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Abstract: Gas pipelines are susceptible to telluric currents induced by temporal variations in the 

geomagnetic field (GMF), which are primarily driven by solar activity. These variations can generate 

electric fields at the Earth’s surface, causing current flow through conductive infrastructure such as 

pipelines. In this study, we investigated the influence of GMF fluctuations on cathodic protection 

systems in gas pipelines, focusing on two major lines in Argentina: The NEUBA II (mid-latitude) and 

San Martín Fueguino (high-latitude) pipelines. Between 2013 and 2018, anomalies in Pipe-to-Soil 

Potential measurements were recorded at 38 monitoring points along these pipelines. We analyzed the 

relationship between PSP disturbances and geomagnetic and solar indices, including the Dst, Kp 

indices, Sunspot Number, and the F10.7 cm solar radio flux. In addition to global indices, we 

introduced the second vertical derivative (SVD) of the GMF as a method to detect rapid, localized 

magnetic field variations, even during geomagnetically quiet periods. Our findings revealed that such 

subtle GMF changes can produce Out-of-Range Protection Records, compromising cathodic 

protection systems, and potentially accelerating corrosion processes. We present an investigation into 

geomagnetic impacts on pipeline cathodic protection systems, with an application of SVD analysis. 

This research underscores the importance of integrating advanced geomagnetic monitoring tools into 

pipeline risk assessment and protection strategies. By correlating space weather parameters with 

ground-level effects, it provides a framework to better understand and mitigate geomagnetically 

induced currents, enhancing infrastructure resilience in both mid- and high-latitude regions. Our SVD 

results of the geomagnetic field are presented as a sensitive local indicator of disturbances affecting 

pipeline protection, especially under conditions where global geomagnetic indices suggest a quiet 

space weather. 
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1. Introduction  

Geomagnetic field variations driven by solar activity can induce electric currents in long ground 

conductors, including pipelines [1–3]. While these effects have been widely documented in high-

latitude regions and during strong geomagnetic storms, less attention has been given to the weak 

disturbances that can occur during geomagnetic quiet conditions, particularly in the mid- and high 

latitudes of the Southern Hemisphere. Here, we investigate the relationship between geomagnetic 

disturbances and pipeline cathodic protection system anomalies observed in Argentina between 2013 

and 2018. 

Gas pipelines are subject to the activity of telluric currents due to the temporal variation of the 

geomagnetic field (GMF), which results from solar activity. The changing GMF generates an electric 

field that causes charges to flow across the Earth’s surface, which are then conducted through metallic 

networks located on it, such as pipelines, electrical transmission lines, and communication nets. This 

electrical disturbance is observed in pipelines as fluctuations in Pipe to Soil-Potential (PSP) and 

induced currents that can vary over time [4–7]. 

Variations in the GMF are associated with Earth’s rotation, tidal cycles, the Sun’s rotation, the 

eleven-year solar cycles, and solar storms [8,9]. The magnitude and location of these disturbances 

depend on the pipeline’s proximity to the Earth’s magnetic poles, its length, orientation, directional 

changes, coating resistance, electrical continuity along its route, soil resistivity, the presence of abrupt 

changes in soil conductivity, and proximity to a marine coast [1,10].  

Various geomagnetic and solar indices are commonly used to characterize solar-terrestrial activity. 

Geomagnetic indices such as Dst and Kp reflect disturbances in geomagnetic field, while solar indices 

such as the Sunspot Number (SN) and the F10.7 solar radio flux represent solar activity levels. 

The Disturbance Storm Time (Dst) index quantifies the intensity of geomagnetic storms by 

measuring variations in the GMF. It is derived by averaging the horizontal component of the magnetic 

field recorded at several low-latitude observatories near the geomagnetic equator.  

However, the researchers in [11] argue that the Dst index is insufficient to fully characterize the 

presence and duration of a geomagnetic storm. In particular, storms driven by long-duration high-speed 

solar wind streams (commonly known as corotating interaction region or CIR-driven storms) may have 

weak and short-lived Dst signatures despite producing strong enhancements in radiation belt electron 

fluxes; one of the most significant space weather hazards [12,13].  

The Kp index, introduced by Julius Bartels in 1949, measures geomagnetic activity by assessing 

the magnitude of solar particle radiation through its magnetic effects on the Earth. It has been in use 

since 1932 and remains a key parameter in space weather studies, providing insight into solar wind 

energy input and its effects on the upper atmosphere and climate variability. The index is derived from 

data collected at 13 geomagnetic observatories distributed around the globe. 

The relative SN is another important index of solar activity, representing the total number of 

visible sunspots and sunspot groups on the solar disk. It is calculated daily, independent of previous 

observations. The official international sunspot number is provided by the Solar Influences Data 

Analysis Center (SIDC) at the Royal Observatory of Belgium. 
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The F10.7 index, which measures solar radio flux at a wavelength of 10.7 cm (2800 MHz), is a 

key proxy for solar activity. Originating from the solar chromosphere and corona, it closely correlates 

with sunspot numbers and solar extreme ultraviolet irradiance. This index has been recorded in Canada 

since 1947 making it one of the longest-running solar datasets. Unlike many solar indices, F10.7 can 

be reliably measured from Earth’s surface in all weather conditions. Its values typically range from 

below 50 to over 300 solar flux units (s.f.u.) over a solar cycle. The data is provided by the National 

Research Council Canada in collaboration with Natural Resources Canada. 

Historically, the effects of telluric currents on pipelines have been regarded as a minor 

inconvenience or curiosity in the context of cathodic protection studies aimed at meeting pipeline codes 

and regulatory standards [3,14]. However, with the increasing construction of pipelines at higher 

latitudes, in soils with higher resistivity, and using improved coating materials, disturbances in telluric 

potential have become more evident, particularly during intensified geomagnetic storms linked to 

heightened solar activity. Periods of peak solar activity have raised concerns about how to mitigate the 

influence of telluric currents and what techniques are available to accurately measure pipe-to-soil 

potentials during such geomagnetic events [2,15]. 

Although less pronounced, telluric effects have also been observed in pipelines located at lower 

latitudes, including near the equatorial region [6,16]. Notably, variations in PSP measurements were 

recorded between 2013 and 2018 along two major gas pipelines in Argentina: The NEUBA II pipeline, 

at mid-latitude, and the San Martín Fueguino pipeline, at high latitude. Detailed investigations revealed 

that these disturbances may be amplified by fluctuations in the GMF during geomagnetic storms [17,18]. 

Since the induced currents in these conductive structures discharge into the ground, producing 

fluctuations in potential, geomagnetic effects can be mitigated by identifying vulnerable segments and 

installing systems to safely discharge induced currents at specific locations. The design of such mitigation 

systems is fundamentally based on the ability to forecast geomagnetic activity [7]. 

While geomagnetic activity is primarily assessed using geomagnetic indices such as Dst and Kp, 

solar indices such as SSN and F10.7 provide the context in which geomagnetic disturbances could be 

triggered by solar events. These variations influence the PSP records and give rise to Out-of-Range 

Cathodic Protection Records (ORPR) at 38 monitoring points previously studied by [17,18] along the 

NEUBA II and San Martín Fueguino pipelines. The second vertical derivative (SVD) of the GMF was 

calculated, revealing correlations between rapid field variations and ORPR events.  

One contribution of this work lies in the application of SVD to the geomagnetic field as a novel 

tool for detecting high-frequency local variations not captured by traditional global indices such as Dst 

or Kp. By correlating these disturbances with PSP records from two pipelines, we identify unexamined 

pipeline response patterns. 

We overcame challenges due to the geographic and geomagnetic complexity of the pipeline 

locations, which range from mid-latitudes (NEUBA II pipeline in southwestern Buenos Aires Province) 

to high latitudes (San Martín Fueguino pipeline in northern Tierra del Fuego Province) (Figure 1). 

Buried pipelines traverse regions with markedly different soil types and conductivity characteristics, 

necessitating geophysical studies. Solar and geomagnetic indices were analyzed to assess their impact 

in these distinctive environments. While the solar indices (SSN and F10.7) have daily resolution and 

are not suitable for identifying short-term geomagnetic fluctuations, they were used in this study to 

assess the overall level of background solar activity during periods of PSP anomalies. The high values 

observed, even during geomagnetically quiet days, helped contextualize the possible external drivers 

of the geomagnetic field variability analyzed using the SVD.  
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Unlike researchers who have primarily focused on the effects of intense geomagnetic storms 

(e.g., [2,7]), we highlight scenarios where solar activity is elevated but geomagnetic indices remain 

relatively quiet. 

2. Data sources and analytical methods for evaluating pipeline responses to geomagnetic 

activity 

PSP records, provided by the gas transportation company, were analyzed to evaluate the 

performance of the cathodic protection system. Measurements were taken with the protection system 

both activated (PSP On) and deactivated (PSP Off), focusing on readings within the acceptable 

protection range (0.85 V to 1.35 V) and those falling outside this range, referred to as ORPR. PSP 

measurements were obtained using a Cu/CuSO₄ reference electrode installed at designated Control 

Points (CPs), specifically from CPs 650 to 790 along the NEUBA II pipeline, and from CPs 1 to 92 

along the San Martín pipeline in Argentina. 

For NEUBA II, data were analyzed over a 200 km segment near the locality of Goyena, located 

in the southwest of Buenos Aires (center Argentine). This section runs in a north-south direction and 

crosses the foothills of the Ventania mountain system. The pipeline traverses alluvial plain and terrace 

soils composed of unconsolidated Quaternary sediments, including silty clays, clayey silts, sandy 

materials, and sandy gravels with relatively thick, discontinuous layers of calcrete (tosca) of epigenic 

origin [19,20] (Figure 1a). 

In the case of the San Martín pipeline, records were analyzed over a 100 km segment in Tierra 

del Fuego, southern Argentina. This section primarily lies on Mollisols; dark-colored, soft, and well-

drained soils with high organic matter content [21]. The pipeline generally runs in a north-south 

direction, except for the final third, which turns west-east (Figure 1b). 

Each pipeline segment includes between 100 and 200 control points, spaced approximately 1 to 

1.5 kilometers apart. Both pipeline systems were studied over the period from 2013 to 2018. 

To establish a correlation between ORPR and geomagnetic activity, records of the GMF were 

analyzed using data from the INTERMAGNET network (https://imag-

data.bgs.ac.uk/GIN_V1/GINForms2). Data were obtained from the observatories closest to the 

pipeline control points (CPs) on the specific days when PSP measurements were taken. For the Goyena 

region, data from the Pilar Observatory (PIL, according to the International Association of 

Geomagnetism and Aeronomy—IAGA) were used, while for the Tierra del Fuego region, data from 

the Puerto Stanley/Puerto Argentino Observatory (PST) were utilized. 

The Dst index is widely regarded as a reliable measure of the energy associated with geomagnetic 

storms [22]. It provides insight into whether the magnetosphere is experiencing quiet or disturbed 

conditions on a given day. The Dst index primarily reflects the strength of the ring current, a circulating 

flow of charged particles trapped by geomagnetic field. More negative Dst values correspond to 

stronger geomagnetic storms. Expressed in nanoteslas (nT), the Dst index is a widely used metric for 

assessing the severity of geomagnetic disturbances. A widely adopted classification based on minimum 

Dst values (cf. Table 1 in [23]) is as follows: 

Weak storm: −50 nT < Dst ≤ −30 nT 

Moderate storm: −100 nT < Dst ≤ −50 nT 

Strong storm: −200 nT < Dst ≤ −100 nT 

Severe storm: −350 nT < Dst ≤ −200 nT 

https://imag-data.bgs.ac.uk/GIN_V1/GINForms2
https://imag-data.bgs.ac.uk/GIN_V1/GINForms2


794 

AIMS Geosciences  Volume 11, Issue 3, 790–805. 

Great storm: Dst < −350 nT 

Dst index values were sourced from the Kyoto World Data Center (https://wdc.kugi.kyoto-

u.ac.jp/dst_final/index.html). 

 

Figure 1. Map of pipelines and geomagnetic observatories. Pipelines in red, pink, black, 

and blue color; a) TGS S.A. pipeline location map Neuba II (red line) and control points 

(red stars) (source: https://www.enargas.gob.ar/secciones/informacion-

geografica/diccionarios/diccionario.php#body). Green box: Section of Buenos Aires 

Province. Background image: Excerpt from the Geological and Mining Map of Buenos 

Aires Province (Source: SEGEMAR). Purple box: Details of the TGS gas pipeline. 

Background image: Coronel Suárez 3763-IV lithological map (Source: SEGEMAR). b) 

Location map of the TGS San Martín gas pipeline in Tierra del Fuego, Argentina (dotted 

pipe). Black box: Section of Tierra del Fuego Province. Background image from: 

https://arcg.is/01jSCn0. 

In addition, tri-hourly values of the planetary Kp index were collected for each day on which 

ORPR events were observed to further characterize geomagnetic conditions (https://kp.gfz.de/en/). 

The geomagnetic indices Kp, and are produced by Geomagnetic Observatory Niemegk, GFZ German 

Research Centre for Geosciences. The values used here are described according to [24]. 

The international SN is given as the daily total sunspot number obtained from this source: 

http://www.sidc.be/silso/DATA/SN_d_tot_V2.0.txt, see http://www.sidc.be/silso/infosndtot. 

Local noon-time observed (F10.7) solar radio flux F10.7 at 10.7 cm wavelength in s.f.u. (10-22 

Wm-2 Hz-1) is provided by Dominion Radio Astrophysical Observatory and Natural Resources Canada, 

see [25], see ftp://ftp.seismo.nrcan.gc.ca/spaceweather/solar_flux/daily_flux_values/fluxtable.txt. 

https://wdc.kugi.kyoto-u.ac.jp/dst_final/index.html
https://wdc.kugi.kyoto-u.ac.jp/dst_final/index.html
https://arcg.is/01jSCn0
https://kp.gfz.de/en/
http://www.sidc.be/silso/DATA/SN_d_tot_V2.0.txt
http://www.sidc.be/silso/infosndtot
ftp://ftp.seismo.nrcan.gc.ca/spaceweather/solar_flux/daily_flux_values/fluxtable.txt


795 

AIMS Geosciences  Volume 11, Issue 3, 790–805. 

A total of 2,053 PSP records were examined from both the NEUBA II and San Martín Fueguino 

gas pipelines over the period 2013–2018. These records included measurements taken with the 

cathodic protection system both active (PSP On) and inactive (PSP Off). Among them, 95 ORPRs were 

identified for the NEUBA II pipeline and 77 for the San Martín Fueguino pipeline. 

Of these 172 ORPRs, 134 occurred during periods classified as mild or moderate geomagnetic 

storms, according to the criteria established by [23]. The remaining 38 ORPRs (18 from NEUBA II 

and 20 from San Martín) occurred on days without geomagnetic storms, as indicated by Dst index 

values greater than −5 nT. 

To determine whether rapid variations in the GMF, even on geomagnetically quiet days, could be 

responsible for the occurrence of ORPRs, a detailed analysis of solar and geomagnetic indices was 

conducted. These included the Dst and Kp geomagnetic indices and the solar indices SN and the 10.7 

cm solar radio flux (F10.7). Additionally, the SVD of the GMF was calculated to detect and assess 

short-term magnetic fluctuations. The SVD was performed because the first derivative study (dH/dt) 

was carried out on the NEUBA II gas pipeline. This application reinforces the results of the studies 

performed by the researchers in [17,18] 

PSP measurements corresponding to ORPRs were recorded during several months across the 

study period: August, February, and November 2013; August 2014; January 2015; February, November, 

and December 2016; November 2017; and January 2018. For each of these instances, geomagnetic 

conditions were evaluated to determine whether they could explain the observed deviations, despite 

the presence of quiet solar activity (Dst > −5 nT). 

The Kp index, which quantifies disturbances in the horizontal component of Earth’s magnetic 

field, is derived from the maximum fluctuations observed in magnetometers at 13 observatories, 

mostly in the Northern Hemisphere, over three-hour intervals. Although considered a planetary index, 

it may not adequately reflect geomagnetic activity in the Southern Hemisphere. For this reason, the 

SVD of the GMF was calculated based on data from observatories in proximity to the study regions. 

The SVD is a well-established method for enhancing weak or subtle features in geophysical 

signals, particularly in the absence of measurement noise. The SVD is typically computed, like any 

derivative, using the Fast Fourier Transform (FFT) [26] as well as a filter variable order vertical 

derivative [27]. This makes it particularly effective for identifying masked or low-amplitude signals. 

To describe exactly and precisely the timing of rapid GMF fluctuations, derivatives were 

computed using the Fast Fourier Transform (FFT) in the frequency domain. The SVD was applied to 

total geomagnetic field (ϕ) data using the FFT VDRV program, which performs vertical derivative 

filtering on ϕ(t). The final computation of the SVD was performed according to equation (1).  

ℱ [
𝑑𝑛∅

𝑑𝑡𝑛
] = (𝑖𝑘𝑡)𝑛ℱ[𝜙] (1)  

where ℱ is the Fourier transform, 
𝑑𝑛∅

𝑑𝑡𝑛  is the nth-order derivative of ϕ respect to t (time), ϕ is the GMF, 

i is the complex variable, (ikt) is the filter that transforms a function measured such as nth-order 

derivatives with respect to t. The SVD enhances variations in continuous functions by amplifying the 

high-frequency components, making it possible to pinpoint the precise moments when rapid 

fluctuations occur in the geomagnetic field, typically indicated by sharp peaks or local maxima. The 

SVD was calculated in Oasis montaj using FFT parameters set with a distance increment of 10 min 

and a linear interpolation method, creating a regularly spaced grid for analysis. Although the software 
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does not explicitly define a window size, the FFT is applied over the entire interpolated grid. The 

purpose of applying the SVD in this context is to detect sharp variations within spatial windows 

constrained to approximately 10 min. 

3. Results 

Figure 2 displays the monthly Dst index values corresponding to the periods when ORPRs were 

detected at Control Points (CPs). These Dst records reveal that the PSP measurements (On-Off) were 

taken during periods that do not qualify as geomagnetic storms based on the Dst index criteria. 

Nonetheless, the PSP values were anomalous, falling outside the cathodic protection range. 

Table 1. PSP values measured in the NEUBA II gas pipeline, and solar and magnetic indices. 

Test 

Point 

Time (UTC) PSP OFF 

(mV) 

PSP ON 

(mV) 

On-Off ORPR 

(mV) 

Dst 

(nT) 

Kp SN F10.7 

(s.f.u.) 

782 26/8/2013 19:32 −0.925 −0.747 0.178 0.103 −4 1.667 43 111.2 

781 26/8/2013 19:48 −0.946 −0.77 0.176 0.080 −4 1.667 43 111.2 

780 26/8/2013 19:58 −0.912 −0.749 0.163 0.101 −4 1.667 43 111.2 

779 26/8/2013 20:07 −0.907 −0.745 0.162 0.105 −4 1.667 43 111.2 

778 26/8/2013 21:03 −0.995 −0.799 0.196 0.051 −5 1.667 43 111.2 

777 26/8/2013 21:08 −0.961 −0.811 0.15 0.039 −5 1.667 43 111.2 

776 26/8/2013 21:20 −0.977 −0.83 0.147 0.020 −5 1.667 43 111.2 

774.2 26/8/2013 21:37 −0.969 −0.836 0.133 0.014 −5 1.667 43 111.2 

712 19/8/2014 13:38 −1.631 −1.464 0.167 0.114 11 2.667 93 110.7 

710 19/8/2014 15:00 −0.669 −0.512 0.157 0.338 10 1.667 93 110.7 

709 19/8/2014 15:10 −0.97 −0.811 0.159 0.039 10 1.667 93 110.7 

708 19/8/2014 15:15 −0.905 −0.745 0.16 0.105 10 1.667 93 110.7 

707 19/8/2014 15:35 −0.689 −0.529 0.16 0.321 10 1.667 93 110.7 

706 19/8/2014 16:01 −1.012 −0.844 0.168 0.006 12 2.667 93 110.7 

702 19/8/2014 17:02 −1.02 −0.834 0.186 0.016 16 3.667 93 110.7 

646 22/11/2016 11:48 −1.49 −1.489 0.001 0.139 11 2.333 0 77.3 

794 3/12/2016 15:15 −0.852 −0.799 0.053 0.051 0 - 56 84.7 

794 28/11/2017 21:50 −1.064 −0.844 0.22 0.006 3 - 15 71.9 
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Figure 2. Dst hourly index in the months whose PSP were outside the cathodic protection range. 

August 2013, August 2014, November 2016, December 2016, and November 2017 in the NEUBA 

II pipeline. February 2013, November 2013, January 2015, February 2016, and January 2018 in 

the San Martín pipeline. The green box indicates the measurement interval. 
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Table 2. PSP values measured in the San Martín gas pipeline, and solar and magnetic indices. 

Test 

Point 

Time (UTC) PSP OFF 

(mV) 

PSP ON 

(mV) 

On-Off ORPR 

(mV) 

Dst 

(nT) 

Kp SN F10.7 

(s.f.u.) 

81.811 27/2/2013 12:22 −1.040 −0.809 0.231 0.041 12 0.667 58 100 

70 27/2/2013 20:34 −1.010 −0.800 0.210 0.050 2 0 58 100 

17.632 27/11/2013 15:35 −1.056 −0.807 0.249 0.043 11 0.667 73 129 

97.2 21/1/2015 11:34 −1.510 −0.790 0.720 0.060 19 1.667 43 123.9 

89 21/1/2015 16:03 −1.040 −0.794 0.246 0.056 4 2 43 123.9 

65.8 2/2/2016 13:46 −1.02 −0.781 0.239 0.069 9 1.333 52 102.1 

66 2/2/2016 14:28 −1.033 −0.791 0.242 0.059 10 1.333 52 102.1 

71 2/2/2016 14:49 −0.971 −0.784 0.187 0.066 9 1.333 52 102.1 

76 2/2/2016 15:16 −0.956 −0.785 0.171 0.065 9 1.333 52 102.1 

77 2/2/2016 15:45 −1.001 −0.793 0.208 0.057 4 1.333 52 102.1 

78 2/2/2016 16:10 −0.965 −0.782 0.183 0.068 4 1.333 52 102.1 

82 2/2/2016 16:50 −0.986 −0.783 0.203 0.067 4 1.333 52 102.1 

83 2/2/2016 17:01 −1.017 −0.796 0.221 0.054 4 1.333 52 102.1 

84 2/2/2016 17:20 −1.009 −0.785 0.224 0.065 4 1.333 52 102.1 

85 2/2/2016 17:37 −1.011 −0.773 0.238 0.077 5 1.333 52 102.1 

87 2/2/2016 17:54 −1.045 −0.794 0.251 0.056 −1 2 52 102.1 

95 2/2/2016 20:39 −1.057 −0.794 0.263 0.056 1 2 52 102.1 

97.2 2/2/2016 21:11 −2.19 −0.794 1.396 0.056 1 2 52 102.1 

1 10/1/2018 16:32 −1.650 −0.800 0.850 0.050 −3 1 20 70.4 

2 10/1/2018 17:13 −1.600 −0.800 0.800 0.050 −5 1 20 70.4 

Table 3. Date and time of acquisition of PSP OFF and PSP ON on test points for both gas 

pipelines. Calculation of ON-OFF and CPR. Values of solar and geomagnetic indices.  

Test 

Point 

Time (UTC) PSP OFF 

(mV) 

PSP ON 

(mV) 

On-Off CPR 

(mV) 

Dst 

(nT) 

Kp SN F10.7 

(s.f.u.) 

799 26/8/2013 11:18 −1.168 −0.863 0.305 0.013 −8 1.000 43 111.2 

704 19/8/2014 14:00 −1.039 −0.878 0.161 0.028 11 1.667 93 110.7 

613 22/11/2016 07:00 −1.42 −1.080 0.340 0.230 1 1.000 0 75.4 

795 3/12/2016 14:41 −0.995 −0.936 0.059 0.086 7 0.000 56 82.2 

773 28/11/2017 09:24 −1.304 −0.996 0.380 0.146 −16 1.667 15 71.9 

77 27/2/2013 14:01 −1.081 −0.865 0.216 0.015 9 1.333 58 102.0 

60 27/11/2013 10:50 −1.426 −1.039 0.387 0.189 9 0.000 73 125.6 

44 21/1/2015 09:10 −1.304 −1.12 0.184 1.970 7 1.667 43 123.9 

52 2/2/2016 09:38 −1.371 −1.174 0.197 0.324 3 0.667 53 102.1 

61 10/1/2018 10:42 −1.435 −1.009 0.426 0.159 −4 1.000 20 68.1 

Within each green box in Figure 2, the Dst index fluctuates from positive to slightly negative 

values, ranging between +50 nT and −10 nT. This range does not indicate the presence of a 

geomagnetic storm. Consequently, these specific PSP records were selected for further analysis in 
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relation to other geomagnetic activity indicators that may detect disturbances not captured by the 

Dst index, such as the Kp index, the SN, and the F10.7 solar flux index (Tables 1 and 2). 

Additionally, PSP records within the acceptable cathodic protection range were included from the 

same dates to enable comparison with the anomalous values (Table 3). 

Regarding the SN, the measurement period coincides with the declining phase of Solar Cycle 24, 

whose peak activity reached 113 sunspots in June 2014. The annual average sunspot numbers for the 

measurement period were: 94.0 in 2013, 113.3 in 2014, 69.8 in 2015, 39.8 in 2016, 21.7 in 2017, and 

7.0 in 2018. On the specific PSP measurement dates, sunspot numbers were relatively high compared 

to the annual averages (Tables 1 and 2). 

The F10.7 solar radio flux index, which typically ranges from 50 to 300 solar flux units (sfu), 

showed moderate values on the selected days, suggesting disturbances in the average solar wind 

(Tables 1 and 2). 

The Kp geomagnetic index, which ranges from 0 (quiet) to 9 (severe geomagnetic activity), 

remained below 3 on all selected days, indicating geomagnetically quiet conditions (Tables 1 and 2). 

The GMF measurements from the Pilar (PIL) and Puerto Stanley/Puerto Argentino (PST) 

observatories during the ORPR dates showed minimal disturbances (Figure 3a). To detect minor 

variations in the GMF, the SVD was applied. The resulting SVD curves exhibited high-frequency 

oscillations and intermittent peaks with amplitudes ranging from ± 4 to ± 40 × 10⁻⁶ nT·m⁻². Notably, 

the timing of these peaks corresponded closely with PSP records that fell outside the cathodic 

protection range, despite the days being classified as geomagnetically quiet (Figure 3a). 

Table 4. Comparison of the range of the Second Vertical Derivative (SVD) recorded on 

selected days with that reached during the geomagnetic superstorm of May 11, 2024. 

Date SVD Range (nT·m-2) SVD Maximum (nT·m-2) % SVD Maximum rate 

August 26, 2013 (−4 and 4) × 10⁻⁶ 5.7 × 10⁻⁶ 3 

August 19, 2014 (−20 and 40) × 10⁻⁶ 43 × 10⁻⁶ 23 

November 22, 2016 (−10 and 20) × 10⁻⁶ 21.0 × 10⁻⁶ 11 

December 3, 2016 (−10 and 20) × 10⁻⁶ 20,5 × 10⁻⁶ 11 

November 28, 2017 (−10 and 20) × 10⁻⁶ 18,5 × 10⁻⁶ 10 

February 27, 2013 (−8 and 8) × 10⁻⁶ 8.1 × 10⁻⁶ 4 

November 27, 2013 (−10 and 10) × 10⁻⁶ 14.1 × 10⁻⁶ 8 

January 21, 2015 (−20 and 40) × 10⁻⁶ 51.7 × 10⁻⁶ 28 

February 2, 2016 (−10 and 10) × 10⁻⁶ 0.9 × 10⁻⁶ 1 

January 10, 2018 (−20 and 30) × 10⁻⁶ 16.2 × 10⁻⁶ 9 

May 11, 2024 (−200 and 200) × 10⁻⁶ 187,8 × 10⁻⁶ 100 

In Figure 3a, red rectangles indicate time intervals when PSP values fell outside the protection 

range, while green rectangles mark periods when the PSP remained within acceptable cathodic 

protection limits. The SVD line shows distinct amplitude peaks during the same intervals in which PSP 

records deviated from the protective range, specifically on the following dates: August 19, 2014; 

November 22, 2016; December 3, 2016; November 28, 2017; February 27, 2013; January 21, 2015; 

February 2, 2016; and January 10, 2018. 
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Figure 3. a. Geomagnetic field (GMF) modulus of the selected days in ORPR state taken 

at the observatories closest to the Test Points: PIL (pink line) and PST (orange line). Second 

vertical derivative (SVD) (blue line). SVD values at the PSP measurement time (green 

box). b. GMF (pink line) and SVD (blue line). Enclosed in the red boxes are the SVD peaks 

associated with the ORPR (Tables 1 and 2). 
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To further evaluate the significance of these SVD peaks and compare their magnitudes with those 

observed during a known high-activity event, the May 11, 2024 geomagnetic superstorm, the maximum 

SVD amplitudes recorded on ORPR days were compared with those recorded during the storm (Figure 

3b). While the SVD amplitudes on the selected quiet days reached up to ± 40 × 10⁻⁶ nT·m⁻², the 

superstorm exhibited peaks up to ± 200 × 10⁻⁶ nT·m⁻² —an order of magnitude higher (Table 4). 

4. Discussion 

In the context of our observations, it is important to highlight that certain geomagnetic 

disturbances may remain unclassified under traditional Dst-based criteria, despite their capacity to 

significantly heat the ion plasma sheet. During such events, hot ions predominantly drift tangentially 

and fail to penetrate the inner magnetosphere, leading to a weak ring current and, consequently, a 

minimal response in the Dst index. This phenomenon likely contributed to the apparent discrepancy 

between the elevated solar activity and the classification of geomagnetic conditions as quiet. Indeed, 

although all measurements were recorded during periods deemed geomagnetically quiet according to 

both Dst and Kp indices, solar indicators such as the SN and the solar radio flux index (F10.7) revealed 

otherwise. Specifically, SN values ranged from 52 to 93, while F10.7 exhibited average values between 

102.1 and 123.9 s.f.u. These elevated indices suggest that significant solar activity was present 

throughout the study period, underscoring the limitations of relying solely on global geomagnetic 

indices to characterize the space weather conditions relevant to ground-based technological systems 

such as buried pipelines.  

The SVD analysis of the GMF provides further knowledge. On days when ORPRs were 

detected, the SVD revealed perturbations in the GMF with amplitudes exceeding 10% relative to the 

rest of the day (Figure 3), suggesting that geomagnetic variability may influence pipeline protection 

even during non-storm conditions. SVD enhances the detection of localized magnetic field anomalies 

by attenuating regional-scale variations, making it particularly useful for identifying subtle, high-

frequency perturbations in geomagnetically quiet periods. These perturbations may not be captured 

by global indices like Dst or Kp but can significantly impact induced currents in long conductive 

systems such as pipelines. The SVD thus serves as a more sensitive diagnostic for potential cathodic 

protection disruptions. 

Regarding soil conductivity along the gas pipeline routes, a wide range of electrical conductivities 

was observed. Field campaigns conducted by the Argentine Geological and Mining Service (SEGEMAR) 

have shown that the NEUBA II pipeline traverses a lowland plain where groundwater flow continuity 

increases toward discharge areas [19]. However, at the Control Points (CPs) where notable PSP voltage 

variations were recorded, the soil conductivity remained relatively uniform (Figure 1a). 

Our findings demonstrate that PSP anomalies occurred even during geomagnetically quiet periods, 

as defined by Dst values greater than −30 nT and Kp values below 3. This challenges the adequacy of 

global indices alone in assessing GIC-related risks. In particular, SVD analysis revealed high-

frequency perturbations that temporally coincided with ORPRs, confirming its usefulness as a 

complementary indicator. 

Moreover, when comparing the two pipelines, we observed that the San Martín pipeline, at a 

higher geomagnetic latitude, exhibited a greater number of ORPR events. This is consistent with prior 

knowledge that GIC intensity increases with geomagnetic latitude due to the higher exposure to 

ionospheric currents. However, we also found that local soil conductivity influenced the PSP response. 
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Low-conductivity soils in Tierra del Fuego appeared to amplify the voltage disturbances. These results 

agree with the mechanisms proposed by [1,2, 28–30] but our study provides quantitative evidence from 

South American sites, which are underrepresented in the literature. 

In summary, the combination of SVD-based detection, geographic factors, and soil electrical 

properties provides a more complete picture of geomagnetic impacts on pipeline systems, particularly 

under non-storm conditions. 

In contrast, soils along the San Martín pipeline are predominantly well-drained and do not favor 

significant salt accumulation in any horizon, resulting in low electrical conductivity values ranging 

from 0.30 to 0.90 dS·m⁻¹ [31]. The study region experiences annual precipitation between 300 and 430 

mm, distributed fairly evenly throughout the year [32]. Although, rainfall decreases significantly 

between November and February (below 100 mm), creating a seasonal pattern. Combined with the 

region’s gently undulating topography, this promotes the formation of wetter zones with localized 

water accumulation, potentially increasing soil conductivity in those areas. Despite this, the 

mineralogical composition of the parent material and its limited weathering result in generally low soil 

conductivity across the region, with values ranging from 0.01 to 0.36 dS·m⁻¹ (Figure 1b). 

5. Conclusions 

Although the pipelines are at different magnetic latitudes, NEUBA II in lower magnetic latitudes 

and San Martín in higher ones, both exhibited instances of cathodic protection failure, even on days 

without recorded geomagnetic disturbances. 

These findings suggest that elevated solar activity, as indicated by high SN and F10.7 solar flux 

values, can influence the Earth’s electromagnetic environment even under geomagnetically quiet 

conditions, as classified by the Dst and Kp indices. Therefore, these solar indicators may play a 

significant role in assessing potential failures in cathodic protection systems, given their association 

with solar radiation and charged particle fluxes that can induce geomagnetically induced currents 

(GICs) in pipelines. 

The results support the conclusion that the SVD of the GMF is a sensitive indicator of high-

frequency local perturbations that are not necessarily captured by global indices such as Dst. The 

maximum amplitude peaks identified in the SVD correspond to abrupt variations in the GMF, which 

can adversely impact the effectiveness of cathodic protection systems. This is evidenced by PSP 

measurements falling outside the protection threshold, even on days classified as geomagnetically 

quiet based on Dst values. 

The analysis of soil conductivity along the NEUBA II and San Martín gas pipelines reveals 

distinct geoelectrical environments. These findings suggest that PSP anomalies are not solely 

attributable to soil conductivity, indicating a stronger influence of geomagnetic factors or structural 

conditions on the pipelines. 

These observations underscore the importance of long-term monitoring of PSP variations to build 

a reliable statistical database on the frequency and magnitude of extreme fluctuations. Such data is 

crucial for assessing the risk of corrosion driven by telluric currents and for validating statistical 

prediction models aimed at mitigating the effects of space weather on pipeline infrastructure. 

We introduce the use of the SVD as an effective method for detecting rapid and localized 

geomagnetic variations not captured by traditional indices such as Dst or Kp. Our findings demonstrate 

that observations from local geomagnetic observatories enhance the information provided by global 
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indicators, improving the results by providing detailed in-situ monitoring of the phenomenon. This 

knowledge is crucial for developing more accurate models and mitigation strategies for buried pipeline 

infrastructure, particularly in understudied regions of the Southern Hemisphere. 
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