𝑡ℎ()𝐵𝑥()      (9) 280 

Conversion of the geoelectric field from the frequency domain back to the time domain has been 281 

performed with use of a discrete inverse Fast Fourier Transform (Press et al., 2007; Trichtchenko 282 

and Boteler, 2002).   283 

Details of the layered Earth models used in the electric field calculations are presented in 284 

Appendix, Table A (after Trichtchenko et al., 2019).  285 

  286 
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4. Corrosion models 287 

 288 

The theory of corrosion under steady-state conditions is based on the application of Faraday’s law 289 

of electrolysis (Peabody, 2001, p.307), which states that the mass of the metal loss due to oxidation 290 

can be expressed as follows: 291 

𝛥𝑚 = 𝑗 · 𝑎 · 𝛥𝑡 ·  
𝑀

𝑛𝑒·𝐹
    (10) 292 

where Δm is the mass loss in grams (g), j is steady-state (i.e. DC) current density in A/cm2, a is 293 

the exposed surface area in cm2, Δt is the time of exposure (in s), ne is the number of electrons 294 

participated in the oxidation reaction, M is the molecular weight of metal, F is the Faraday 295 

constant, F=96485 (Coulomb/mole). For the iron oxidation reaction, the number of electrons ne=2, 296 

M=56 g/mole.  297 

 298 

For practical reasons (i.e. availability of the pipe-to-soil voltage measurements), the current density 299 

j in (10) is commonly replaced by voltage V using von Baeckmann and Shwenk (1975, equation 300 

38 on page 365), (also in Gummow 2002): 301 

𝑗 =
𝑉

𝜌
   

1
𝜋𝑟

4
+𝑐

       (11) 302 

where ρ is soil resistivity, r is radius of coating defect, c is coating thickness. Schematic geometry 303 

and example of results obtained with use of Equation (11) are presented in Fig. 8. 304 
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 306 

Fig. 8. a) Geometry of the coating defect (not to scale), where b is thickness of the pipeline wall 307 

(steel), c is thickness of the pipeline coating, 2r is diameter of the coating defect; b) dependence 308 

of current density on the defect diameter for voltage drop of 1 V and soil resistivity of 1000 Ω·m 309 

for various values of coating thickness. 310 

 311 

The mass loss is commonly expressed as 𝛥𝑚 = 𝑑 · 𝑎 · 𝛥𝑏, where Δb is change of the wall 312 

thickness, d is iron density in g/ cm3 (d=7.8 g/ cm3). Substituting Equation (11) for current density 313 

and the above expression for mass loss into Equation (10), the loss of wall thickness Δb due to 314 

DC-corrosion is expressed as: 315 

𝛥𝑏 =  𝑉 · 𝛥𝑡 ·  
𝑀

𝑑𝑛𝑒𝐹
·  

1

𝜌·(
𝜋𝑟

4
+𝑐)

  (12) 316 

where Δb, r, c are given in cm, voltage drop V is in V, Δt is in s, d is in g/cm3; ρ is in Ω·cm 317 

Expression (12) can be rearranged in terms of DC corrosion rate (CRDC) as:  318 

𝐶𝑅𝐷𝐶  (
𝑐𝑚

𝑠
) =

𝛥𝑏

𝛥𝑡
=

𝑀

𝑑𝑛𝑒𝐹
 
𝑉

𝜌
   

1
𝜋𝑟

4
+𝑐

  (13) 319 

For consistency with Gummow (2002), the defect radius has been defined as 0.5 cm and the 320 

resistivity of the host media (soil) is 1000 Ω·cm. The coating thickness c is 0.07 cm (Table 1). 321 

After substitution of all constants, the steady-state corrosion rate can be expressed as: 322 

𝐶𝑅𝐷𝐶  (
𝑚𝑚

𝑠
) =

𝛥𝑏

𝛥𝑡
= 8.0 · 10−7 ·  𝑉    (14) 323 
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where b is wall thickness in mm, t is time in s, V is anodic voltage change associated with the 324 

current flow from the pipeline through the defect in coating, in V.  325 

The experimental results demonstrated that the corrosion rates of varying (alternating) current are 326 

reduced in comparison with DC-current (i.e. calculated with the use of Faraday’s law for the same 327 

current density, geometry of the defect and soil characteristics), and this reduction depends on the 328 

period of variations (Mc Collum and Ahlborn, 1916; Qin et al, 2020; Brenna et al., 2020).  329 

 330 

Most observations of corrosion rates are provided for periodically varying currents produced by 331 

man-made systems (i.e. power lines, trams, subways, etc.) which can enter nearby pipelines and 332 

accelerate the corrosion process. These alternating currents (AC) caused by electrical interference 333 

usually have fixed frequencies (i.e. 16.7 Hz, 50 Hz and 60 Hz and their harmonics), which are 334 

much higher than frequencies of the natural geomagnetic and telluric current variations. Telluric 335 

currents are currents produced by geomagnetic variations and have a continuous frequency 336 

spectrum in the range of 10-5 Hz to 1 Hz, corresponding to periods from 1 s to ~12 hours. The main 337 

drawback in the evaluation of telluric-related corrosion is the insufficient theoretical understanding 338 

and the absence of observations under conditions of the continuous frequency spectrum and 339 

continuously varying amplitudes of associated PSP fluctuations. 340 

Only a very limited number of publications describe the results of experiments conducted at 341 

discrete frequencies comparable to those of the natural variations of telluric currents. In these 342 

experiments, currents with fixed periods are applied, and conditions for corrosion are created 343 

during half of the period when the current flows from the electrode (known as “anodic” exposure). 344 

After sufficient duration, the loss of metal is measured, and the corrosion rate calculated. Some 345 

details of such experiments are briefly summarized below. 346 

-  McCollum and Ahlborn (1916) presented the results of corrosion rate measurements for 347 

currents alternating at nine fixed periods, with exposure intervals from 1/60 s up to 2 weeks. 348 

The resistivity of the host media (soil) was not clearly quantified, and cathodic protection 349 

was not applied.  350 

- Qin et al. (2020) presented the results of the experimental research on corrosion rates due 351 

to metro stray currents alternating at eleven fixed periods which correspond to the exposure 352 

intervals ranging from 5 s to 1 h. The resistivity of the host media (soil-simulated solution) 353 

was about 140 Ω·cm; no cathodic protection was applied.  354 
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- Du et al. (2021) described several types of experiments, in which corrosion rate 355 

measurements were arranged similarly to Qin et al., 2020, but expanded by the addition of 356 

a different host media (more resistive), with exposure time intervals ranging from 10 s to 357 

16 h; no cathodic protection was applied.  358 

- Birbilis et al. (2005) presented results of experiments dedicated to measuring corrosion 359 

rates due to telluric currents in sandy soil with a resistivity of 50,000 Ω·cm and in clay soil 360 

with a resistivity of 4,000 Ω·cm. The measurements were conducted for currents 361 

alternating with three fixed periods corresponding to exposure intervals of 1 min, 10 min 362 

and 60 min. Cathodic protection of -1 V was applied during the experiment, and voltage 363 

variations during anodic exposure were limited to 1 V (i.e. from -1 V to 0 V).  364 

These experiments were conducted with different types of electrodes (shape, size and material), as 365 

well as host media. Different methods were applied to measure the metal loss, ranging from simple 366 

weighing (McCollum and Ahlborn, 1916) to the use of sophisticated resistance probes 367 

(corrosometers) in Birbilis et al. (2005). In all but one experiment the waveform of the applied 368 

varying currents has been described as a periodic rectangular wave, and the time of exposure equals 369 

to a half-period. The waveform of periodic current has not been clearly defined in Birbilis et al. 370 

(2005), and the time of anodic exposure in their experiment corresponded to only 20% of the 371 

fluctuation period.  372 

 373 

The results of the experiments were presented as a ratio of the measured corrosion rate of varying 374 

current to the corresponding DC (steady-state)-corrosion rate calculated using Faraday’s law 375 

(McCollum and Ahlborn, 1916; Qin et al., 2020; Du et al., 2021). The tabulated results provided 376 

in these sources were used for our modelling of telluric-associated corrosion. Because Birbilis et 377 

al. (2005) did not provide the tabulated results, the observed corrosion rates due to telluric currents 378 

and DC (steady state) corrosion rates were inferred from their graphic results. 379 

. 380 

Fig. 9 displays the dependence of the corrosion rate ratio on each discrete exposure time interval. 381 

It should be noted that the time of exposure is defined as the length of time interval when current 382 

flows from the pipe, i.e. transfer of electrical charge corresponds to the oxidation reaction 383 

(Peabody, 1979).  384 

 385 
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 386 

 387 

Fig. 9. Dependence of corrosion rate ratio on the exposure time intervals inferred from available 388 

publications as described in the text. References are provided in the legend. Linear fits (in 389 

logarithmic coordinates) for each dataset are shown as dashed lines. Corrosion rate ratio is the ratio 390 

of the experimentally obtained corrosion rate to the one calculated according to Faraday’s law for 391 

each discrete exposure time interval. 392 

 393 

The results of Birbilis et al. (2005) experiments yielded much smaller values compared to the other 394 

three experiments, as shown in Fig. 9. This is most likely due to the application of cathodic 395 

protection, which significantly reduces corrosion rates. For example, for the exposure time interval 396 

of 1 min, the rate reduction is almost 200 times, for the exposure time interval of 1 hour the 397 

reduction changes from 50-150 times for pipeline in sand to only 5-10 times less for pipeline in 398 
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clay. However, these comparisons are not rigorous since the conditions of these experiments were 399 

not identical in many aspects.  400 

 401 

The experiments of McCollum and Ahlborn (1916), Qin et al. (2020) and Du et al. (2021) were 402 

conducted to determine the corrosion rates caused by man-made alternating currents. Their results 403 

differ by a factor less than 5 for the most of exposure time intervals. Qin et al. (2020) estimated 404 

that the observed corrosion rate was identical to the calculated DC (steady-state)- rate for exposure 405 

time above 1 h, however, McCollum and Ahlborn (1916) concluded that this ratio was only around 406 

75% even for the exposure time of 1 week.  407 

 408 

According to Birbilis et al. (2005), corrosion rates in clay soils (low resistivity host media) are 409 

larger than in sandy soils (high resistivity host media) for the exposure time intervals longer than 410 

approximately 10 min. The comparison of results of Qin et al. (2020) (in less resistive host media) 411 

and Du et al. (2021) (in more resistive host media), as plotted in Fig 9, demonstrates a similar 412 

relation in corrosion rates (higher for low resistive media) for exposure time intervals longer than 413 

1 min. 414 

 415 

Only three out of four referenced publications were used in our analysis to evaluate the telluric-416 

associated corrosion. The corrosion rate ratios inferred from Du et al. (2021) fell within the range 417 

of other results and, therefore, were not included. 418 

 419 

Further analysis utilizes the following approximations of telluric-to-DC ratio of corrosion rates 420 

(𝑅𝑐𝑟
𝑟𝑒𝑓

= 𝐶𝑅𝑡𝑒𝑙𝑙𝑢𝑟𝑖𝑐/𝐶𝑅𝐷𝐶) due to exposure of the steel to the varying telluric currents with 421 

rectangular waveform (i.e. constant current during each particular discrete exposure time interval 422 

Δti): 423 

 424 

McCollum and Ahlborn (1916):  425 

𝑅𝑐𝑟
𝑀&𝐴(𝛥𝑡𝑖) = 0.05 ∙ (𝛥𝑡𝑖)

0.2     (15) 426 

Qin et al. (2020): 427 

𝑅𝑐𝑟
𝑄 (𝛥𝑡𝑖) = 0.0087 ∙ (𝛥𝑡𝑖)

0.63  𝑖𝑓 𝛥𝑡𝑖 < 60 𝑚𝑖𝑛

𝑅𝑐𝑟
𝑄 (𝛥𝑡𝑖) = 1.0  𝑖𝑓 𝛥𝑡𝑖 ≥ 60 𝑚𝑖𝑛

   (16) 428 
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Birbilis et al. (2005)  429 

𝑅𝑐𝑟
𝐵,𝑠𝑎𝑛𝑑(𝛥𝑡𝑖) = 2 ∙ 10−4 ∙ (𝛥𝑡𝑖)

0.4 

𝑅𝑐𝑟
𝐵,𝑐𝑙𝑎𝑦(𝛥𝑡𝑖) = 6 ∙ 10−6 ∙ (𝛥𝑡𝑖)

1.1 𝑖𝑓 𝛥𝑡𝑖 < 12 ℎ; 𝑅𝑐𝑟
𝐵,𝑐𝑙𝑎𝑦(𝛥𝑡𝑖) = 1 𝑖𝑓  𝛥𝑡𝑖 ≥ 12 ℎ  

 (17) 430 

 431 

Taking into account the corrosion rate ratios and assuming the voltage is constant (“rectangular-432 

wave”) during each discrete interval Δti, Eq.(14) can be modified to calculate the telluric-433 

associated corrosion as follows: 434 

𝛥𝑏𝑖  (𝑚𝑚) = 8.0 · 10−7 · 𝑅𝑐𝑟
𝑟𝑒𝑓

(𝛥𝑡𝑖) · 𝑉𝑖 · 𝛥𝑡𝑖       (18) 435 

where 𝑅𝑐𝑟
𝑟𝑒𝑓   are the ratios defined by Eqs, (15)-(17), ρ is soil (host media) resistivity in Ω·cm, 436 

index i identifies each discrete exposure time interval (Δti), Vi is the corresponding exposure 437 

voltage. The exposure voltage is the positive deviation of pipe-to-soil potential from the specific 438 

PSP level at which corrosion rate is negligible (CP level in our calculations). .. 439 

 440 

The total reduction in the wall thickness over time can be calculated as the sum of losses during 441 

each interval: 442 

 443 

𝛥𝑏(𝑚𝑚) = 8.0 · 10−7 ·
1

𝜌
 ∑  𝑅𝑐𝑟

𝑟𝑒𝑓
(𝛥𝑡𝑖) · 𝑉𝑖(𝛥𝑡𝑖) · 𝛥𝑡𝑖

𝑁
1   (19) 444 

where index i corresponds to each discrete exposure time interval (Δti), N is the total number of 445 

exposure intervals during the analyzed period (for example, during several days of November 2004 446 

or October-November 2003 events, or during the entire year 2004). 447 

The final expression for calculating the telluric-associated annual corrosion rate is:  448 

 449 

𝐶𝑅𝑡𝑒𝑙𝑙𝑢𝑟𝑖𝑐  (
𝑚𝑚

𝑎
) = 25.36 · ∑ 𝑅𝑐𝑟

𝑟𝑒𝑓
(𝛥𝑡𝑖) · 𝑉𝑖(𝛥𝑡𝑖) · 𝑓𝑖

𝑁
1    (20) 450 

where 𝑓𝑖  is the length of time interval Δti expressed as fraction of the year. 451 

 452 

It should be noted that, although Faraday’s law is widely used for the calculation of the corrosion 453 

rates due to alternating current (Kajiyama, 2017), the electrochemical processes at the boundary 454 

between exposed pipeline metal and the soil in the presence of cathodic protection are quite 455 
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complex (Buchler, 2020; Brenna et al., 2020). Thus, formulas (19) and (20) could further be 456 

refined based on more specific theoretical and experimental results.  457 

 458 

  459 
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5. Results 460 

 461 

To utilize the results of experiments conducted for “rectangular” alternating current waveforms, 462 

the recorded variations of PSP (see Figs. 3 and 4) were approximated by the sets of average values 463 

for each time interval when the PSP value reverses from being more positive/negative than the 464 

cathodic protection (CP) level, as illustrated in Fig. 10. The term “average between reversals” is 465 

used for this approximation method.  466 

 467 

Fig. 10. Example of recorded and approximated PSP variations at Site 1 of Australian pipeline 468 

during November 7-8, 2004. Dark yellow is the original recording with the CP level subtracted 469 

(denoted as PSP-CP), blue is the average between reversals with respect to the cathodic protection 470 

level.  471 

 472 

 473 
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The steady state PSP levels without telluric interference were estimated based on PSP recordings 474 

and found to be -1.0 V±0.05 V. These values are in the range of the recommended CP values (ISO 475 

15589-1, 2015) and are further denoted as “CP”. As presented in Figs. 3,4 and 10, recorded PSP 476 

fluctuate around the CP level. The superposition of the telluric-independent PSP and telluric-477 

associated PSP variations is discussed in Gummow, 2002. 478 

 479 

The pipeline steel is considered protected against corrosion when the PSP equal to or more 480 

negative than the CP level is exposed to corrosion during intervals with PSP are more positive than 481 

CP level. For calculations of corrosion rates based on Equation (20), only time intervals of anodic 482 

exposure were used. This is consistent with the experiments conducted by McCollum and Ahlborn, 483 

1916, Qin et al., 2020 and by Birbilis et al., 2005. 484 

It should be noted that the corrosion rates based on experimental results without cathodic 485 

protection (McCollum and Ahlborn, 2016 and Qin et al., 2020) can be treated as the “worst-case 486 

scenario”. 487 

 488 

Calculated telluric-associated corrosion rates are presented in Table 2 for PSP recording on the 489 

Australian pipeline during November 3-November 15, 2004 (Fig. 3). Table 3 contains results for 490 

pipelines in the Czech Republic during the event in October-November 2003 (Fig. 4). Underlined 491 

values in Tables 2 and 3 identify the corrosion rates which exceed the recommended value 0.01 492 

mm/year according to ISO 21857 (2021), numbers in bold are those which exceed the corrosion 493 

rate of 0.025 mm/year considered as benchmark level (NACE SP0169, 2013; Gummow, 2002).    494 

 495 

Table 2. Loss of wall thickness (mm/year) during the November 2004 event, at different sites along 496 

the Australian pipeline. Underlined are rates above 0.01 mm/year, numbers in bold are rates above 497 

0.025 mm/year. The ratios to the standard corrosion rates are presented in brackets, with the first 498 

number being the ratio to 0.01 mm/year, the second one to 0.025 mm/year. 499 

Corrosion model Site 1 Site 2 Site 3 

McCollum and Ahlborn, (1916)  2.75·10-2 

(2.75/1.1) 

1.68·10-2 

(1.68/0.7) 

6.10·10-2 

(6.10/2.4) 

Qin et al., (2020) 9.58·10-2 

(9.58/3.8) 

6.04·10-2 

(6.04/2.4) 

2.02·10-1 

(20.2/8.0) 
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Birbilis et al., (2005)   sand 5.92·10-4 

(0.06/0.02) 

3.34·10-4 

(0.03/0.01) 

1.39·10-3 

(0.14/0.06) 

Birbilis et al., (2005)   clay 9.46·10-3 

(0.95/0.4) 

4.10·10-3 

(0.4/0.2) 

2.75·10-2 

(2.75/1.1) 

 500 

Table 3. Same as in Table 2, but for two sites at European pipelines during the October-501 

November 2003 event. 502 

Corrosion model Sv Katarina  Orechov  

McCollum and Ahlborn, (1916) 7.40·10-3 

(0.74/0.3) 

2.81·10-3 

(0.28/0.1) 

Qin et al., (2020)  2.10·10-2 

(2.1/0.8) 

1.10·10-2 

(1.1/0.4) 

Birbilis et al., (2005)   sand 1.06·10-4 

(0.06/0.004) 

5.35·10-5 

(0.05/0.002) 

Birbilis et al., (2005)   clay 4.03·10-4 

(0.04/0.02) 

5.30·10-4 

(0.05/0.02) 

 503 

As presented in Tables 2 and 3, the telluric-related corrosion rates were greater on the Australian 504 

pipeline during November 2004 event than on European pipelines during the October-November 505 

2003 events. 506 

 507 

The evaluation based on experimental results without cathodic protection, such as the top two rows 508 

in both tables, produces the largest estimations, i.e., the “worst-case scenario”, often above the 509 

acceptable corrosion rates. These estimations lead to the following conclusions (Tables 2 and 3): 510 

- corrosion rates based on Qin et al. (2020) were above the benchmark level of 0.025 mm/year 511 

(and, therefore, 0.01 mm/year) at all sites on the Australian pipeline.  512 

- corrosion rates derived using McCollum and Ahlborn (1916) experimental results were above 513 

the acceptable level of 0.01 mm/year at all 3 sites on the Australian pipeline, but below the level 514 

of 0.025 mm/year only at site 3.  515 

- corrosion rates on two sites of two European pipelines were below the level of 0.01 mm/year, 516 

and above 0.01 mm/year only at one site if estimated using Qin et al. (2020).  517 
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 518 

Corrosion rates evaluated according to Birbilis et al. (2005), i.e. with cathodic protection, led to 519 

smaller rates (bottom two rows in Tables 2 and 3), which is consistent with data presented in Fig. 520 

9. For the Australian pipeline, the corrosion rates are below the acceptable levels for high 521 

resistivity soil (sand), while for low resistivity soils (clay) the corrosion rates can reach or exceed 522 

the level of 0.01 mm/year (at Sites 1 and 3) but stay below 0.025 mm/year. For both European 523 

pipelines, the corrosion rates estimated with CP were well below the acceptable rate of 0.01 524 

mm/year.  525 

 526 

Even though the PSP values during October-November 2003 event were larger on the IKL pipeline 527 

(at Sv Katarina) than during November 2004 at any site on the Australian pipeline (Figs 3 and 4), 528 

the corrosion rates at Sv Katarina were smaller than at any site on the Australian pipeline. This can 529 

be explained by the differences in the duration of the exposure intervals (i.e. intervals when PSP-530 

CP>0), as the corrosion rates, according to Equation (20), depend not only on the voltage levels  531 

but also on the duration for each voltage level. 532 

To analyze this effect, the “average between reversals” exposure voltages (i.e. difference between 533 

PSP and CP during exposure intervals) are plotted versus their corresponding durations in Fig. 11 534 

and Fig. 12. 535 

 536 
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 537 

a) 538 

b) 539 
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 540 

c) 541 

 542 

Fig. 11. The “average between reversals” exposure voltages (i.e. positive PSP-CP values) versus 543 

corresponding duration of exposure intervals for each Australian pipeline measurement site: a) 544 

Site 1; b) Site 2; c) Site 3.  545 
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At Site 1 (Fig. 11a) and Site 2 (Fig. 11b) the (PSP-CP) values were smaller for longer intervals 547 

(>1h and >3 h) than those at Site 3 (Fig. 11 c). The data for Site 3 included significantly more 548 

cases with large (PSP-CP) values during longer exposure intervals. There were several cases where 549 

(PSP-CP) values reached 1.8 V and lasted longer than 1 h and when (PSP-CP) value ~ 1.4 V lasted 550 

longer than 3 h. Because the corrosion rate is directly proportional to the duration of exposure and 551 

corresponding voltage (Eq. 20), the corrosion rate at Site 3 was the largest among all three sites on 552 

the Australian pipeline.  553 

 554 

a) 555 
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 556 

b) 557 

Fig. 12. The same as in Fig. 11, but for October-November 2003 event and pipelines in Europe: a) 558 

at Sv Katarina site (IKL pipeline) and b) at Orechov site (Druzba pipeline). 559 

 560 

 561 

The large exposure voltages (3.9 V) at Sv Katerina, as shown in Fig. 12a for October 2003-562 

November 2003 event, correspond to exposure time of less than 10 min and in many cases even 563 

less than 3 min, while long-lasting exposures were typically characterized by a very small PSP-564 

CP<0.25 V. The exposure time intervals longer than three hours were not detected. Thus, the 565 

smaller corrosion rate on the European pipeline, located at mid-latitudes, than on the near-566 

equatorial Australian pipeline was due to the dominance of the shorter exposure intervals between 567 

voltage reversals.  568 

There were several exposure intervals with a duration longer than 1 h at Orechov (Fig. 12b), but 569 

they did not lead to significant corrosion rates due to their relatively small amplitude (see also 570 

Table 3).  571 

 572 
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It should be noted, that, while corrosion rates obtained in experiments without cathodic protection 573 

represent the “worst-case scenario”, the application of results based on Birbilis et al. (2005) can 574 

underestimate the corrosion rates. They have pointed out, that  the exposure time in their 575 

experimental procedure has been limited to the time when voltage changed between -1 V (CP 576 

level) and 0 V only. In reality, there are many cases when the telluric-associated PSP values are 577 

greater than 0 V (as shown in Figs. 3 and 4), which would inevitably increase the corrosion rates 578 

in comparison with the ones obtained in their experiment.  579 

 580 

The evaluation of the corrosion rates for modelled PSP time series at three locations with different 581 

geomagnetic activity has been conducted in a similar way. Telluric variations of PSP are directly 582 

proportional to the geoelectric field (Equation 5), which, in turn, is obtained with application of 583 

the forward and backward Fourier transform. As a result, fluctuations of telluric-associated PSP 584 

around zero are obtained, because this method does not account for any DC-offset. A constant CP 585 

level can be added to the modelled voltage fluctuations to obtain the total PSP variations around 586 

CP level.  The example of modelled PSP and the “interval-average”-approximation is presented in 587 

Fig. 13 for the period of geomagnetic disturbance observed on November 8, 2004 (OTT location). 588 
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 589 

Fig. 13. Example of modelled telluric-associated PSP variations (5-s sampling interval) and 590 

“average between-reversals” approximation for the “hypothetical” pipeline located near OTT 591 

magnetic observatory during 15 most active hours on November 7-8, 2004. Black line is modelled 592 

PSP, red line is the average between reversals.  593 

 594 

Estimates of the telluric-associated corrosion rates for the entire year 2004 based on modelled 595 

telluric-associated PSP time series for 3 different locations (OTT, MEA, and FCC) are presented 596 

in Table 4. Underlined values are those exceeding the annual corrosion rate of 0.01 mm/year (ISO 597 

21857, 2021), and values in bold are values exceeding 0.025 mm/year (NACE SP0169 (2013); 598 

Gummow (2002).    599 

 600 

Table 4.  Loss of pipeline wall thickness (mm/year) for three locations of the modelled pipeline. 601 

Underlined are rates above 0.01 mm/year and numbers in bold are rates above 0.025 mm/year. 602 
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The ratios to the acceptable corrosion rates are presented in brackets, with the first number being 603 

the ratio to 0.01 mm/year, and the second is the ratio to 0.025 mm/year. 604 

 605 

Corrosion model OTT (45.4°N) MEA (54.6°N) FCC (58.8°N) 

McCollum and Ahlborn, (1916)  1.66·10-2 

(1.66/0.7) 

8.18·10-2 

(8.2/3.3) 

1.25·10-1 

(12.5/5.0) 

Qin et al., (2020) 4.20·10-2 

(4.2/1.7) 

1.92·10-1 

(19.2/7.7) 

2.42·10-1 

(24.2/9.7) 

Birbilis et al., (2005)   sand 2.27·10-4 

(0.02/0.01) 

1.08·10-3 

(0.11/0.04) 

1.50·10-3 

(0.15/0.06) 

Birbilis et al., (2005)   clay 7.58·10-4 

(0.07/0.03) 

2.77 10-3 

(0.27/0.1) 

2.80·10-3 

(0.28/0.1) 

 606 

The largest corrosion rates are obtained using experimental results without cathodic protection 607 

applied. Among them, results based on Qin et al., (2020) for any pipeline location, and based on 608 

McCollum and Ahlborn (1916) for two locations (MEA and FCC) were significantly above the 609 

level of 0.025 mm/year.  610 

 611 

The telluric-associated corrosion rates for “hypothetical” pipelines based on Birbilis et al. (2005) 612 

with cathodic protection applied, are well below the acceptable rates. However, these results can 613 

underestimate the corrosion rates because, as noted earlier, the experiment has been limited to a 614 

potential change of 1 V, thus defining the “lower envelop” for evaluation of telluric-associated 615 

corrosion. 616 

 617 

In terms of the pipeline location, the largest telluric-associated corrosion rates were obtained for 618 

the auroral zone (FCC), which has the highest level of geomagnetic activity (Fig. 5). The lowest 619 

rates were in the sub-auroral zone (OTT), a location with the lowest geomagnetic activity among 620 

all three stations (Fig. 7).  The results for a pipeline near MEA were at the intermediate level, 621 

which is consistent with the geomagnetic activity at MEA (Fig. 6). 622 

 623 
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The distribution of “average between reversals” exposure voltages versus the corresponding 624 

duration of exposure time intervals are plotted in Fig. 14 a-c for three different zones of 625 

geomagnetic activity in order to analyse the joint effect of exposure duration and magnitude. 626 
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b) 628 

c)  629 

 630 
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Fig. 14. The “average between reversals” exposure voltages versus the corresponding duration of 631 

exposure time intervals for modelled pipeline during the year 2004 at three locations. a) OTT 632 

(latitude 45.4°N), b) MEA (latitude 54.6°N) and c) FCC (latitude 58.8° N). 633 

 634 

The comparison of Figs. 14 a -c shows that the largest telluric-associated voltages of about 4.5 V 635 

are obtained from FCC geomagnetic data, followed by MEA (2.75 V) and OTT (1.5 V). This is 636 

consistent with the geomagnetic activity levels at these latitudes. The modelled telluric-associated 637 

PSP variations at OTT (45.4°N, Fig. 14a) are comparable with the recordedexposure voltages at 638 

Sv Katarina (~50°N, Fig.12a) despite possible differences in the pipelines’ characteristics. It 639 

provides some additional confidence in the modelled telluric-associated PSP variations.  640 

 641 

The exposure time intervals between 1 min and 15 min corresponded to the largest “average 642 

between reversals” exposure voltages for modelled PSP (Fig. 14a-c). As for the observed exposure 643 

voltages (Figs. 11 and 12), the largest values corresponded to exposure time intervals between 2 644 

min to 2 h (Australian pipeline), 2 min-10 min (IKL) and 20-30 min (Druzba). The shorter 645 

durations of the exposure time intervals for modelled PSP explain relatively small corrosion rates 646 

for modelled variations in comparison to the recorded data. 647 

 648 

The two cases with exposure interval above 3 hours (albeit very small average voltage values) 649 

occurred only at the OTT location (Fig. 14 a). The exposure intervals above 1 h occurred several 650 

times at OTT and MEA locations (Fig. 14 a and b) and there are no such long exposure intervals 651 

at higher latitude (FCC, Fig. 14 c). This can be explained by the differences in the nature of the 652 

geomagnetic variations. While in the sub-auroral zone (OTT) the largest geomagnetic variations 653 

are associated with the slow variations (main phase and recovery phase of the geomagnetic 654 

storms), which comprise several hours in duration, the geomagnetic activity within the auroral 655 

zone (MEA, and especially at FCC) is mainly associated with faster variations, produced by the 656 

mix of high-speed solar wind and geomagnetic substorms.   657 

 658 

The latitudinal dependence of normalized (to OTT) telluric-associated corrosion rates at three 659 

locations calculated using four experimental corrosion models is plotted in Fig. 15.  660 

 661 
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 662 

 663 

Fig. 15. Dependence of annual telluric-associated corrosion rates on geomagnetic latitude 664 

calculated using four published experimental results, as described in the legend. The values are 665 

normalized to the corrosion rate for the OTT pipeline. Telluric-associated PSP variations were 666 

modelled for the year 2004. 667 

 668 

The increase in the corrosion rates with latitude is significant (factor of 3.5 to 4.5) for the transition 669 

from subauroral (OTT) to auroral (MEA) zones. It is significantly less pronounced (1. to 1.5) 670 

within the auroral oval, i.e. for the transition from MEA to FCC. The geomagnetic coordinates and 671 

locations of the observatories with respect to the auroral zone were identified according to Fiori et 672 

al. (2020). Regardless of the utilized experimental results (i.e. obtained with or without CP), the 673 

telluric-associated pipeline corrosion is higher at the auroral latitudes for the same pipeline 674 

characteristics. 675 

  676 
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6. Discussion 677 

 678 

The response of pipelines to the geomagnetic activity in terms of PSP variations and currents along 679 

the pipeline has been observed and modelled in many studies (Campbell, 1980; Boteler and Seager, 680 

1998; Pulkkinen et al., 2001; Viljanen et al., 2010; Marshall et al., 2010; Ingham et al., 2022; see 681 

also an extended list of references in Boteler and Trichtchenko, 2015). However, estimations of 682 

the possible increase in corrosion due to slow varying telluric currents (with periods from 1s to~12 683 

hours) did not attract similar attention, and very limited attempts to quantify this effect have been 684 

made. Some researchers utilized the DC-corrosion approximation (Faraday’s law of electrolysis) 685 

and reported contrasting conclusions, e.g., the effect of telluric-related corrosion in Gideon et al. 686 

(1970) was quantified as negligible, while in Osella et al. (1998, 1999) it is estimated as an 687 

important factor leading to the reduction of pipeline lifetime. The results of the old experimental 688 

study by McCollum and Ahlborn (1916) on the corrosion rates of alternating currents for a wide 689 

range of fixed reversal periods show that corrosion rates decrease with a decrease in reversal 690 

periods and are smaller than DC (steady state) corrosion rates even after a week of exposure.   691 

 692 

These results were later brought to the attention of the scientific community by Campbell (1978) 693 

and Peabody (1979) who concluded that the impacts of varying telluric currents on pipeline 694 

corrosion are small but require further investigation, especially for northern pipelines where 695 

significant geomagnetic variations could continue for a long time.  696 

 697 

At the turn of the century, Gummow (2001, 2002) published new results with the analysis of 698 

increased corrosion due to telluric activity and concluded that corrosion due to telluric currents 699 

can be significant on the cathodically-unprotected pipelines. Several recent papers include 700 

estimations of corrosion rates based on Gummow’s publications, such as Ingham and Rodger, 701 

2018; Khanal et al., 2019; Moraes et al., 2020. All of the above studies on telluric-associated 702 

corrosion used the results of the experiments published by McCollum and Ahlborn (1916), 703 

obtained without the application of cathodic protection.  704 
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Our evaluation of telluric-associated corrosion extends the approach presented in Gummow (2002) 706 

and utilizes several recently published results on measurements of AC corrosion rates beyond 707 

McCollum and Ahlborn (1916), such as Birbilis et al. (2005), Qin et al. (2020) and Du et al. (2021).  708 

Among them, only in experiments by Birbilis et al. (2005) were cathodically protected electrodes 709 

used, and the lowest corrosion rates, up to 100 times smaller than in the other three references, 710 

were obtained. The main reasons of for such differences could result from the application of 711 

cathodic protection, as well as differences in the other parameters such as soil resistivity, etc. 712 

 713 

Results from the experiments without cathodic protection also differ from each other quite 714 

significantly. For example, McCollum and Ahlborn (1916) obtained the largest corrosion rates for 715 

exposure times from 2 s to 1 min. while Qin et al. (2020) provided the largest rates for exposure 716 

time >1 min. The results of McCollum and Ahlborn (1916) did not reach the maximum (DC) level 717 

even for exposure time exceeding 1 week, while the results of Qin et al. (2020) reached the upper 718 

limit for the exposure time of 1 hour. Thus, the conditions of experiments and utilized procedures 719 

can make a significant impact on results.  720 

 721 

The spread in experimental results leads to an expanded range of our estimates of telluric-722 

associated corrosion, as presented in Tables 2-3 for observed PSP variations at different pipelines 723 

and in Table 4 for modelled PSP variations during one year on the identical “hypothetical” pipeline 724 

at several locations.  725 

 726 

The obtained high corrosion rates, which exceed the benchmark level of 0.025 mm/year are 727 

associated with the application of the results of Qin et al. (2020) and McCollum and Ahlborn 728 

(1916) experiments without cathodic protection. These “upper envelop” estimations, can be 729 

regarded as the “worst-case scenario”.  730 

 731 

The application of results from Birbilis et al. (2005) (measurements with CP) led to significantly 732 

lower estimates. These estimates exceeded the acceptable level of 0.01 mm/year only in one case 733 

considered in our study (for the pipeline in clay). However, caution should be exercised when 734 

considering these low levels. . As pointed out by Birbilis et al. (2005), underestimation is expected 735 
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in their experiments because voltage variations were limited to change between -1 V and 0 V only, 736 

while fluctuations of larger amplitude often occur, as presented in Figs. 3 and 4.  737 

 738 

Our analysis shows that, despite the fact that geomagnetic variations are lower near the equator 739 

than at other latitudes, the telluric-associated corrosion can be higher on the near-equatorial 740 

pipeline (e.g. in Australia) than that for mid-latitudes location (in Europe). A sizable response of 741 

near-equatorial and low-latitude pipelines to geomagnetic activity was observed and presented in 742 

Barker and Skinner (1980), Ogunade (1986), Marshall et al. (2010), Ingham and Rodger (2018). 743 

Measurements performed on a pipeline in Australia by Martin (1993) reported corrosion rates of 744 

up to 0.038 mm/year. We obtained similar values ranging between 0.0275 and 0.061 mm/year as 745 

presented in Table 2. 746 

 747 

The situations when pipelines located at lower latitudes are exposed to higher corrosion rates than 748 

those located at higher latitudes emphasize the importance of considering not only the amplitude 749 

and duration of geomagnetic fluctuations, but also pipeline characteristics (such as coating, type 750 

of metal, geometric parameters, and topology) in estimation of the telluric-associated corrosion. 751 

Presented formulas for calculations of the corrosion rates can be applied to a wide range of 752 

conditions and parameters. The developed approach can be adjusted in the future when the effects 753 

of the duration of exposure and its amplitude on electrochemical processes at the interface of 754 

cathodically protected pipeline and soil during telluric-associated variations are better understood. 755 

7. Summary 756 

 757 

This paper presents an evaluation of telluric-associated corrosion for two scenarios:  758 

- observed pipe-to-soil (PSP) variations during geomagnetic storms;  759 

- modelled PSP variations over one year for locations with different geomagnetic activity. 760 

The derived formulas incorporate exposure intervals of varying durations and amplitudes and are 761 

flexible regarding the selection of the threshold potential (assumed as CP level in our calculations) 762 

and other relevant parameters.  763 

To evaluate the corrosion rates due to the telluric currents with the continuous frequency spectrum, 764 

published results of corrosion rates obtained at fixed frequencies of variations were utilized. These 765 
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observational studies varied significantly in their experimental setups and procedures, which 766 

impacted the obtained estimates of telluric corrosion rates. 767 

 768 

The evaluations based on the experimental results obtained without cathodic protection are 769 

significantly higher than acceptable corrosion rates of 0.01 mm/year (ISO 21857, 2021) and even 770 

0.025 mm/year (NACE SP 0169:2016). These estimations should be regarded as the “worst-case 771 

scenario” for possible telluric-associated corrosion.  772 

 773 

The evaluations based on the utilization of experimental data obtained with cathodic protection 774 

exceeded the acceptable level of 0.01 mm/year only at one location on the Australian pipeline. It 775 

has been pointed out by the authors (Birbilis et al., 2005), that these results most likely 776 

underestimate the real situation, as the utilized experimental data were obtained by limiting the 777 

voltage variations to within 1V.  778 

 779 

The analysis of observed PSP time series demonstrated that telluric-associated corrosion rates can 780 

be higher on near-equatorial pipelines than on pipelines located at higher latitudes due to the 781 

differences in the pipeline structural parameters and operational and environmental (soil) 782 

characteristics.  783 

 784 

Analysis of the modelled PSP variations on the identical “hypothetical” pipeline located at 785 

different latitudes demonstrated the increase of telluric-associated corrosion rates with latitude by 786 

factor of 5 when the location changes from subauroral to auroral latitudes.  787 

 788 

Further detailed experimental and theoretical investigations specifically dedicated to telluric-789 

associated corrosion are required to better account for a continuous spectrum and varying 790 

amplitudes of telluric current associated with geomagnetic activity. 791 

 792 
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Appendix 805 

 806 

Table A. Parameters of the layered Earth models used with magnetic data for each observatory.  807 

FCC MEA OTT 

Thickness 

(m) 

Conductivity 

(S/m) 

Thickness 

(m) 

Conductivity 

(S/m) 

Thickness 

(m) 

Conductivity 

(S/m) 

40 0.033  65  0.02  26  0.02  

550 0.01 2700  0.067  900  0.004  

16000 1.110-4 9000  0.0003  9100  0.0002  

13000 6.910-5 17000  0.0004  15000  0.01  

10000 1.210-4 10000  0.0005  15000  0.005  

61000 0.002 61000  0.001  61000  0.004  

15104 0.0063 15·104  0.0063  10·104  0.0063  

16104 0.035 16·104  0.02  16·104  0.035  

11104 0.125 11·104  0.05  11·104  0.125  

15104 0.42 15·104  0.18  15·104  0.42  

23104 0.89 23·104  0.63  23·104  0.89  

10104 2.08 10·104  0.89  10·104  2.08  

 808 
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Highlights: 

• Telluric-associated corrosion can exceed the maximum safe rate of 0.025 mm/a;  

• It depends on the properties of pipeline and geomagnetic activity; 

• Telluric-related corrosion demonstrate the latitudinal dependence;  

• On specific pipelines, corrosion can be high at low latitudes;  
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