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Abstract 

A stone-hard-soil structure was observed on a metallic pipeline under cathodic protection and 

subject to alternating current corrosion at a coating defect. Using x-ray diffraction, energy 

dispersive x-ray spectroscopy, ion-chromatography and inductively coupled plasma optical 

emission spectroscopy, the stone-hard-soil was characterised as being enriched in NaCl. Local 

alkalisation following the cathode reactions caused precipitation of calcite, believed to be 

partly responsible for the stability of the structure. Very close to the corrosion site at the 
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A well-documented theory for AC corrosion is that an increasingly alkaline environment at 

the steel surface will reduce the electric resistance to remote earth and increase the AC and 

DC current flowing through the coating defect at constant AC and DC voltages. [9-10] 

Adversely if earth alkaline metals such as Ca and Mg are present, these might cause the 

precipitation of insoluble carbonates and hydroxides at high pH, possibly covering the coating 

defect with an insulating layer and decreasing the currents and corrosion rate. [8,11] Some 

authors speculate that the formed stone-hard-soil ‘tubercle’ may be of lower resistivity and 

thus behave as an antenna of increased surface area that will pick up both AC and DC currents 

in the soil and thus escort an autocatalytic corrosion attack by increasing current densities. [6] 

Enhancement of the cathode reaction (1) by faradaic rectification of the AC current plays a 

major role in comparison to pure DC conditions. [12-15] The DC current may be orders of 

magnitude higher than at regular CP, and thus the alkalisation is more pronounced in AC 

corrosion cases. 

According to the EN 15280:2013 standard, critical current density values for AC corrosion 

are JDC = 1 A m-2 and JAC = 30 A m-2, above which AC corrosion is likely to occur. Smaller 

coating defects are thus more vulnerable to AC corrosion 

The stone-hard-soil sample investigated in this study is shown in Figure 1. It is half of the 

semi spherical structure that develops at a coating defect on a pipeline subject to cathodic 

protection and an AC perturbation. The sample is split in the direction of the pipeline. It is 

clear that the structure is spherical around a corrosion site (Figure 1a-c) with a clearly altered 

appearance towards the corrosion site in Figure 1d.  

The pipeline on which the structure was discovered was a Ø = 76.2 cm (30 inches) low alloy 

carbon steel with an initial wall thickness of 12.7 mm and a three-layer extruded polyethylene 

coating, transporting dry natural gas. It was buried in Ca rich clayey soil in the Mediterranean 

region in Southern Europe. The on-potential was kept at approx. Eon = -1.3 V vs. a Cu/CuSO4 
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A cut cross-section of the stone-hard-soil (Figure 1d) from the 0-1 cm position was extracted 

for further analysis. This region was of special interest with regards to the interfacial reactions 

between the pipe and the soil. It contained both a black/brown corrosion product, a white 

powdery phase and the surrounding soil phase. After embedding in epoxy resin, a cross-

section was prepared for analysis in SEM/EDS. 

 

3 Results 

The concentration of dissolved Cl- exceeded the measurement range for the IC equipment >10 

g/L for both the stone-hard-soil and the reference soil, i.e. very high for soil in general. The 

concentration of sulphate, SO4
2- in the stone hard soil was 1.385 g L-1 in the stone-hard soil 

and 6.354 g L-1 in the reference soil. 

The chemical analysis made by both EDS and ICP-OES provides a profile through the stone-

hard-soil along the line indicated in Figure 1a. The results are presented in Figure 2, where the 

concentrations have been normalised with respect to the concentrations of the reference soil 

sample: C/CREF. This allows for an easy overview of the alterations in the chemical 

composition of the soil throughout the profile. If the C/CREF of a species is larger than 1, the 

local concentration has increased and vice versa. Figure 2a and b or c and d are essentially 

showing the same results, but discrepancies arise from measurement errors from either 

method. The reference soil concentrations are given in Table 1. Not all elements can be 

detected by either method, i.e. Cl and O cannot be detected by ICP-OES, but conversely the 

ICP-OES technique is more sensitive and will detect species of low concentrations. Several 

elements, i.e. H and C cannot be detected by any of the methods, but the ICP-OES results 

account for only 41.4% of the total tested material (not including O for the ICP-OES) and thus 

many of the species may exist as oxides, hydroxides, carbonates, etc. which may be detected 

by other methods.  
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corresponding to Mg(OH)2. Fe and O is present in the corrosion products. The spherulitic 

structure may be characteristic for siderite, FeCO3 or magnetite, Fe3O4. [17] Magnetite is a 

known corrosion product in AC corrosion cases, but the EDS investigation in the area marked 

on one sphere in Figure 7 suggested an Fe to O atomic ratio close to 1:3, thus suggesting 

FeCO3. The civo (Ca3Fe3.5V1.5O12 ) detected in the XRD spectra (Figure 4) may also be an 

option, since the mapping did show Ca present within the corrosion products, however the 

point analysis showed only minor Ca concentrations and no vanadium. Since no XRD 

verification of the corrosion product was possible, no conclusions could be made. Due to 

handling of the sample in aerated conditions and the likely oxidation of Fe(II) species as 

previously mentioned, a true characterization of the iron oxides formed under corrosion 

conditions is not possible. 

The EDS measurements from locations 1-3 in Figure 6 i.e. in the vicinity of the corrosion site 

are shown in Figure 8. By comparison to the reference soil, it is evident that the concentration 

profiles of the species are matching (but suppressed due to the EDS results being relative), 

except for Na and Cl at location 1 and 2, and Mg in location 3. This is interpreted as 

enrichment of halite and brucite in these locations respectively, in line with the EDS mapping 

in Figure 7, however together with a clear trace of the original soil. These localised, but 

markedly different results within 0-1 cm from the corrosion site suggest that the chemical 

profile made by EDS and ICP-OES as well as XRD may be overly simplified, especially in 

this local region towards the coating defect. I.e. no brucite was detected along the XRD-

profile in Figure 3, which may simply be explained by the fact that brucite appears locally, 

and was by chance not present in any of the profile samples in detectable amounts. 

 

4 Discussion 
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i.e. at elevated temperatures or pressure in calcite containing rocks, and thus it may be a tracer 

for elevated temperatures towards the coating defect possibly caused by high alternating 

current densities. 

Pyroaurite, Mg6Fe2(OH)16(CO3)(H2O)4.5, was synthesized in a near neutral pH to high pH 

environments by Hansen and Taylor. [22] They found that in high pH environment a possible 

formation path was via slow addition of Fe(II) to Mg-rich phases, e.g. brucite or magnesite, 

MgCO3. When saturated with water, and upon the reaction with oxygen, Fe(II) may oxidize 

to Fe(III) and react with Mg species in solution. While the environment under cathodic 

protection is depleted of oxygen, it is possible that the presence of an alternating voltage may 

alternate the oxidation step of available iron from Fe(II) to Fe(III) during the anodic half-

wave, and in that way provide the conditions for pyroaurite formation. [23] The observation 

of pyroaurite may be an indicator for the rigth conditions for formation of green rust which is 

also a layered double hydroxide and is found on carbon steel under cathodic protection. [24] 

The intertwining relation between Ca and Mg in the stone-hard-soil may be explained by 

dissolution of the present dolomite and calcite phases in the original soil making Ca and Mg 

ions mobile in the soil. Even at slightly elevated pH brucite may precipitate (Figure 9c), and 

as it appears on the interface between pipe and stone-hard-soil in Figure 1c and the cross-

section in Figure 6 this phase may fill out cavities and cracks formed, especially close to the 

corrosion site causing the 0-1 cm Mg rise. Pyroaurite formation may also play a role. The 

formed hydrogen gas from the cathode reaction (1) is likely to push the stone-hard-soil away 

from the steel or form pores or cracks, allowing the gas to escape. Furthermore, the extreme 

alkalisation from the cathode reaction (1) at the electrode/electrolyte interface will dissolve 

the calcite that may allow for the some of the Ca ions to migrate outwards in the stone-hard-

soil and re-precipitate as calcite at slightly lower pH causing the 1-2 cm Ca rise. Other Ca 

ions participate in the formation of tobermorite. Even though calcite is present in the reference 
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about alkalisation and the establishment of a characteristic environment around a 

coating defect subject to AC corrosion. 
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Figure 1. Stone-hard-soil semi-sphere from an AC corrosion case on a metallic pipeline. a) 

Cross-section with indications of sites for taking samples for further analysis. b) View of the 

outer surface of the sphere. c) View from the pipe surface with the corrosion site clearly 

visible and dimensions as shown. d) Close up of corrosion site surrounded by a white powder. 

The cut line for making a polished cross-section is indicated.  
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Figure 2. Chemical analysis for various elements using EDS (a,c) and ICP-OES (b,d). Results 

are displayed relative to analysed values of the reference soil sample. Not all elements can be 

found with either method. 
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Figure 5. pH profile as a function of the distance from the pipe together with the reference 

soil pH level. The results clearly indicate alkalisation of the stone-hard-soil, especially close 

to the cathodic pipe. 
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Figure 6. Cross-section of the stone-hard-soil close to the corrosion site in the lower right 

corner (0-1 cm), moulded in epoxy resin. Marked areas were investigated with EDS, see 

Figure 7 and Figure 8. 

  
















