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a b s t r a c t

The interfacial layer formed on archaeological artefacts corroded during 450 years in carbonated anoxic
water was studied using FEG–SEM, Raman, STEM, STXM. This layers forms between the metallic substrate
and an outer carbonate layer. Interfacial layer shows various thicknesses from about 100 nm to several
lm. It is made of a mix of iron oxides (maghemite or magnetite). A formation mechanism is proposed
and based on slight pH increase at the interface. D2O labelling experiments show that the penetration
of water in the pore network seems to be significantly hindered at the interface by the presence of the
oxide layers.

� 2014 Elsevier Ltd. All rights reserved.

1. Introduction

The anoxic corrosion of mild steel in carbonated environments
is a major issue [1], for diverse structures such as pipelines used for
oil and gas transport [2,3], steel canisters proposed for use in the
deep storage of nuclear wastes in several countries [4,5] or for
the in situ conservation of archaeological iron artefacts [6,7]. In
addition to their interest for conservation purposes, studies of
archaeological iron artefacts, recovered from these environments,
help to predict the corrosion of mild steels over long time periods
[8,9]. Some differences could exists between the different systems
concerning the nature of the materials and the environment but
the information provided by studies on archaeological analogues
on phases and system formed after several centuries are of primary
interest to identify dimensioning mechanisms and calibrate mod-
els [9,10] Moreover in many cases it is possible to select sites
and samples the closest as possible to the system of interest. For
example samples presenting comparable microstructure with the
contemporary mild steels can be selected (e.g., without any segre-
gation of minor elements or with a low content of second phase
particles as slag inclusions [11]). Saheb et al. [12–14] studied
archaeological nails coming from the Glinet and Nydam Mose sites
(these sites are studied for several years and representative of
anoxic carbonated soils) at the micrometre scale and showed that

the main corrosion products were mainly iron carbonates such as
siderite (FeCO3) and chukanovite (Fe2(OH)2CO3), occurring as lay-
ers around the metal (total thickness several 100 lm), the latter
located closest to the metal. In addition to these products, an exter-
nal layer of magnetite (Fe3O4) was sometimes observed. This layer
corresponds to the remaining phases of a former mill scale initially
present on the artefact before its burial. Moreover, some isolated
areas of several 10 lm, made of magnetite (sometimes mixed with
maghemite c-Fe2O3) could be found locally in the siderite layer,
sometimes in contact with the metal. Recent studies on an archae-
ological nail using X-ray absorption spectroscopy (XAS) imple-
mented in scanning transmission X-ray microscopy (STXM)
suggest that an interfacial layer consisting of a mixture of magne-
tite and maghemite, several 100 nm thick, could grow between the
metal and carbonate layer [15]. Unfortunately this preliminary
study was limited to a single sample and was only investigated
by STXM. Thus, up to now, very few data have been collected on
that layer.

In a parallel way, several studies performed in comparable con-
ditions on shorter times on laboratory samples also suggest the
presence of a passivating (multi)layer [16] or mixture [17] on the
tested samples. Some other studies suggest that this interface is
made of a nanometre scale made of oxides (maghemite and mag-
netite) that could control the corrosion kinetics and potentially
passivate the metal. This layer was found by Bataillon et al. [18]
in experiments aiming to reconstitute the condition of deep
nuclear waste storage in clay saturated with water, but also by
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authors studying corrosion in aqueous CO2 environments [19]. The
same kind of interfacial layer was also found on iron corroded in
anaerobic borate buffer solutions (neutral or slightly alkaline pH).
A spinel oxide layer intermediate between magnetite and maghe-
mite was found by XRD synchrotron experiment or XPS [20–22].
Lastly, Lee et al [23,24], observed after several 10 h of corrosion
of mild steel, depending on the carbonate concentration of the
deaerated neutral solution, the occurrence of porous siderite (in
concentrated carbonate solution) and a mix of siderite, carbonated
green rust (4Fe(OH)2�2Fe(OH)3CO3) and magnetite for lower car-
bonate concentration. Unfortunately, these authors do not study
precisely the location of the different layers in the corrosion sys-
tem. Other studies suggested that Fe(OH)2 and FeCO3 initially
formed on the steel oxidize to c-Fe2O3, Fe3O4, and other Fe3+ oxides
under certain conditions [25,26].

To better understand the corrosion mechanisms involved in
archaeological systems on very long term and the potential role
of an interfacial layer on kinetic control during long periods of cor-
rosion, the present study aims to develop systematic observations
at nanoscale on a set of several archaeological artefacts by a step to
step multi-scale characterisation approach (coupling SEM–FEG,
lRaman spectroscopy, MET, STXM implementing XAS observations
at Fe and C K edges). Moreover the transport properties of the
interfacial layer were also investigated by D2O tracing coupled
with nanoSIMS detection. The aim is here to bring more data on
the nature of the interfacial layer in order to understand its forma-
tion and its role in the corrosion mechanisms.

2. Set of samples

Four 450 years-old nails (GL10-01, GL10-03, GL10-04 and
GL07-40) were excavated from the archaeological site of Glinet
(Seine Maritime, France). The metal in the nails was a mild steel
with a C content ranging from lower than 0.02–0.1% [12]. They
come from a zone, about 1 m below surface, where the pores of
the soil are saturated with an anoxic calcium-bicarbonate water
(4�10�3 mol L�1 < TIC < 1�10�2 mol L�1) at neutral pH (6.9–7.4)
[14]. Anoxic conditions were carefully preserved by using sealed
packaging under N2 (O2 concentration < 100 ppm) from the
excavation to the analyses and during the sample preparation.
Nevertheless this procedure could not allow one to avoid a very
short exposure to air between the excavation and the bag sealing
(less than 1 min).

3. Methods

A transverse section of each nail was prepared in a glove box
under N2 atmosphere by classical grinding and polishing (3 and
1 lm diamond paste) under ethanol (for more details see
[27,28]). A homemade cell allowed us to bring the sample to Field
Emission Gun–Scanning Electron Microscope (FEG–SEM), micro
Raman Spectrometer (lRS) and other sample preparation devices
without any contact with oxygen.

Observation and composition studies have been carried out
with an Energy Dispersive X-ray EDX system coupled to a FEG–
SEM (JEOL SEM 7001F). The system allows for high-resolution up
to 10 nm. Samples were observed in backscattered electron mode.
Analyses were performed with a 15 kV accelerating voltage and
with a probe current of about 20 nA. The EDX system is a SAMx
microanalysis application software coupled with a Silicon Drift
Detector (SDD) from SGX SENSORTECH company. This system per-
mits high-count rates (about 100 Kcps/s) with good spectral reso-
lution (130 eV on Mn K-alpha). X-ray mapping (512 � 382 pixels)
was carried out with MaxView imaging software provided by the

SAMx+ society after selection an energy ROI for each element of
interest on the EDS spectrum.

Micro-Raman measurements were performed by means of an
Invia reflex spectrometer from Renishaw�. It is equipped with a
frequency-doubled Nd: YAG laser emitting at 532 nm and with a
charge-coupled device multichannel matrix CCD detector cooled
by Peltier effect. A 50 � optical microscope LEICA objective was
employed to focus the laser beam and to collect the scattered light,
providing a laser spot size on the samples less than 2 lm. A 2400 l/
mm grating induces a spectral resolution of about 1 cm�1. The laser
beam power on the surface of the sample can be modulated
through optical density filters to optimize the signal/background
ratio and to avoid the thermal modification of the analysed iron
corrosion products; we chose to record the spectra with a laser
power of about 100 lW on the sample. It was verified that, at this
very low power, no phase transformation occurs under the laser
beam. Wavenumber calibration was regularly verified by using
the Raman peak at 520 cm�1 of a silicon crystal as a reference
and phases were identified by comparison with spectra obtained
on synthetized powders and found in the literature (Tables 1 and
2). Maps are collected thanks to a motorized stage. The data pro-
cessing delivering qualitative information about the main phase
present at each pixel is conducted following a usual method based
on the selection of the cumulated signal in a Region of Interest
(ROI) corresponding to a wavenumber range characteristic of the
main peak of each considered phase (see Tables 1 and 2). Maps
plots the intensity of the collected signal in the ROI corrected by
a baseline linearly modelled [29]. All characterisations were rea-
lised in a home made cell allowing to acquire Raman spectra on
the sample kept in anoxic atmosphere through a 1 mm thick BK7
window (see Fig. 1).

Complementary to FEG–SEM observations, in order to investi-
gate the samples at nanoscales, two methods were implemented:
Transmission Electron Microscopy (TEM) and Scanning Transmis-
sion X ray Microscopy (STXM). To that purpose, thin films were
taken at representative places of the transverse sections at the
metal–corrosion layer interface. Milling was performed with a
FEI Strata 235 Dual Beam focused ion beam (FIB) system. The
in situ lift-out technique allows the sample to be fixed to a TEM-
grid inside the Dual beam Instrument without exposure to the
atmosphere. A thin film with an 80 nm thickness was obtained.

The low-resolution imaging and electron diffraction investiga-
tions were carried out with a FEI Tecnai F20 electron microscope.
It is equipped with an objective lens Super Twin, a 200 kV field
emission gun (FEG) and a scanning image observation device
(STEM) with a set of STEM detectors (Bright Field, Annular Dark
Field and High Angle Angular Dark Field). Its resolution is approx-
imately 2.4 Å. This microscope chamber is also equipped with a
cold finger system, which is essential for preserving sensitive sam-
ples. Samples were analysed at an angle of incidence with the
beam different of zero using a double tilt cryo holder (at
�170 �C) in order to avoid sample irradiation damage and prob-
lems connected with the magnetic properties of iron material.
For electron diffraction, an area of the order of 200 nm across
was selected. On selected area electron diffraction patterns (SAED)
were acquired with a camera length of 150 mm. Bright-field
images and electron diffraction patterns were collected using a
GATAN Orius 1000 CCD camera (11 Megapixel). Gatan Digital
Micrograph software was used for evaluation of the data Back-
ground subtraction and radial integration of the 2D electron ring
patterns were carried out using macros in the DiffTool package
inside Digital Micrograph software [40].

X-ray absorption spectroscopy (XAS) can provide information
on the atomic and molecular structure of materials, such as the
oxidation state, ligand type and coordination geometry [41].
Scanning Transmission X-ray Microscopy (STXM), which uses the
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near-edge X-ray absorption fine structure (NEXAFS) can map the
speciation of metals (e.g., oxidation state) with a very good spatial
resolution [42]. STXM experiments were performed at the 10ID-1
beamline of the Canadian Light Source (CLS, Saskatoon) [43].
NEXAFS image sequences (i.e., stacks) were collected on the thin
films at the Fe L- and C K-edges. The energy range and resolution
of the scans were selected to obtain a good compromise between
the total acquisition time (each image is collected in about 0.5–
1 min, and an image sequence of 60–100 images in 1–2 h) and
the needed resolution in the spectra parts containing information
(i.e., L2 and L3 lines for Fe [15] and resonance peak at C K edge
[44] – see Table 3). The measured transmitted signals (I) were con-
verted to absorbance, also called optical density (OD), (OD = �ln(I/
Io)) using the incident flux (Io) measured in the absence of the
sample. A set of reference spectra were collected of compounds
(metallic iron, magnetite (Fe3O4), maghemite (c-Fe2O3), siderite
(FeCO3) and chukanovite (Fe2(OH)2CO3)) suspected to be present
in the samples, all of which were previously published [15].

Table 1

Peak positions on Raman spectra of carbonate phases.

Reference Bernard et al. [30] Savoye et al. [31] Simpson and Melendres [32] Saheb et al. [27] Saheb et al. [33]

Siderite FeCO3

Raman shift (cm�1) 282 275 290
495

520
733 734
1084a 1082a 1080a

1440

Chukanovite Fe2(OH)2CO3

Raman shift (cm�1) 131
200

238
382 389
498

534
672

730 730
926

1071a 1070a

1434
1510 1510

a Main peak.

Table 2

Peak positions on Raman spectra of oxides phases.

Reference Oh et al. [34] Boucherit et al. [35] De Faria et al. [36] Thierry et al. [37] Bersani et al. [38] Demoulin et al. [39]

Magnetite, Fe3O4

Raman shift (cm�1) 302 311

513
532 534 550 541

667a 663a 670a 666a

Maghemite, c-Fe2O3

Raman shift (cm�1) 263
350 350 350

381 380
486

505 500 505
650

670 660
718a 710a 700a 740a

1425

Wüstite, FeO

471
652a 653

a Main peak.

Fig. 1. Schematic of the Raman anoxic cell.
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Following the procedure described in detail elsewhere [15,42], the
reference spectra were made quantitative by normalizing their
intensity scales to an absolute linear absorbance scale (i.e., optical
density per unit path length of a pure material of defined density)
using the computed elemental response outside the structured
near edge region [45], and the density of the material. To derive
quantitative maps from the Fe L-edge image sequences Singular
Value Decomposition (SVD) was used, which involved fitting the
spectrum at each pixel to a linear combination of the quantitative
reference spectra. The component maps are then expressed in
equivalent thickness (nm). Suspected to be present [42]. The preci-
sion (statistical fluctuation) of the SVD fitting procedure is of the
order of a few percent, and the accuracy in the absolute thicknesses
of each component are mostly associated with systematic errors,
on account that the elemental composition and/or density of the
Fe species in the sample are different from that of reference spec-
tral used in the fitting. However the relative magnitude and trends
are expected to be independent of the systematic errors. To deter-
mine whether there was overlap of various Fe species signals in a
component map (i.e., more than 1 component) curve fitting using
a multiple linear regression procedure was used. The final fit
selected was the one with the best v2 value without negative con-
tribution from any reference spectra and the F-test value. All pro-
cessing was performed using aXis2000 [46].

Before any cutting or preparation of transverse sections, sample
GL10-03 was stored in a D2O solution simulating the pore water of
the Glinet soil (i.e., anoxic and carbonated with a HCO3

� concentra-
tion of 7.8 � 10�3 M, for more details see [47]) for 3 months. After
this treatment, and before thin film realisation, the metal–corro-
sion layer interface was investigated on a transverse section using
NanoSIMS in order to study the penetration of the deuterated
water into the corrosion layer.

Imaging H isotopic distributions and elemental 16O2 and 56Fe
were performed on the Cameca NanoSIMS 50 of the National Ion
MicroProbe Facility installed at the MNHN (Muséum Nationale
d’Histoire Naturelle) in Paris. This instrument combines high sensi-
tivity, high mass resolution and high spatial resolution allowing
isotopic images to be obtained at the submicron scale. We acquired
images covering areas of 50 � 50 lm2 (512 � 512 pixels) and
15 � 15 lm2 (256 � 256 pixels), on the transverse sections. A pri-
mary Cs+ beam was rastered over the sample surface with currents
of 0.7 pA for elemental maps and 2.5 pA for H isotopes. Counting
times were set to 1–4 ms pixel�1. From 20 to 40 frames were col-
lected to obtain one image with improved counting statistics. Prior
to each analysis, the sample area was presputtered with a 50 pA Cs+

current for about 5 min to remove surface contamination and the
gold coating and to implant Cs+ into the sample. Secondary ion
images of 1H and 2D were simultaneously recorded. Since it was
not possible to acquire simultaneously H–D with heavier isotopes
the 16O2, and

56Fe were done in separate experiments at the same
locations where H isotopes were measured. Images and data were
processed using the LIMAGE software (developed by L. Nittler, Car-
negie Institution, Washington DC, USA) and corrected for detector
dead time (44 ns) and secondary ion images drift in X and Y posi-
tions. It was then possible to calculate isotopic D/H ratios and to
extract profile distribution of this ratio and on local 16O quantity.

4. Results

Results from former studies on archaeological nails from Glinet
[28] are confirmed by micrometre scale observations made on
transverse sections: the total thickness of the corrosion products
is about several 100 lm, mainly consisting of ferrous carbonates
(siderite) or hydroxycarbonates (chukanovite). In some case,
microscopic islets of magnetite were found in the carbonates.
The detailed description of the corrosion patterns will not be ques-
tioned here and can be found elsewhere [48]. Let us now focus on
the metal-corrosion product interface.

SEM–FEG Back Scattered Electron (BSE) images (Fig. 2) on the
transverse sections of the four archaeological nails show that the
corrosion products are composed of different layers evidenced by
the chemical contrast. On all samples, there is a continuous layer
between the metallic core and outer corrosion products, hereafter
referred to as the interfacial layer. This interfacial layers appears
lighter than the outer corrosion products suggesting a higher
atomic mass. Generally the interfacial layer thickness is lower than
500 nm and is hardly observable (Figs. 2c and 1d), however, in a
few places this layer reaches several lm (Figs. 2a and 1b). These
low thicknesses explain why Saheb et al [48] did not found an
interfacial layer using a classical SEM (with a lower spatial resolu-
tion). It should also be noted that lighter zones appear throughout
the outer layer, particularly near the interfacial layer, suggesting
some phase mix in the outer layer. EDS maps suggest that the
interfacial zone is richer in Fe than the outer layer (Fig. 3).

Fig. 4 shows representative lRaman spectra (siderite, chukano-
vite, magnetite and a magnetite/maghemite) obtained from the
nails interfacial and outer layers and the Raman maps of the thick
region of interfacial layer of two nails, derived by the ROI method,
showing the distribution of magnetite, siderite and chukanovite.
The results verify that the outer layer is made of carbonates,
mainly as siderite, while the interfacial layer consisted of iron oxi-
des, mainly as magnetite. On some samples small areas of chuk-
anovite were also observed (Fig. 3a). It can be stressed that no
carbonated green rust was found in the carbonated zones of the
outer layer. Note also that on some samples, the interfacial layer
seems to be made of a mix of magnetite and maghemite (c-
Fe2O3) as evident from an extracted spectra (Fig. 4c). A summary
of the lRaman results can be found in Table 5.

TEM observations were performed on sample GL10-03, on the
thinner interfacial layer (<500 nm) (Fig. 5a). Electron Diffraction
(ED) patterns from the interfacial layer (zone 2), after circular inte-
gration were compatible with both magnetite and/or maghemite
(not distinguishable by ED), while those obtained from the outer
layer (zone 1) of the corrosion products are in good agreement
with that of siderite (Fig. 5b and c). These observations at higher
magnification also suggest that the interfacial layer, despite pre-
senting very variable thickness, seems continuous around the
metal.

STXM analysis at the Fe L-edge was performed on thin films
taken at different places along the metal/corrosion products inter-
face for the different nails (GL10-03, GL10-01, GL07-40). Similar
results were obtained for all the nails, and they were similar to
the GL10-04 nail previously reported on [15]. Fig. 6 is a typical

Table 3

STXM scanning energy ranges and resolutions.

Edge Region Pre-edge L3 region Intermediary region L2 region Post-edge

Fe L Energy range (eV) 698–704 704–713 713–719 719–725 726–780
Resolution (eV) 0.6 0.15 0.4 0.15 3

Edge Zone Pre-edge Resonance Intermediary region Post-edge

C K Energy range (eV) 280–283 283–295 295–310 310–320
Resolution (eV) 0.5 0.15 0.5 1.2
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example and shows the Fe(0), Fe(II) and Fe(III) component maps
derived from the SVD spectral fitting of the image sequences from
the GL10-03 nail, using the reference spectra of metallic iron
(Fe(0)), siderite (Fe(II)) and maghemite (Fe(III)). The choice of the
Fe(II) and Fe(III) reference spectra for the SVD analysis was
selected because their Fe 2p line shapes were characteristic for that
of most Fe(II) and Fe(III) species and they were similar to spectra
manually extracted from the image sequences (see Fig. 8). Note
that the spatial distribution of the Fe(II) and Fe(III) components
in the nail would have been similar using other Fe(II) and Fe(III)
reference spectra with similar Fe 2p line shape [15]. The difference
in the component maps using different reference spectra for the
fitting would be in the absolute equivalent thicknesses (nm) deter-
mined (i.e., y-scale) but the trends would be expected to be similar.
The interfacial layer consisted predominantly of Fe(III) species,
while the outer layer consisted predominately of Fe(II) species.
As observed by SEM and TEM, depending on its location on the
sample, the layer can be relatively thick (about 1 lm on GL10-03,
Fig. 6) but also sometimes much thinner (about 100 nm GL10-01,
Fig. 9a). Fig. 6c shows the image difference map (290–280 eV) of
the thin film. This allows to reveal the location of carbonates
because of the typical peak classically observed on carbonate

spectra acquired at C K-edge around 290 eV (see Fig. 7). The bound-
ary between the interfacial layer and outer layer is evident, and
carbonate concentration is considerably higher in the outer layer
than that of the interfacial layer, which is consistent with the outer
layer being composed of Fe(II) carbonates and the interfacial of
Fe(II,III) containing phases. The presence of these latter phases
with higher iron oxidation degree at metal/oxide interface was
observed by several authors [18–22] and will be commented in
the discussion.

To gain further insight into the chemical nature of the Fe in the
interfacial and outer layers, spectra were extracted from these lay-
ers by averaging all the pixels corresponding to the interfacial lay-
ers and then these spectra were curve fit using the reference
spectra of iron, siderite, chukanovite, magnetite and maghemite.
Fig. 8 presents curve fitting results obtained on nail GL10-03. The
best curve fit obtained of the spectrum from the outer layer, with-
out negative contribution (v2 = 0.19), is a combination of 41 nm of
chukanovite, 10 nm of siderite and 6 nm of maghemite. This con-
firms that the main Fe species in the outer layer are carbonates.
The presence of very low quantities of Fe(III) species in this layer
will be commented below. The best curve fit obtained of the spec-
trum from the interfacial layer is a mix of magnetite (15 nm) and

Fig. 2. SEM–FEG Back Scattered Electron microphotographs of the transverse sections of the archaeological nails, arrows indicate the location of the interfacial layer (a) GL10-
03, (b) GL10-04, (c) GL10-01 and (d) GL-10-03. The thickness of the interfacial layer varies from several hundred nanometres (c and d) to several micrometres (a and b).

Fig. 3. EDS maps at the metal – corrosion product interface of the sample cross-section GL10-03: (a) O (Ka), and (b) Fe (Ka).
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maghemite (27 nm). The best curve fit (v2 = 0.77) for the interfacial
layer from the GL10-01 nail showed on Fig. 9, corresponded to a
mix of maghemite (28 nm), magnetite (10 nm), carbonates (sider-
ite and chukanovite: 27 nm) and iron (8 nm). The oxide phases are
the majority and the presence of carbonates and metallic iron can
be explained by the fact that the layer is thinner at this location
than the STXM resolution. Table 4 summarizes the results of the
curve fits obtained on spectra extracted from the interfacial zone
of all analysed samples. If one does not consider the scarce pres-
ence of carbonates or metal due to the difficulty to extract signal
coming only from the very thin interfacial layer (GL10-1 and
GL07-40), one can observe that all interfacial layer spectra can be

modelled satisfactorily using a combination of maghemite and
magnetite. It is interesting to note that the maghemite/magnetite
ratio is between 1.8 and 3.5.

The observations performed by STXM are consistent with the
ones obtained by other techniques and bring more information at
the sub-micrometre level. The outer part of the corrosion layer
consists mainly of carbonates with a trace amounts of Fe(III). The
presence of Fe(III) species in the carbonate layer was previously
observed by a former study [48]. But until now, they were more
associated to larger microscopic zones of iron oxides (magnetite)
in the layer. Besides, between carbonates and the metal, at nano-
metre scale, an interfacial layer is evidenced constituted of a mix

Fig. 4. Representative Raman spectra: (a) siderite on sample GL07-40, (b) chukanovite sample GL07-40, (c) magnetite at the interfacial layer of the sample GL07-40 and (d)
magnetite–maghemite mix at the interfacial layer of the sample GL10-01. SEM–FEG BSE microphotographs with the corresponding Raman distribution maps of magnetite
(red), siderite (yellow) and chukanovite (green), at the metal – corrosion product interface of the samples cross-sections: (e) GL07-40 and (f) GL10-03. Dotted square: zone
where nanoSIMS analyses were performed. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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of iron oxides. The important part of Fe(III) phases at this location
can be emphasised. Actually, in the interfacial layer, pure zones of
magnetite were never observed by STXM contrary to the results
given by lRaman spectroscopy (with the latter techniques, pure
magnetite zones were found at micrometre level on GL07-40 and
GL10-03). This could be explained by different reasons. First, slight
reoxidation of some zones during FIB sampling can be evocated.
Nevertheless this effect seems to be very limited because of the
fact that pure iron spectra are obtained on the metallic part (see
[15]). The fact that pure magnetite zones were not found, could

also be explained because the thin film made for STXM was not
taken exactly at the same place as the one of the lRaman observa-
tion. Lastly, despite a slight re-oxidation effect cannot be totally
excluded, the consistency of all the observations and the fact that
even with lRaman (during which anoxic conditions were drasti-
cally respected) mixed zones of maghemite and magnetite were
also observed on two of the four examined samples, suggest that
this interfacial layer of variable thicknesses (from several lm to
several 100 nm) is made of a mixture of iron oxides containing
both Fe(II) and Fe(III) valences (magnetite and maghemite) with
variable proportions. The present techniques do not allow to deter-
mine if this corresponds to a dual layer as suggested by some
authors for the passive nanometric film formed in borate buffer
on iron [20,49,50], or other metals [51].

The 16O2 and D/H ratio distribution were examined using nano-
SIMS (after the Raman measurements, Fig. 3b) in the transverse
section of the GL10-03 nail immersed, before any other treatment,
in D2O for 3 months (Fig. 10). The 16O2 distribution map clearly
shows that the corrosion products can be differentiated from the
metal. Note, there was a crack going through the corrosion prod-
ucts in the middle of the map as evident by the absence of oxygen
and the depletion in the D/H ratio but it has no bearing on the
interpretation of the results and will not be discussed further.
Fig. 11 plots the profile extracted from the 16O2 and D/H ratio dis-
tribution maps (Fig. 10). The two profiles were normalised to show
the same value at their plateau in the corrosion products. The
interface between the metal and corrosion products was apparent
from an abrupt change in the 16O2, gradually increasing and

Table 4

Phase proportion (equivalent thickness) deduced from the curve fits on NEXAFS
spectra extracted from the interfacial layers.

Samples Combination of reference
phases

Equivalent
thicknesses
(nm)

Magnetite/
maghemite
ratio

GL10-03 A1 Maghemite/magnetite 39/12 3.25
Maghemite/magnetite/
iron

33/12/8 2.75

GL10-03 A2 Maghemite/magnetite 27/15 1.8
GL10-03 A3 Maghemite/magnetite 28/14 2
GL10-04a Maghemite/magnetite 30/13 2.31
GL10-01 Maghemite/magnetite/

siderite/chukanovite/iron
28/8/13/14/8 3.5

GL07-40 Maghemite/magnetite/
siderite/iron

18/10/25/61 1.8

a Published in [15]. A1, A2 and A3 correspond to three different thin films taken
on the same nail.

Fig. 5. TEM microphotographs of the sample thin film GL10-03: (a) bright-field images of the metal, interfacial layer (zone 2) and outer layer (zone 1), (b) diffraction patterns
of the siderite (top) obtained in zone 1 and mix of magnetite–maghemite (bottom) from the interfacial layer (zone 2), and (c) radially integrated diffraction data.

Table 5

Summary of the characterisation results obtained on the different samples.

Sample Outer layer Interfacial layer

Thickness lRaman STXM TEM

GL10-01 S, C <500 nm Mag/Mah mix Mah/Mag/S/C Iron Iron oxide
GL10-03 S, C <100 nm to several lm Mag/Mah layers pure mag layers Mag/Mah mix Iron oxides
GL10-04a S, C <lm to several lm Mag/Mah mix Mag/Mah mix
GL07-40 S, C <100 nm to several lm Mag/Mah layers pure mag layers Mag/Mah mix

S: siderite, C: chukanovite, Mah: maghemite, Mag: magnetite.
a From [15].
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thereafter levelling off. It is interesting to note that the D/H ratio
abruptly changed about 1.5–2 lm further away from the metal/
corrosion interface. This distance is on the same order of magni-
tude as the thickness of the interfacial zone at this location (see
Figs. 3 and 4).

The increase in the D/H ratio is obviously due to the penetration
of D2O into the pore network of the corrosion products during the
re-corrosion treatment. This high D content can be linked to hydro-
xyl deuterated groups in the chukanovite or to adsorbed deuter-
ated water in the surface of the pores (a small quantity of D2

could have been produced by iron corrosion but can be considered
as negligible compared to the two other cases) [33,47]. At this loca-
tion, as shown on Fig. 4b only siderite and iron oxides were
detected by lRaman investigations, but no chukanovite. This sug-
gests that the increase of the D/H ratio is not due to chukanovite
containing D, but to adsorbed water in the pore network. Because
no phase containing H (or D) were detected in the outer corrosion
products nor in the interfacial layer, the fact that a D/H decrease is
observed in the interfacial layer strongly suggests that this layer is
much less porous than the rest of the corrosion products. The
depleted zone is slightly thinner than the oxide one, suggesting
that the inner part of the interfacial layer, in contact with the metal
is nonporous but the outer one a little more. This must be investi-
gated deeper in future work at nanoscale. In any event, this impor-
tant observation corroborates the potential protective role of the
interfacial layer in the corrosion process, and its influence on the
kinetics evocate by some authors [52].

5. Discussion

Table 5 sums up the results obtained from the different meth-
ods used to examine the nails. These different methods were
employed here to better understand the system and particularly
the nature of the interfacial layer. We must keep in mind that they
implement different kind of radiations and particles (photons, elec-
trons, ions) implying different penetration depths and conse-
quently different investigated volumes. Nevertheless, the great
consistency of the results obtained by these different approaches
and analytical methods seems to strengthen the general observa-
tions made on the complete set of samples. All the nails examined

Fig. 7. STXM spectrum extracted from the carbonate zone compared to the one
obtained on siderite and chukanovite references (C K edge).

Fig. 6. STXM investigations of the sample thin film GL10-03: (a) SDV component maps of the Fe(III), Fe(II) and Fe(0) species obtained with the siderite, maghemite and metal
reference spectra. Grey scales for Fe(II), Fe(III) and Fe(0) maps: equivalent thickness (nm), for the residual map: optical density. (b) Overlay of the color-coded Fe(0), Fe(II) and
Fe(III) component maps (c) C K-edge difference map (290–280 eV) of the thin film.

8 Y. Leon et al. / Corrosion Science xxx (2014) xxx–xxx

Please cite this article in press as: Y. Leon et al., Interfacial layer on archaeological mild steel corroded in carbonated anoxic environments studied with
coupled micro and nano probes, Corros. Sci. (2014), http://dx.doi.org/10.1016/j.corsci.2014.07.005

http://dx.doi.org/10.1016/j.corsci.2014.07.005


had a continuous interfacial layer between the metal and outer
carbonated corrosion products. The interfacial layer thickness
was more often of several 100 nm but in some places it reached
1 lm. At the nanoscale it was composed of a mix of iron oxides
with various Fe(II)/Fe(III) proportions. Pure Fe(III) phase (maghe-
mite) was never identified despite Fe(III) seems to be the predom-
inant iron valence. Besides, the presence of low quantities of Fe(III)
containing species in the Fe(II) carbonated layer identified by
STXM suggest a competition between the interfacial layer and
the carbonate layer.

The same kind of interfacial layer was found by several authors
on mild steel corroded in aqueous environments saturated with
CO2 [19]. In the present study also, an interfacial layer of iron oxi-
des was found between the metallic substrate and a thick outer
layer of Fe carbonates (siderite and chukanovite but no carbonated
green rust). Actually, the same kind of mechanism proposed by
these authors can be used to explain magnetite formation on

archaeological artefacts corroded in anoxic carbonated media.
First, let us recall that in some cases a mill scale made of a mix
of magnetite, hematite and wustite can sometimes initially embed
the iron archaeological artefacts [39,48,53,54]. This outer mill scale
must not be confused with the interfacial scale considered here. It
is not protective and does not hinder the formation of siderite. The
latter phase is indeed, the one that is thermodynamically stable in
the beginning of the corrosion process in the water of the archae-
ological site of Glinet [48]. On the contrary, the mill scale tends to
disappear during the long term corrosion process. After several
centuries of corrosion, traces of the initial mill scale can be found
on some artefact in the external part of the corrosion layers but
will no more be considered in the following.

Considering these results on the physic-chemical characterisa-
tion of the system, some hypotheses on possible mechanisms can
be discussed based on mechanisms already proposed in literature
and basic thermodynamic considerations. This must be completed

Fig. 8. Curve fits of the averaged spectrum extracted from the (a) outer and (b) interfacial layers of the GL10-03 thin film. Reference spectra: chukanovite, siderite, magnetite
and/or maghemite. Deduced equivalent thicknesses (nm).

Fig. 9. STXM investigations of the sample thin film GL10-01: (a) SDV component map of the Fe(III) species using siderite, maghemite and metal reference spectra. (b)
Spectrum extracted from the Fe(III) zone of the thin film (white area), reference spectra and linear fit.
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in the future by considerations on reactivity of the phases and
kinetics. If one considers the corrosion process without this mill
scale, the initial water composition and especially the neutral pH
leads to the following possible cathodic reactions

H2Oþ e� !
1
2
H2 þ OH� ð1Þ

2Hþ þ 2e� ! H2 ð1bisÞ

2H2CO3 þ 2e� ! H2þ2HCO
�
3 ð2Þ

2HCO3 þ 2e� ! H2 þ 2HCO�
3 ð3Þ

Consequently siderite can precipitate on the nail following dif-
ferent paths [22]:

Fe2þ þ CO2�
3 ! FeCO3 ð4Þ

Fe2þ þ 2HCO�
3 ! FeðHCO3Þ2 ð5Þ

FeðHCO3Þ2 ! FeCO3 þ CO2 þH2O ð6Þ

Despite Pourbaix diagrams give only a thermodynamic
approach that does not account for the kinetics of the phase forma-
tion, it is a very useful first stage to understand the system. The

diagrams presented on Figs. 12–14 have been drawn based on
thermodynamic data from literature (see Table 7). Calculations
were made using a simplified water composition close to the one
of Glinet (Table 6). The Pourbaix diagram (Fig. 12) has been calcu-
lated taking into account a simplified composition representative
of the Glinet water (Table 6 and [47]). The black circle indicates
the conditions measured on the Glinet site where the nails were
taken. It indicates that the Glinet water composition does not allow
the direct appearance of chukanovite (Fe2(OH)2CO3). Nevertheless,
a decrease of the carbonate content (as suggested by the diagram
on Fig. 13 presenting the correlation between carbonate and iron
concentration for the pH of the Glinet site) and/or a pH increase
could favour chukanovite appearance. Some other authors suggest
that a third phase could form at lower carbonate concentration:
the carbonated green rust (GR(CO2�

3 ) or (4Fe(OH)2�2Fe(OH)3CO3))
[23,24]. The fact that this latter phase was not observed in the
present study could be explained by its low thermodynamic stabil-
ity. These authors argue that it could transform in magnetite. This
could be an explanation for the presence of low quantity of Fe(III)
species in the carbonate outer layer observed by STXM.

Because of the precipitation of the phases, the layer of corrosion
products (mainly formed of siderite), become more and more com-
pact with time as suggested by former studies on the Glinet nails

Fig. 10. nanoSIMS maps of 16O2 and D/H ratio obtained at the Metal/Corrosion products interface on sample GL10-03.

Fig. 11. 16O2 and D/H profiles extracted at the location indicated on Fig. 10. 16O2

profile maximum was normalised to correspond to the one of D/H.
Fig. 12. Eh vs pH Pourbaix diagram. Composition of water for calculation: see
Table 6. Black circle: Glinet water composition. The precipitated phases are in grey
and the aqueous ones are in white. Thermodynamic data from [55,56].
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[47,57]. This decrease of carbonate porosity retards the replenish-
ment of protons, which are consumed by iron corrosion processes
at the metallic interface, leading to the pH increase at this inter-
face. This pH increase could also be accelerated by the production
of OH� following Eq. (1). Lastly it can be supposed that the pH
increase is slowed in case of chukanovite formation because of
the consumption of OH� ions. Nevertheless, some authors [58] also
report the transformation of Fe(OH)2 metastable species into chuk-
anovite, releasing a OH� ions that could have an increasing effect
on the pH:

2FeðOHÞ2 þHCO�
3 ! Fe2ðOHÞ2CO3 þH2Oþ OH� ð7Þ

Fe(OH)2 was not identified here but it has to be stressed that
this metastable phase was only detected in in-situ studies, for
example by [59]. The same for the possible green rust formation
mentioned by [23,24]:

6FeðOHÞ2 þ CO2�
3 þ 2H2O ! 4FeðOHÞ2 � 2FeðOHÞ3CO3 þH2 þ OH�

ð8Þ

A consequence of this pH increase is a change of the local con-
ditions going out of the predominance domain of carbonates
(Fig. 12) to reach the one of magnetite, conducting to the precipi-
tation of this phase at the metal oxide interface. It can be assumed
that the thickness of the oxide layer is linked to the local access of
protons at the external zone of the interfacial layer, directly corre-
lated to the local porosity of the carbonate layer.

Indeed, in the case of the Glinet samples, the layer is not consti-
tuted by pure magnetite but by a mixture of oxides or by a phase
containing more Fe(III) species than magnetite. This fact was also
observed in studies on mild steel corroded in anaerobic borate buf-
fer solutions by Davenport et al [49], performing grazing incidence
X ray diffraction. The best fit of the diffraction pattern they
obtained suggests a nanocrystalline phase with a stoichiometry
of Fe(1.9+�2)O3 in which most of the Fe cations are in Fe3+ state
[60]. The presence of relatively important proportion of Fe(III) spe-
cies could be explained, by some local pH variation. As suggested in
Fig. 14, for a given Eh of +0.1 V, a slight increase in pH could favour
the formation of maghemite.

The particularity of the archaeological artefacts compared to lab-
oratory or short-term corroded samples, is that the thickness of the
interfacial layer varies very locally from several 100 nm to several
lm. Actually this variation of thickness could be explained by local
differences of porosity of the embedding carbonate layer, control-
ling the access of H+ ions and consequently the pH. One can suppose
that, if the pH is sufficiently basic, the oxide layer can grow but, as
soon as the outer layer is sufficiently cracking and getting less
dense, it allows the penetration of H+ ions causing a pH drop, so that
the oxide layer is nomore stable and dissolves at its outer interface.
This heterogeneous and progressive dissolution could also explain
the trace of Fe(III) species in the carbonate. The outer border of
the interfacial zone would then delimitate a iso-pH line.

Besides, even when the interfacial layer is relatively thick,
NanoSIMS D labelling experiments strongly suggest that this layer
is much less porous than the outer corrosion products made of
carbonates. Consequently it can hinder the water penetration and
contact with the metallic substrate. Indeed, probably only the
inner part of the interfacial layer presents a low porosity, that
increases in the outer part of the thick interfacial layers. Neverthe-

Fig. 13. Correlation between carbonate and iron concentration for the pH of the
Glinet site (pH = 6.5). Composition of water for calculation: see Table 6. Thermo-
dynamic data from [55,56].

Fig. 14. Log(Fe) versus pH diagram at Eh = 0.1 V/SHE. Composition of water for
calculation: see Table 6, Thermodynamic data from [55,56].

Table 6

Composition of the solution used for thermodynamic modelling.

Species [Fe2+] [HCO3
�] [Ca2+] [Cl�] pH Eh

Concentrations (M) 1 � 10�5 7.8 � 10�3 3.5 � 10�3 3.5 � 10�4 6.5 0.1/SHE
Dissolved salts (NH4)2Fe(SO4)2, 6H2O NaHCO3 CaSO4 NaCl

Table 7

Thermodynamic data used for modelling the environmental conditions.

Equation Thermo.
constant

Reference

Fe + 2H+ + 1/2O2? Fe2+ + 2H2O pKa = 57.5019 [55]
Fe3+ + 1/2H2O? Fe2+ + H+ + 1/4O2 pKa = �7.7776 [55]
FeCO3 + H+

? Fe2+ + HCO3
� pK = 4.6452 [55]

Fe(OH)4
� + 4H+

? Fe3+ + 4H2O pK = 21.6383 [55]
FeOH2+ + H+

? Fe3+ + H2O pK = 2.1638 [55]
FeOHCO3

� + 2H+
? Fe2+ + H2O + HCO3

� pK = 14.3829 [55]
Ferrous hydroxide

Fe(OH)2 + 2H+
? Fe2+ + 2H2O

pKS = 12.7843 [55]

Magnetite Fe3O4 + 8H+? Fe2+ + 2Fe3+ + 4H2O pKS = 10.1642 [55]
Maghemite Fe2O3 + 6H+

? 2Fe3+ + 3H2O pKS = 3.3076 [55]
Siderite FeCO3 + H+

? Fe2+ + HCO3
� pKS = �0.4731 [55]

Chukanovite
Fe2(OH)2CO3 + 3H+

? Fe2+ + 2H2O + HCO3
�

pKS = 11.8829 [56]
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less the fact that at least a part of the interfacial layer is much less
porous confirms the hypothesis that the interfacial layer poten-
tially controls the kinetics. It is now of primary interest to study
more precisely the mechanisms involved and consequently the
physico-chemical properties of this layer (conductivity and poros-
ity) in order to confirm or not if models as the one proposed by
Bataillon et al. [52] and based on the control of the kinetics by solid
state transport (ions and vacancies) in the layer is valid here.

6. Conclusions

This study on four archaeological nails corroded in an anoxic
carbonated environment confirms the presence of an iron oxide
(Fe(II), Fe(III)) interfacial layer between the metal (Fe(0)) and the
outer carbonated corrosion (Fe(II)) layer. The thickness of the inter-
facial layer varied between 100 nm to several lm. The iron oxide in
the interfacial area was composed of a mixture of magnetite and
maghemite. The layer could form after a pH increase at the inter-
face provoked by the consumption of H+ ions during the corrosion
processes. D2O labelling experiment coupled to nanoSIMSmapping
of the D/H ratio at the interface strongly suggest that this layer is
significantly less porous than the outer carbonated corrosion prod-
ucts. This could imply that the corrosion kinetics in carbonated
anoxic media are controlled by this layer. Further experiments
must be conducted on this layer to precise the way this kinetics
are controlled and the parameters that influence its thickness.
Moreover the next crucial perspective will be to consider the local
reactivity and conductivity of the different parts of these complex
layers using adapted micro electrochemical methods.

Lastly, if the controlling role of the interfacial layer is confirmed,
it will be necessary, in further studies, performed on samples com-
ing both from laboratory experiments and other archaeological
sites on which the same environmental conditions were observed
(e.g., Nydam Mose in Denmark [61]) to confirm these first crucial
results on a wider set of samples.
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