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Abstract 15 

The corrosion mechanisms of a Roman iron bezel ring were investigated by in-depth characterization of 16 

its uncommon corrosion pattern and thermodynamic modelling. A silver foil and altered glass remnants 17 

were identified, covered with thick strata of magnetite and goethite. Underneath it, was a multi-18 

millimetric cavity, filled with spheroidal magnetite or magnetite/goethite nodules in a siderite matrix. 19 

The bottom of the preserved object showed a marbled corrosion structure composed of goethite, 20 

magnetite/maghemite and hematite. Heterogeneous and evolving local conditions, involving synergistic 21 

effects of electrolytic and dissolution/precipitation mechanisms might explain the unique morphology 22 

and nature of the corrosion products observed. 23 

Keywords 24 

Iron (A), Silver (A), SEM (B), Raman spectroscopy (B), Interfaces (C), oxidation (C) 25 

1. Introduction 26 

Historical and archaeological metallic artefacts are exposed to corrosive environments, both in their 27 

original and/or museal locations. These environments could be different types of archaeological soils 28 

and underwater sites, or atmospheric media (also in storage deposits, and museum exhibition rooms 29 
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when atmospheric conditions are not sufficiently controlled). All these varying environmental 30 

conditions can even cause severe material degradations. A thorough diagnostic is necessary to preserve 31 

these objects and apply appropriate conservation treatments [1,2]. Due to the possible complexity of the 32 

corrosion patterns, a combination of non-invasive and invasive characterization techniques is needed to 33 

elucidate the long-term corrosion mechanisms. Thus, in the frame of the MetalPAT project, the 34 

conservation state of ancient metallic artefacts was assessed in order to implement the MiCorr database 35 

(micorr.org) of corrosion forms, presented as corrosion product stratigraphies [3]. Among these 36 

artefacts, the iron ring from Avenches (inv. 16/17330-02), corroded in an archaeological soil and 37 

presenting an advanced stage of degradation with an uncommon corrosion pattern [4], provided a unique 38 

opportunity to study a peculiar and atypical corrosion phenomenon. 39 

The generalized corrosion of archaeological iron artefacts in soil has been widely described in the 40 

literature [5–10]. Several factors can influence the corrosion mechanisms; intrinsic parameters such as 41 

the type of metal or alloy and its microstructure, and environmental parameters such as pH, 42 

oxidation/reduction potential, conductivity and aeration of the soil [11,12]. Aerated oxidizing conditions 43 

favor the formation of oxyhydroxides including goethite (-FeOOH), while more reducing conditions 44 

favor the formation of carbonates such as siderite (FeCO3) [6,13–17]. Selected chloride-induced 45 

corrosion scenarios [18], or the presence of sulphides in the corrosion system [19,20] have also been 46 

investigated. Thus, the nature, morphology and distribution of corrosion products on or in the vicinity 47 

of the corroding artefact are direct indicators of specific corrosion conditions. Besides, the identification 48 

of the original surface, and thus the original shape of the object, is particularly important in conservation 49 

science for an appropriate conservation-restoration treatment of the artefact [6,21], but also for the 50 

understanding of the object in archaeological science. Since historical and stylistic considerations are 51 

based on topological and morphological observations of the object shape and surface, a deformation of 52 

the surface could thus lead to a misinterpretation of the artefact if not well recognized as the result of a 53 

corrosion phenomenon.  54 

In soils, the most common corrosion stratigraphy is usually composed of the residual metal (M), of a 55 

dense product layer (DPL) composed of compact well-crystallized corrosion products, and a 56 

transformed medium (TM) consisting in a mixture of corrosion products with external markers, in 57 

contact with the soil (S) [6]. The original surface of the object is generally assumed to correspond to the 58 

interface between the DPL and the TM. Nevertheless, the work by Krieg et al. [4] on the iron ring from 59 

Avenches showed that this object did not present the classical corrosion structure like the one described 60 

in the literature for archaeological iron objects corroded in soil. The ring was recovered in the excavation 61 

of the Roman site of Avenches in the extra muros sector Sur Fourches, inhabited between the middle of 62 

the 2nd century BC and the Roman period. At the intersection of the alluvial cones of two small streams, 63 

the sector was characterized by very active groundwater circulation and the level of the shallow water 64 

table was sensitive to significant fluctuations on rainfall. When it was discovered, the object was found 65 
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completely covered by a thick layer of sediment and corrosion products. Based on micro-sandblasting 66 

and non-invasive analysis performed by Krieg et al. [4], the ring was tentatively classified as part of the 67 

category of Roman bezel ring Type 2a (see Figure 1a for a schematic drawing of the supposed original 68 

state of the ring). This type of bezel ring is always decorated with an inlay (stone, glass paste, enamel 69 

or metal inlay imitating an intaglio), which means that the base of the bezel is always flat [22]. In their 70 

preliminary non-invasive investigation including X-Ray µ-tomography and surface characterization by 71 

SEM-EDX and µ-Raman spectroscopy, Krieg et al. [4] indeed identified a silver foil underneath an 72 

external layer of corrosion products (goethite and magnetite), but no other form of embellishment was 73 

detected. The µ-tomography images also evidenced the presence of a convex cavity in the center of the 74 

ring, partially filled with unidentified corrosion products. This peculiar morphology of the corroded 75 

object (see Figure 1b for the picture of the artefact at the time of investigation), distinctly different from 76 

the assumed ring’s original flat appearance. 77 

Taking advantage of the rare opportunity to perform invasive investigation on such a unique artefact, 78 

the present work aims to complete the characterization of the Roman ring by a micrometric and sub-79 

micrometric mapping of corrosion products on a transverse section. Insights into the distribution of iron 80 

corrosion products further assist the interpretation of the degradation mechanisms also based on some 81 

thermodynamic consideration.  82 

 83 

Figure 1 The Roman iron ring from Avenches. a) Schematic drawing of an uncorroded Roman Type 2a 84 

bezel ring, b) Photographic documentation of the corroded object with detail of the cutting area (dotted 85 

red line) for observation on transverse section. Modified with permission from Krieg et al.[4]. 86 

2. Methods 87 
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The object was entirely embedded in resin (Struers SpeciFix 40) and cross-sectioned with a micro 88 

rotatory tool (Figure 1b). The object was cut at the center, in the same direction as the tomographic 89 

views obtained by Krieg et al. [4]. The cross-section of the sample was then ground with silicon carbide 90 

paper (grade 80, 180, 300, 800, and 1200) and a final polish was done with diamond paste (6, 3, and 1 91 

µm) using ethanol as wetting agent. The cross section was observed on a numerical optical microscope 92 

KEYENCE VHX-7000 in bright field mode.  93 

Chemical investigation of major elements (i.e. elements weight > 0.5%) was achieved using Energy 94 

Dispersive X-ray Spectrometry (EDX with silicon drift detector (SDD) large window allowing counting 95 

rates about 90 000 c/s) coupled to a Scanning Electron Microscope (SEM-FEG JEOL 7001-F). Prior to 96 

SEM-EDX observations, the sample was coated with a carbon layer. EDX analyses were performed at 97 

a working distance (WD) of 10 mm, with an accelerating voltage of 15 kV and probe current of ~9 nA. 98 

For each spectrum, background contribution was automatically removed using a digital top hat filter. 99 

Then quantification was done using XPP correction routine with inner standards (matrix correction with 100 

Phi-Rho-Z). The relative error for elemental quantification was considered to be 10% for content range 101 

<1wt.%, and 2% for content range >1wt.%. Detailed morphological observations of the corrosion 102 

products were obtained in secondary electron mode with a lower WD (3.6-3.7 mm).  103 

µ-Raman spectroscopy was performed on a HORIBA Labram Xplora spectrometer equipped with a 532 104 

nm and a 785 nm laser with a 1800 gr/mm groove density grating. The laser power employed for the 105 

identification of the iron corrosion products was between 0.04 and 0.55 mW for the 532 nm laser and 106 

between 0.1 and 0.7 mW for the 785 nm laser, in order to avoid heat-transformation of the phases under 107 

the beam. When not specified, the 532 nm laser was employed. Measurements were realized under a 108 

microscope with a x100 objective.  Spatial resolution was around 2 µm and spectral resolution about 2 109 

cm-1. Acquisition time varied between 1 and 5 minutes. Mineralogical phases were compared with 110 

reference spectra [5,6,23] of the most common iron corrosion products (goethite, lepidocrocite, siderite, 111 

magnetite, maghemite, hematite), a summary of the main peaks used for the identification of the 112 

corrosion products encountered in this work are reported in Table 1. 113 

Table 1 Raman main peaks used for the identification of the corrosion products. 114 

Corrosion product Raman main peaks (cm-1) Reference 

Goethite (α-FeOOH) 245, 301, 388, 482, 550, 685 Neff et al., 2004 

Magnetite (Fe3O4) 308, 542, 669 Neff et al., 2004 

Maghemite (γ-Fe2O3) 380, 510, 670, 720 Neff et al., 2005 

Hematite (α-Fe2O3) 228, 296, 415, 510, 672, 1333 Neff et al., 2004 

Siderite (FeCO3) 285, 729, 1084 RRUFF database 

Lafuente et al., 2015 

 115 
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The GEM-Selektor (GEMS3K) thermodynamic modelling framework was used to compute the 116 

composition-dependent stability of various characterized solid iron (hydr)oxide phases [24,25]. The 117 

activity coefficient of aqueous species i was calculated with the extended Debye-Hückel equation in 118 

Truesdell-Jones form: 119 

log10 𝛾𝑖 =
𝐴⋅[𝑧𝑖]2⋅√𝐼

1+𝐵⋅𝑎 √𝐼
+ 𝑏𝛾 ⋅ 𝐼 +  log10

𝑥𝑖,𝑤

𝑋𝑤
 ,               (1) 120 

where 𝑏𝛾 is an electrolyte-specific semi-empirical parameter (𝑏𝛾∼ 0.064 for NaCl), 𝑧𝑖 is the formal 121 

charge of species i, 𝑥𝑖,𝑤/𝑥𝑤 is the mole fraction of water and A ∼ 0.5114 and B ∼  0.3288 are the Debye-122 

Hückel Limiting Law parameters evaluated at T = 25 °C and pressure P = 1 bar [24,26]. Equation (1) is 123 

applicable to ionic strengths I of up to 2 mol/L. All simulations employed state-of-the art thermodynamic 124 

parameters of iron (hydr)oxides and aqueous complexes [27,28] as well as the standard molar Gibbs 125 

free energies (Δ𝑓𝐺𝑚
∘  ) and enthalpies (Δ𝑓𝐻𝑚

∘ ) of formation and entropies (𝑆𝑚
∘ ) of a range of auxiliary 126 

species including NaCl, O2(g) and H2(g) [29]. For a more detailed account of the calculation 127 

methodology and a compilation of thermodynamic parameters, the reader is referred to Furcas et al. 128 

[28]. 129 

3. Results 130 

Optical microscopy (OM) observation in bright field mode of the whole cross-section of the sample 131 

(Figure 2) revealed a heterogeneous structure. Only a very small residual metallic iron fragment was 132 

observed (just a few micrometers) in the left extremity of Figure 2 (black arrow). The uncorroded silver 133 

foil (white arrow in Fig.2) was detected as well in the upper part of the object. Dense corrosion products 134 

were observed in the external parts of the sample, while the center of the object presented a large cavity 135 

partially filled with nodular corrosion products. Three Regions of Interest (ROI), corresponding to the 136 

top (ROI1), the bottom (ROI2), and the center (ROI3) of the ring were chosen to detail the nature and 137 

morphology of the identified compounds. They are reported in Figure 2 (ROI1: blue, ROI2: green, ROI3: 138 

yellow), they will be further described in the following paragraphs. If not specified, the colors used to 139 

describe the different corrosion products refer to the colors observed under optical microscopy in bright 140 

field mode. Also, when spatial indicators such as right, left, upper/top, bottom, are used to indicate a 141 

certain area of the sample, they refer to the configuration of the sample as depicted in Figure 2, and do 142 

not in any way reflect its position in the soil. 143 
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 144 

Figure 2 Optical microscopy image of the sample in cross-section, with identification of different 145 
regions of interest (color-coded) and localization of the following figures. Region of interest 1 - ROI1 146 
(blue) corresponds to the top of the sample around the silver foil (indicated by a white arrow), detailed 147 
in Figs.3-4-5. Region of interest 2 – ROI2 (green) corresponds to the bottom of the sample with a 148 
marbled corrosion structure, detailed in Fig.6. Region of interest 3- ROI3 (yellow) corresponds to the 149 
central area of the sample with nodular corrosion products, detailed in Figs.7-8. Residual metallic iron 150 
is indicated by a black arrow. 151 

3.1 Region of Interest 1: top area/upper part of the ring 152 

The area in Figure 3 is located in ROI1 in the upper external part of the sample. First, a thin and well-153 

defined bright layer with a homogenous thickness of 4 ± 1 µm (mean value and standard deviation from 154 

15 measurements at different locations in the sample) is visible on the OM (Fig. 3a) and SEM (Fig. 3b-155 

e) images. This layer corresponded to a metal foil composed of 98 wt.% Ag and 2 wt.% Cu, as 156 

determined by EDX (Fig. 3e), trapped in Fe- and O-rich corrosion products (Fig. 3c and Fig. 3d). Starting 157 

from the external part of the sample (upper part in Figure 3), it was possible to observe in Fig. 3a and 158 

Fig. 3b an approximately 200 µm thick layer of corrosion products composed of a predominant phase 159 

appearing grey in both OM and SEM images, with light grey thin bands within it (from a minimum of 160 

2-3 µm to a maximum of 90 µm thick). For the grey phase, 64 wt.% of Fe and 33 wt.% of O were 161 

detected by SEM-EDX, while the Raman spectrum (point R28 in Fig. 3a and corresponding spectrum 162 

in Fig. 3f) showed peaks at 301, 388, 482, 550 and 685 cm-1, allowing the identification of the iron 163 

oxyhydroxide goethite (α-FeOOH). The thin bands of light grey corrosion products within this grey 164 

goethite layer showed a Raman spectrum (point R27 in Fig. 3a) with a main broad band around 700 cm-165 

1 with two shoulders at 660 and 720 cm-1 (Fig. 3g) corresponding to a mixture of the magnetite (α-Fe3O4) 166 

and maghemite (γ-Fe2O3) oxides. Below this external zone, a light grey layer (100-200 µm thick) with 167 

small grey islets (5 to 50 µm thick) was observed in contact with the silver foil in Fig. 3a and Fig. 3b. 168 

For the light grey phase, 74 wt.% of Fe and 36 wt.% of O were detected by SEM-EDX, while the Raman 169 
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spectrum (point R20 in Fig. 3a) showed peaks at 308, 542 and 669 cm-1 (Fig. 3h), allowing the 170 

identification of magnetite. The small grey islets within the thick magnetite layer were identified as 171 

goethite (Raman point 21 in Fig. 3a and corresponding spectrum in Fig. 3f). Underneath the silver foil, 172 

a 100-120 µm thick dark grey layer was observed in Fig. 3a and Fig. 3b, showing a Raman spectrum 173 

(point R24 in Fig. 3a) with peaks at 285, 729, 1084 cm-1 (Fig. 3i) and identified the phase as siderite 174 

(FeCO3). Underneath the siderite layer, a discontinuous thin layer (20-30 µm thick) of grey and light 175 

grey corrosion products, identified respectively as goethite (point R26 in Fig. 3a and corresponding 176 

spectrum in Fig. 3f) and magnetite (point 25 in Fig. 3a and corresponding spectrum in Fig.3h), was 177 

observed next to the central cavity. 178 

 179 

Figure 3 a) Optical microscopy image (with identification of the µ-Raman analysis points) of an area 180 
in ROI1, the upper part of the sample as depicted in Figure 2. b) Backscattered electron image with 181 
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EDX composition of the different corrosion products and EDX elemental mapping for c) Fe, d) O and 182 
e) Ag. µ-Raman spectra for f) R21, R26 and R28 analysis points, g) R27 analysis point, h) R20 and R25 183 
analysis points, i) R24 analysis point. 184 

On several locations throughout ROI1, fracture points of the silver foil were observed. Two 185 

representative areas of these fractures are reported in Figure 4. Fig. 4a shows an optical microscopy 186 

image of a fracture point (red arrow) in the left-central part of the sample as depicted in Figure 2. Starting 187 

from the bottom of the picture, a dark grey layer of siderite was observed underneath the silver foil (as 188 

described for Fig.3). At the location of the fracture, a thin filament (yellow arrow) of light grey corrosion 189 

products, identified as magnetite by µ-Raman measurements, appeared to protrude out of the silver foil, 190 

perpendicular to its surface. Other islets of white corrosion products, within a grey goethite matrix were 191 

observed on the external area, together with some porosities (black areas). Fig. 4b shows another area 192 

of the sample, at the right extremity of the object, where two fractures (red arrows) were recognizable 193 

on the silver foil. From the bigger fracture, a filament (yellow arrow) of light grey corrosion products 194 

identified as magnetite by µ-Raman measurements, was observed as well. The same light grey magnetite 195 

was observed underneath the silver foil in this area of the sample (peripheric area on the right extremity 196 

of the cross-section).  197 

 198 

Figure 4 Optical microscopy images of different areas located in the ROI1as depicted in Figure 2, 199 
adjacent to the silver foil, in a) the central-left part, and b) the right part of the sample, showing 200 
fractures of the foil (red arrows), associated to specific morphologies of corrosion products on the 201 
external side perpendicular to the silver foil surface (yellow arrows).  202 

On Figure 5 it was possible to observe another area of ROI1, on the left upper part of the cross-section. 203 

In Figure 5a, starting from the top, a grey area composed of the embedding resin followed an external 204 

thick layer (100-400 µm) of corrosion products, corresponding to the first stratum of goethite and 205 

magnetite/maghemite, as described in Figure 3. A discontinuity was observed in the middle of this 206 

marbled goethite/magnetite/maghemite layer. SEM-EDX identified the inclusion to be a homogeneous, 207 

Si-rich matrix (44 wt.% Si,47 wt.% O, 6 wt.% Ca, 2wt.% Al). These results suggested the presence of 208 

altered glass, which features a soda-lime silicate composition in good agreement with the composition 209 

of Roman glass found in the literature [30–32]. The absence of Na may be explained by glass alteration, 210 



9 
 

involving the process of interdiffusion between alkali ions from the glass and hydrated species from the 211 

environment, leading to the formation of a hydrated, porous and alkali-depleted altered glass [31,33–212 

37]. The Raman spectra collected in this Si-rich matrix (exceptionally with a green laser power of 2.55 213 

mW) are reported in Figures 5f and 5g for the low and high wavenumber regions, respectively. They 214 

showed an intense large peak at 380-490 cm-1, a large weak peak at 780-830 cm-1, as well as a large 215 

structure with two peaks at 955 and 990 cm-1. These peaks correspond to the bending of the Si-O bonds, 216 

the vibrations of the monomeric isolated SiO4 (Q0, zero bridging oxygen), and the stretching of the Si-217 

O bonds, allowing to attribute the spectrum to the presence of glass [38–42]. Moreover, the strong 218 

contribution of the Q1 and Q2 (one and two bridging oxygen respectively) bands around 950 cm-1 and 219 

the absence of bands corresponding to Q3 and Q4 species (around 1100 cm-1) shows that the glass had a 220 

strongly depolymerized structure, congruous with altered glass [39,40,43,44]. Moreover, a broad and 221 

intense band was identified around 3400 cm-1, attributed to the OH stretching vibrations of H2O 222 

molecules and OH groups [45], in agreement with the altered glass hypothesis. An additional strong and 223 

sharp peak at 1076 cm-1 was identified in the Raman spectrum and could be attributed to the presence 224 

of micro/nano crystals of carbonates. This altered glass showed a network of fractures, filled with iron 225 

corrosion products (66 wt.% Fe and 31 wt.% O by SEM-EDX, previously identified as goethite). 226 

 227 
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 228 

Figure 5 a) Optical microscopy image (with identification of the µ-Raman analysis point) of an area in 229 

the ROI1 in the upper part of the sample as depicted in Figure 2, b) backscattered electron image and 230 

EDX elemental mapping for c) Fe, d) O and e) Si with EDX composition of the different corrosion 231 

products. µ-Raman spectra obtained for R124 analysis point in f) the 100-1800 cm-1 region and g) the 232 

2800-4000 cm-1 region. 233 

3.2 Region of Interest 2: bottom area 234 

As presented in Figure 6, the bottom of the sample showed alternating bands of grey, beige, and whitish 235 

local corrosion products (marbled corrosion structure). A detail area recorded in backscattered electron 236 

mode is showing the high brilliancy contrast between whitish and grey areas, with intermediate light 237 

grey bands corresponding to the beige ones in optical microscopy. The grey corrosion products had an 238 

EDX composition of 66 wt.% of Fe, 32 wt.% of O, and a Raman spectrum with peaks at 301, 388, 482, 239 

550 and 685 cm-1 (point R70 in Fig. 6c), identified as goethite. The beige corrosion products contained 240 

70 wt.% of Fe and 28 wt.% of O. Two different Raman spectra were recorded corresponding to either 241 

magnetite (peaks at 308, 542, 669 cm-1, spectrum R73, Fig. 6e) or a mixture of maghemite/magnetite 242 
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(with a main broad band around 700 cm-1 and two shoulders at 660 and 720 cm-1, as well as additional 243 

peaks at 380 and 510 cm-1, spectrum R77, Fig. 6f). The whitish corrosion products consisted of 71 wt.% 244 

of Fe and 26 wt.% of O and featured a Raman spectrum with peaks at 228, 296, 415, 510, 672, 1333 cm-245 

1 (R71, Fig. 6d) characteristic of hematite (α-Fe2O3). Similar spectra were recorded in the bottom left 246 

and right sides of the sample. Above this marbled structure, the void was filled with resin and less 247 

compact corrosion products, constituted mainly of magnetite and goethite.  248 

 249 

 250 

Figure 6 a) Optical microscopy image (with identification of the µ-Raman analysis points) of the ROI2 251 

area on the bottom of the sample as depicted in Figure 2. b) Backscattered electron image with EDX 252 

composition of the different corrosion products and EDX and µ-Raman spectra for c) R70 analysis 253 

point, d) R71 analysis point, e) R73 analysis point, f) R77 analysis point. 254 

3.3 Region of Interest 3: central area  255 

The central part of the sample, within the cavity, where the corrosion products partially filled the cavity 256 

underneath the silver foil, predominantly contained spheroidal light grey nodules with varying shape 257 

and dimension. Two overviews of different areas of ROI3 are reported in Figure 7a and 7b, showing 258 

that these nodules had heterogeneous morphologies and distribution in the volume. They had mainly a 259 

spheroidal form with diameter around 50-100 µm, but some of them showed elongated shapes that could 260 
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reach up to 500-1000 µm in length. Some nodules were plain and dense, others showed heterogeneous 261 

features. Their characterization, reported in Figures 7 and 8, led to the identification of 2 main types of 262 

nodules with several intermediate typologies, that will be detailed in the following paragraphs. All the 263 

nodules were trapped in a dark grey matrix. 264 

In Figure 7c several plain nodules appeared light grey in backscattered electron mode. Their Raman 265 

spectra featured peaks at 308, 542 and 669 cm-1 characteristics to that of magnetite (representative 266 

spectrum R01 in Fig. 7e) and from now on referred to as “Type I nodules”. The matrix around the 267 

nodules showed peaks at 285, 729, 1084 cm-1 and was identified as siderite (representative spectrum 268 

R04, Fig. 7f). An intermediate elongated nodule with a heterogeneous central area was also visible in 269 

Fig. 7c. In Figure 7d, several nodules were observed, composed of a dark matrix in which were 270 

embedded numerous light grey micro-grains (1-10 µm). These micro-grains showed Raman peaks at 271 

308, 542 and 669 cm-1 and were identified as magnetite (R125, Fig. 7e, obtained at low power intensity 272 

in order to avoid heat transformation because these micro-grains were more sensitive to this 273 

phenomenon). In addition, the dark matrix inside the nodule showed peaks at 301, 388, 482, 550 and 274 

685 cm-1 and was identified as goethite (R122, Fig. 7g, obtained with a 785 nm laser in order to avoid a 275 

strong fluorescence phenomenon). These nodules having a goethite matrix with magnetite micro-276 

nodules will be referred to as “Type II nodules”.  277 
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 278 

Figure 7 SEM backscattered electron images of a-b) different kinds of nodules distributed 279 

heterogeneously in the central area of the sample (ROI1), c) majority of Type I nodules with 280 

identification of µ-Raman analysis points, d) Type II nodules with identification of µ-Raman analysis 281 

points. Raman spectra for e) R01 and R125 analysis points, f) R04 analysis point, g) R122 analysis 282 

point. 283 

Figure 8 depicts different morphologies of nodules (only SEM-SE images are reported, Raman spectra 284 

used to identify the corrosion products are not shown). In Figure 8a, different plain “Type I” magnetite 285 

nodules, both spheroidal and elongated and embedded in the siderite matrix, were observed in secondary 286 

electron mode. At the center of Fig. 8a, an elongated nodule had a low-density zone in the center, where 287 

it was possible to observe sub-micrometer grains with diameter of the order of 100 nm (Fig. 8b). In 288 

Figure 8c, it was possible to recognize on the left side a “Type II” nodule, constituted of small grains 289 

(1-5 µm diameter) made of magnetite inside a goethite matrix. On the right side of Fig. 8c, another 290 

nodule showed an intermediate morphology where half of it was a Type I morphology, while the other 291 

half was a Type II morphology. The interface between these two areas is detailed in Fig. 8d and showed 292 
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a disassembling of the micro-grains. A kind of intermediate nodule is reported in Fig. 8e, showing a 293 

slightly deformed spherical morphology with an external magnetite border and an empty central area. 294 

Fig. 8f shows a close-up of the granular, sub-micrometer interface between magnetite matrix and central 295 

cavity. 296 

 297 
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 298 

Figure 8 SEM secondary electron images of different morphologies of nodules. The red squares on the 299 

images on the left represent the areas where the detailed images on the right side are taken. a) Type I 300 

elongated nodule with a b) low-density area in the center. c) Type II nodule on the left, and an 301 

intermediate nodule on the right, with d) irregular interface. e) Intermediate nodule with empty f) central 302 

area. 303 
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In Figure 9, a summary of the results obtained with the different analytical techniques  isreported as a 304 

color-coded schematic representation of the cross-section of the sample. The silver foil appeared mostly 305 

uncorroded, except for some areas of ROI1 where small S-rich crystals were observed adjacent to the 306 

silver foil, which might be interpreted as silver sulfides (blue in Figure 9), but it was not possible to 307 

confirm their presence by Raman spectroscopy. The different types of nodules identified are reported as 308 

well: a Type I nodule with a plain homogeneous structure composed of magnetite, a Type II nodule 309 

composed of a goethite matrix with scattered micrograins of magnetite. Then, three additional 310 

intermediate nodule types are reported: a type of nodule that is a mixture of Type I and Type II, showing 311 

a clear interface between the two areas, and a type of nodule having an external magnetite area and 312 

internal area that can be empty or filled with goethite or goethite and micrometric grains of magnetite. 313 

 314 

Figure 9 Schematic drawing of the cross-section of the sample with color-coded distribution of the 315 

identified metals and corrosion products. On the right-top, a schematic representation of the different 316 

kinds of nodular corrosion products identified in the center of the sample: Type I plain magnetite 317 

nodules, Type II nodules with magnetite micro-grains in a goethite matrix, and a series of intermediate 318 

heterogeneous nodules.  319 

Discussion 320 

4.1 Original state of the artefact 321 
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The characterization of the object described in this work allowed drawing additional conclusions 322 

regarding its original state, complementary to those based on the previous non-invasive characterization 323 

by Krieg et al.[4]. The presence of the silver foil was confirmed and its precise composition and 324 

thickness determined. Its low thickness (4-5 µm), associated to the presence of 2 wt% Cu and the 325 

absence of inclusions, denoted a well mastered silversmith ability [46]. Remnants of altered glass 326 

trapped in the iron corrosion products were discovered, thus validating the presence of a glass inlay on 327 

the surface of the bezel ring, not identified before, and contributing to reconstruct the history of the 328 

object. A schematic representation of the pristine object as it was during its usage (iron ring structure 329 

with silver foil and a glass inlay on the top) is depicted in Figure 1a. Thanks to the identification of the 330 

typology of the ring (Type 2a) by Krieg et al. [4], it is now possible to compare the original structure to 331 

the one observed on the corroded object. As a first observation, it is possible to notice that the bottom 332 

part of the ring loop was absent, and that almost no metallic iron was present, attesting the advanced 333 

stage of corrosion of the object. For this complex object, the classical generalized corrosion pattern 334 

described in the literature for archaeological objects [6,9], constituted of residual metal, original surface, 335 

dense product layer and transformed medium, was not observed. The residual iron metal was only 336 

present in a tiny area of a few µm2 on the left of the observed cross-section (Figure 2 black arrow). The 337 

original surface was difficult to locate. The transformed medium was absent because it was completely 338 

removed by sand-blasting after the archaeological excavation. Instead, the corrosion system was 339 

constituted of different areas showing contrasting morphologies and composition.  340 

4.2 Inferring on processes occurring while the ring was in the ground  341 

The most striking feature observed on the corroded sample was the presence of dense, homogenous iron 342 

corrosion products without sediment components on top of the silver foil (and therefore interpreted as 343 

the original surface whilst cleaning by micro-sandblasting), where no metallic iron was present 344 

originally. Moreover, the silver foil and the adjacent corrosion products presented a deformed bulged 345 

shape where it was originally supposed to be flat, delimiting a cavity beneath, containing so far 346 

unobserved nodular corrosion products. Following the microchemical characterization results, it was 347 

possible to distinguish three macro-domains with unique chemical environments (ROI1, ROI2, and 348 

ROI3 as described in the Results section), giving rise to entirely different patterns of corrosion products 349 

on the exterior and within the cavity formed underneath the silver foil. Let us consider them separately.  350 

4.2.1 Top area (outside of the silver foil) 351 

The presence of the magnetite and the goethite/magnetite/maghemite external strata of corrosion 352 

products described in the ROI1 on top of the silver foil was definitely not linked to in-situ iron corrosion, 353 

because no metallic iron was originally present in this area of the ring. Their presence could thus be 354 

explained by a migration of iron ions coupled to a subsequent redeposition. It is possible to assume that, 355 

given the characteristics of the soil where the ring was found, subject to frequent groundwater 356 
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fluctuations on rainfall, most of the corrosion mechanisms happened in a water-rich, at least temporarily 357 

oxygenated environment. Thus, the iron corrosion processes happening beneath the silver foil, which 358 

will be discussed later in this paper, likely led to an enrichment of iron ions in solution (probably coupled 359 

to a pH drop, which favored their stability in solution [47]). This iron-rich solution plausibly passed 360 

through the silver foil barrier through the fracture points observed on it. It was not possible at this time, 361 

to identify the moment at which these deformation and cracking happened during the corrosion history 362 

of the object. The processes leading to the deformation of the silver foil will be investigated in a 363 

following work, based on experimental evidence. Once this iron-rich solution reached the external 364 

environment (the soil), it led to the precipitation of at first a thick magnetite layer (mixed Fe(II)/Fe(III) 365 

phase) adhering to the silver foil, followed by the precipitation of a mixture of hydroxides and oxides 366 

like goethite and maghemite (Fe(III) phases). This sequence was suggested by the fact that magnetite 367 

was located more internally than the pure Fe(III) phases. The relative position of these layers, showing 368 

an increasing oxidation state from the silver foil to the more external areas in contact with the soil, 369 

suggest a change in the environmental conditions from the one compatible with the precipitation of 370 

magnetite to the one, more aerated favoring the precipitation of pure Fe(III) phases. 371 

4.2.2 Original main body of the ring 372 

The bottom peripheral areas of the object described in ROI2 corresponded to the original main body of 373 

the iron ring, partially consumed during the corrosion process (the bottom part of the loop was absent). 374 

The corrosion products observed in this area were the result of in-situ metallic iron corrosion, 375 

characterized by direct dissolution and precipitation of corrosion products. The marbled structure 376 

described in ROI2 showed Fe(III)-bearing phases, mainly goethite and maghemite. A mechanism for its 377 

formation was proposed by Neff et al. [6]. Goethite was probably formed from amorphous precursors, 378 

including 2-line ferrihydrite (2l-Fe(OH)3), as a result of a thermodynamic transformation towards a more 379 

stable phase. Iron oxyhydroxide formation and expansion likely caused the formation of small cracks 380 

parallel to the metal/corrosion products interface. These cracks may become saturated with water, while 381 

the corrosion front kept producing Fe(II) ions that could diffuse through the pores and cracks in the 382 

previously formed corrosion product layer, oxidize and precipitate in the fractures as magnetite or 383 

maghemite. This kind of marbled structure was generally attributed to corrosion phenomena in aerated 384 

environments [5,9,48], and was thus in agreement with an iron corrosion process happening in direct 385 

contact with the soil oxygenated environment. The localized presence of hematite in this marbled 386 

structure, which is an iron oxide not usually observed in archaeological objects [6,9,10,49], furthermore 387 

provided valuable insights into the predominant physico-chemical parameters at different locations of 388 

interest over time. The formation of hematite and goethite from primary, amorphous corrosion products 389 

like 2-line ferrihydrite are generally controlled by the temperature and pH of the electrolyte. In buffered 390 

electrolytes, the formation of goethite is favored at either acidic (pH < 4) or alkaline (pH > 10) 391 

conditions, whilst hematite either forms at elevated temperatures or circumneutral pH [50,51]. In 392 
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unbuffered electrolytes, i.e. conditions more representative of natural environments, hematite formation 393 

can be favored from mildly acidic (pH = 3-6) to mildly alkaline (pH = 9-10) pH [52]. The unprecedented 394 

occurrence of both phases in direct vicinity to one another and the preferential stabilization of hematite 395 

at low temperatures could be indicative of local pH variations. At moderate pH, the driving force for the 396 

redissolution of primary 2-line ferrihydrite is low. Phase transformation of hematite thus proceeds via 397 

an internal dehydration of ferrihydrite aggregates [53–55]. In contrast, the precipitation of goethite 398 

occurs from solution, via aqueously dissolved Fe(OH)2
+ at acidic and Fe(OH)4

- at alkaline pH, 399 

respectively [50,51,56]. The transformation pathways from amorphous 2-line ferrihydrite to more 400 

crystalline corrosion products are schematically illustrated in Figure 10. As a consequence of these 401 

mechanistic differences, the conversion of 2-line ferrihydrite at neutral to mildly alkaline pH is 402 

concluded within days to months of equilibration time. At highly alkaline pH on the other hand, the 403 

increased driving force of dissolution and aqueous Fe(OH)4
- concentration causes the predominant 404 

stabilization of goethite after several hours [57]. An overview of the transformation rate of 2-line 405 

ferrihydrite as estimated by the decrease of its solid mol fraction over time is provided in Supplementary 406 

Information, Figure S1. 407 

 408 

 409 

Figure 10 Schematic diagram of the precipitation of 2-line ferrihydrite (2l-Fe(OH)3, pink in the figure) 410 

from aqueous Fe(III) species and its subsequent transformation to hematite and goethite (circumneutral 411 

pH) and goethite (alkaline pH). 412 
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4.2.3 Zone between silver foil and iron body 413 

As stated in the results, the “inner” part of the artefact, described as ROI3, showed completely different 414 

features than the outer parts. Three characteristics were evidenced in the inner part: i) a plurimillimetric 415 

cavity, ii) the significant presence of siderite, and iii) the presence of nodular corrosion products 416 

embedded by this siderite. The spheroid or elliptic shape of the nodules suggested a nucleation/growth 417 

process from an iron-rich solution. Thanks to the fact that siderite embedded them (see Fig. 7), it can be 418 

reasonably argued that these nodules formed at an early stage of the corrosion process happening in an 419 

internal empty volume of the object, and that the siderite formed around them at a later step. At this 420 

point the question rises about the cavity in which both the nodules and the siderite are located. This 421 

cavity might be pre-existent or contemporary to the formation of the nodules, and its volume might also 422 

have evolved in a posterior step, after the formation of the nodules. The formation of this plurimillimetric 423 

cavity is most likely linked to the deformation of the silver foil. The study of the mechanism of this 424 

deformation process is beyond the scope of this work. However, based on the characterization results 425 

presented in this paper, it was possible to discuss and propose some hypotheses on the corrosion 426 

mechanisms happening at the interstice between the silver foil and the metallic iron (an interstice that 427 

will become a large cavity at a certain point indetermined in time).  428 

As already stated, because of the finding of the object in an area subject to frequent flooding, it is 429 

possible to hypothesize that the object corrosion happened in a water-rich, at least temporarily 430 

oxygenated environment. Another consideration is the presence of two different metals, iron and silver, 431 

in contact with each other. This could favor galvanic corrosion processes, with the silver foil acting as 432 

a cathode and the iron ring as an anode [4]. Therefore, the anodic reaction (metallic iron oxidation) 433 

likely led to the release of Fe(II) ions in the solution trapped between the iron ring body and the silver 434 

foil. The stability of these iron ions in solution was enough to permit them to remain soluble and diffuse 435 

to the outside of the silver foil to form the ROI1 corrosion products previously discussed. This could be 436 

explained by a low local pH in the cavity possibly linked to Fe(II) hydrolysis. The dissolved Fe(II) 437 

partially oxidized and hydrolysed to form Fe(OH)3(aq), Fe(OH)2
+ or FeOH2

+, depending on the initial 438 

pH [28].  439 

At a certain point during the corrosion process, local conditions within the cavity must have reached the 440 

ones compatible with the stability of magnetite, explaining the formation of Type I nodules. The 441 

continuous electrochemical formation of Fe(II) ions induced the supersaturation of the solution with 442 

respect to at least one of the Fe(II), mixed Fe(II)-Fe(III) and Fe(III) corrosion products observed. The 443 

formation of magnetite may have proceeded initially via (i) the Schikorr reaction from Fe(OH)2(s) 444 

precursors, through the co-precipitation of other iron (hydr)oxides including goethite and akaganéite 445 

[58,59] or (ii) from solution through agglomeration of nanometer-sized precursors [60,61]. As 446 

Fe(OH)2(s) has not been identified amongst the corrosion products formed, it follows that it either 447 
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transformed completely over time, or that the nucleation and growth process [60] was the main pathway 448 

of magnetite formation. The morphology of the nodules might recall the one of iron oxides found in 449 

natural sedimentary rocks formed under hydrothermal influence [62,63] whose formation is caused by 450 

periodic remobilization by water flows. Similar conditions in the environment of the buried ring might 451 

be attributed to the continuous fluctuation of the groundwater circulation in the soil of the archaeological 452 

site. It is essential to take these circumstances into account when assessing the nature and spatial 453 

distribution of the corrosion products characterized. 454 

Type II nodules, consisting of a mixture of magnetite and goethite, can be attributed either to the direct 455 

co-precipitation of both phases at the beginning of the corrosion process already described, or to a later 456 

transformation of the Type I magnetite nodules. In this last case, the formation of the Type II nodules 457 

might be explained by a following step of dissolution/oxidation/reprecipitation. Over time, acidification 458 

of the electrolyte may have caused dissolution of the initial nodules as aqueous Fe(II) and Fe(III) 459 

complexes. Fe(II) complexes released may have oxidized further, (i) due to the remaining oxygen 460 

dissolved in the cavity,  or (ii) via the reduction of water in anaerobic conditions [64], or (iii) by a 461 

renewal of oxygen in the solution caused by groundwater fluctuations. The resultant ferric hydrolysis 462 

products subsequently precipitated to form goethite from solution. The hypothesized transformation 463 

mechanism was further supported by thermodynamic modelling simulations (see Methods part for 464 

details) of the stability of magnetite in the presence of oxygen. Figure 11a displays the mol fraction of 465 

magnetite and goethite as a function of the amount of oxygen added to the system at circumneutral pH. 466 

It is evident that the formation of goethite is thermodynamically favorable in aerated conditions. At pH 467 

8.0, phase transformation proceeds readily for ~ 0.17 M of dissolved oxygen added. This onset is shifted 468 

towards successively lower O2(aq) at mildly acidic pH. Figure 11b shows a close-up SEM image of a 469 

mixed-nodule Type I / Type II highlighting an ongoing transformation process fixed in time. The 470 

concave dissolution front, running through the precipitate on the left-sidesite, could mark the transitional 471 

progress of magnetite dissolution followed by the formation of goethite grains in direct proximity to the 472 

parent magnetite precipitate. In this scenario, the “intermediate” nodules were the result of the same 473 

dissolution/oxidation/reprecipitation mechanism that led to the formation of the Type II nodules, at 474 

different time of the ongoing transformation and observed from different spatial perspectives. They 475 

differed from one another due to the alignment of the dissolution front and sample cross-section, since 476 

the process observed in 2D happened in 3D. For the precipitates, where the sample cross-section aligned 477 

parallel to the dissolution plane, magnetite grains appeared to be enclosed within a goethite matrix (see 478 

Figure 7c). The nodulesshowing an interface between Type I and Type II (see Figure 8c)  likely 479 

transformed via the same mechanism, but with a dissolution front perpendicular to the sample cross-480 

section. Shape and location of the dissolution front, both within the magnetite nodules and at the cavity 481 

scale also appeared to be a consequence of the local chemical environment. It is possible to observe in 482 

the sample cross-section schematically displayed in Figure 9, that the majority of Type II nodules were 483 
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located on the middle to left side of the cut. Both the right and left openings of the cavity appeared to 484 

be sealed off with Type I nodules. Towards the middle of the cross-section, the size and number of pure 485 

magnetite nodules diminished. This gradient suggests that mass transfer from the region surrounding 486 

the artefact likely mitigated the environmental changes happening at the center of the cavity. 487 

 488 

 489 

Figure 11 a) Mol fraction of α-Fe3O4(s) magnetite (black) and α-FeOOH(s) goethite (red) versus the 490 

total amount of O2(aq) added at circumneutral pH, with b) a closeup SEM section of an intermediate 491 

nodule of magnetite that is partially converted to smaller goethite grains. Note that the x-axis represents 492 

the total amount of oxygen in the system. 493 

The observation that siderite surrounded the nodules indicated that this phase appeared in a forthcoming 494 

stage of the process. Figure 12 displays the Pourbaix diagram of iron, containing iron oxides (Fe3O4(s), 495 

γ-Fe2O3), hydroxides ((Fe(OH)2(s)) and carbonate (FeCO3(s)) phases, and their thermodynamic regions 496 

of stability as a function of the potential and the pH. At negative potentials and circumneutral pH, the 497 

formation of siderite is expected to compete with the formation of both magnetite and Fe(OH)2(s). 498 

Magnetite on the other hand, a mixed Fe(II)/Fe(III) iron oxide, can further form directly via the oxidation 499 

of Fe(OH)2, e.g. via the Schikorr reaction. In order to understand the competition between these phases 500 

and explain the abundance of siderite within the heterogeneous central area of the ring (see Figure 9), 501 

thermodynamic stability simulations were dissected into a pure Fe(II) system, considering the formation 502 

of Fe(OH)2(s), and siderite. Figure 13 visualizes the competitive formation of siderite and Fe(OH)2(s) 503 

within their overlapping regions of thermodynamic stability (Pourbaix diagram, Figure 12) as a function 504 

of the amount of H2CO3(aq) present in the system. This simulation confirmed that the siderite solid mol 505 

fraction is strongly dependent onthe amount of carbonates in solution and the pH, with its formation 506 

favored at lower pH values (Figs. 12-13). 507 
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 508 

Figure 12 Pourbaix diagrams of iron containing selected aqueous iron complexes, (hydr)oxides and 509 

carbonate phases at an aqueous iron concentration of [Fe] = 1 ⋅ 10−5 M and an aqueous carbonate 510 

concentration of a) [C] = 1 ⋅ 10−3 M and b) [C] = 1 ⋅ 10−1 M. Both diagrams were generated using  511 

the thermodynamic data published in Furcas et al.[28,56]. 512 

 513 

Figure 13 Mol fraction of Fe(OH)2(s) (black) and FeCO3(s) siderite (red) versus the total amount of 514 

H2CO3(aq) added at circumneutral pH. Note that the x-axis does not represent the aqueous 515 

concentration of H2CO3(aq) in equilibrium with both mineral phases but the total amount in the system. 516 
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From the Pourbaix diagram and from the Fe(OH)2/FeCO3 competition diagram, it can be recognized 517 

that the formation of siderite is favored by i) an increasing concentration of H2CO3(aq), here coming 518 

from the burying environment of the object, ii) a decreasing pH, previously explained by iron hydrolysis 519 

causing a pH drop, and iii) a low oxygenation degree. It is also apparent that the amount of aqueously 520 

dissolved carbon to achieve full conversion had severe implications for the electrolyte buffering capacity 521 

and the partial anodic and cathodic half-cell reactions driving the transformation mechanism. The role 522 

of carbonates on iron corrosion mechanisms has been discussed in more detail elsewhere [65].   523 

Noteworthy was the presence of a magnetite stratum replacing the siderite one in the external extremities 524 

of the cavity (for example, the area in Fig. 4b). This showed that, in the peripheral areas of the interstice, 525 

where the silver foil was more detached from the original iron surface, a partial communication with the 526 

external environment was possible, mitigating the pH drop in these peripheric areas, favoring the 527 

formation of magnetite over siderite.   528 

In summary, successive variations in local internal conditions likely led to the formation of different 529 

thermodynamically stable phases inside the cavity. In the timeline of corrosion product formation, it 530 

appeared clear that the formation of magnetite nodules must have occurred before the stabilization of 531 

siderite. However, the exact chronological succession of the precipitation of goethite and siderite were 532 

difficult to reconstruct. For instance, it was not clear if the dissolution and reprecipitation process of 533 

magnetite nodules into goethite/magnetite nodules happened before or after the precipitation of siderite 534 

around them. An option was that firstly, both magnetite and mixed goethite/magnetite nodules formed, 535 

because of their higher thermodynamical stability than siderite in presence of oxygen. A second option 536 

was that the magnetite nodules formed first, then the siderite precipitated, caused by the change of 537 

conditions previously discussed, and only then, a later dissolution/reprecipitation step might have caused 538 

the transformation of nodules Type I to Type II and all the identified intermediates. The acidification of 539 

the solution within the cavity might indeed explain the redissolution process. In this scenario, the not 540 

observed dissolution of siderite might be explained by a strong concentration of carbonate ions in 541 

solution. Further research is needed to clarify certain mechanisms (deformation of the silver foil, 542 

competitive and time-dependent formation certain phases, etc.). 543 

 544 

Conclusions 545 

The Roman iron ring from Avenches exhibited a unique corrosion pattern, distinct from usual 546 

archaeological artifacts corroded in soils. The detailed characterization of the object described in this 547 

work allowed drawing additional conclusions regarding its original state. Traces of glass have been 548 

identified, which provided additional support to the earlier, tentative classification of this artefact as 549 

“Type 2a bezel ring”. This classification means that the ring must have been flat initially, with glass on 550 

the silver foil. This, together with the observed bulging of the silver foil, thus suggested that the silver 551 
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foil deformed over the past two millennia. Microscale characterization of corrosion products identified 552 

three macro-domains with distinct chemical environments: 553 

1) On the external side, on top of the silver foil, a magnetite and a goethite/magnetite/maghemite 554 

external strata were observed. Since these phases were precipitated distant from the original source of 555 

metallic iron, the main body of the ring, it is inferred that transport of aqueous iron species to these outer 556 

zones must have occurred, followed by precipitation of corrosion products. 557 

2) In contrast, the bottom peripheral areas, corresponding to the original main body, were 558 

characteristic of in-situ iron corrosion. The marbled structure observed here featured Fe(III)-bearing 559 

phases like goethite and maghemite, which has been observed previously in similar artefacts. 560 

3) The third zone, however, which is the cavity between the silver foil and the original iron body 561 

of the ring, presented features so far unobserved in archaeological artefacts, namely nodular corrosion 562 

products embedded in a siderite matrix. The most likely sequence of formation of these phases 563 

(magnetite, goethite, then siderite) was reconstructed, but the duration of each of these steps remained 564 

elusive.   565 

This study provided insights into the unique corrosion pattern of the Roman ring from Avenches. 566 

Analysis of the phases found in combination with theoretical thermodynamic considerations allowed to 567 

infer the prevailing corrosion conditions and the properties of the aqueous electrolyte, offering a basis 568 

for future studies on the physico-chemical processes influencing the deformation and deterioration of 569 

this archeological ring over time. 570 

Description of such corrosion systems lacks in the existing literature on archaeological artefacts and 571 

their understanding will be valuable for a better interpretation of the artefacts history. Despite the 572 

uniqueness of the corrosion morphology of this object which does not allow to extrapolate general 573 

conclusions, this work represents another step towards a more general understanding of the corrosion 574 

mechanisms of complex long-term systems and it will hopefully support the identification and 575 

recognition of such a peculiar phenomenon on other objects in the future.  576 

It also has to be stressed that crucial information, such as the presence of siderite and the one of 577 

micrometric nodules of magnetite, was only detectable by the invasive characterization performed in 578 

this study. This underlines the fact that, unfortunately, non-invasive approaches, despite delivering first 579 

important information are in certain cases not sufficient to decipher the complex corrosion mechanisms 580 

that potentially take place on an archaeological artefact. Only the invasive approach allowing one to 581 

perform physicochemical and structural analytical methods at the micro scale is able to give this 582 

information. Of course, that kind of approach cannot be systematically performed on heritage artefacts 583 

and the studied ones must be carefully selected by archaeologists, restorers, conservators, conservation 584 
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scientists and corrosionists. Such study provides a typical example of a specific corrosion process, that 585 

could be in a second step extrapolated to other artifacts, only studied by non-invasive approaches. 586 
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