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Abstract

Data analysis methods for iron X-ray Absorption Spectroscopy (XAS) can provide extensive
information about the oxidation state and co-ordination of an Fe-species, However, the extent
to which techniques developed using a single-phase iron.sample'may be applied to complex,
mixed-phase samples formed under real-world conditions is not ¢lear. This work uses a
combination of pre-edge fitting and linear combination analysis (LCA) to characterise the
near edge region of the X-ray absorption spectrum (XANES) far a set of archaeological iron
corrosion samples from a collection of cast iron.cannon shot excavated from the Mary Rose
shipwreck and compares the data with phase/compositions determined by Synchrotron X-ray
Powder Diffraction (SXPD). Archaeological powder and cross-section samples were
compared to a library of iron standards and diffraction/data. The XANES are consistent with
previous observations that generation of the chlorinated phase akaganeite, 3-FeO(OH,CI),
occurs in those samples which have been.removed form passive storage and subjected to
active conservation. However, the results show:that if any metallic species is present in the
sample, the contribution from Fe(0) ta'the spectral region containing a pre-edge for oxidised
iron — Fe(ll) and Fe(l11) — causes the'analysis to be less effective and the conclusions
unreliable. Consequently, while the pre-edge fitting methodology may be applied to a mixture
of iron oxides or oxyhydroxides, the procedure is inappropriate for a mixed metal-oxide
sample without the application of a complimentary technique, such as SXPD.

Keywords: XANES, SXPD, iron, archaeology, corrosion, conservation, Mary Rose

have devastating consequences if the material acts as a
1. Introduction structural component or if the corroding object is a unique
archaeological artefact. To prevent material loss, interventive
treatments are required. However, the development of a
corrosion inhibitor or conservation treatment relies on a

Corrosion occurs when a material degrades by reacting
with anwexternal environment. Over time, this process can
cause significant damage to the corroding material, which may
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fundamental understanding about how corrosion proceeds in a
real-world environment.

Typically, corrosion progresses through a series of redox
reactions that lead to oxidation of the corroding species. For
metallic iron in a natural environment, this results in a
substrate of Fe® with overlying corrosion layers consisting of
Fe?*, Fe®* and mixed Fe?*** compounds [1]. Characterisation
of these layers can provide insights into how the reaction
proceeds over time [2—4]. One methodology that may be used
to determine the oxidation state of an element in a material is
X-ray Absorption Spectroscopy (XAS); a powerful, element-
specific technique that can be applied to both crystalline and
amorphous materials, in an isolated state or under reaction
conditions. In the case of an iron species, examination of the
Fe K-edge XAS is a highly effective tool for investigating iron
oxidation states in minerals [5,6] and glasses [7,8] and has a
long history of application in corrosion science [9-15]. In
particular, analysis of the near edge region of the X-ray
absorption spectrum (XANES) can provide a quantitative
assessment of the ratio of Fe?* to Fe3* in a powder sample,
through peak-fitting of the pre-edge feature of the XANES
spectrum [5-8,16,17]. Previous studies have, however,
focused on samples containing a single iron compound, either
a laboratory-synthesised sample [16,18], or a naturally formed
mineral mixed with non-iron bearing species [6,17]. A greater
challenge arises when applying Fe K-edge XAS to complex
samples containing multiple iron-species, such as a mixture‘of
iron oxides formed during corrosion in a natural environment.

This paper investigates the extent to which iron XANES
data analysis methodologies may be applied to complex,
heterogeneous, mixed-phase samples that have been exposed
to real-world environments that change over time. To achieve
this, this work will examine a set of corroded archaeological
iron samples from the Mary Rose shipwreck;, previously
studied [19] by Synchrotron X-ray Powder Diffraction
(SXPD) and ClI K-edge XAS. This sample set offered a'unigue
opportunity to compare the corrosion_products on iron
artefacts with virtually identical burial histc?ﬁs, but which
were subjected to different conservation regimes aver the past
four decades. The need for, such ‘a study/arose from
observations that, despite the use of widely applied
conservation treatments, the Mary:Rose artefacts continued to
deteriorate, in some cases catastrophically. The investigation
of these samples showed that the corrosion phases present on
marine archaeological«viron differ” depending on the
conservation history of the/object, with long-term aqueous
storage at pH 10 completely removing CI ions from the
surface of the artefact.” However, sub-surface chloride remains
trapped in metal pores andscasting voids. After being removed
from passive storage, trapped CI- reacts during active
conservation treatment; for example alkaline washing of the
artefact, (to form¢{ the chlorinated iron oxyhydroxide
akaganeite, B-FeO(OH,Cl), leading to degradation of the

object [19,20]. Building on the earlier analysis,
complementary X-ray absorption spectra from the Fe K-edge
were collected from the same sample-set and used here to
investigate the complex, mixed-species archaeglogical iron
corrosion in comparison to a reference library of standard iron
corrosion products and SXPD. The purpose_of this work isito
critically examine different data analysis methods for mixed-
phase Fe XAS spectra and to compare the results to the
previously published data sets. From this, an exploration of
the extent to which the diffraction and absorption spectra can
be used independently and the advantages of using them in
consort will be achieved, with“a view to maximising the
information that may be extracted from'heterogenous samples
formed in real-world environments.

2. Methodology o

2.1 Preparation af samples and standards

Archaeological samples.were collected from 19 cast iron
cannon shot excavated between 1979 and 1983 from the Mary
Rose (c. 1545)shipwreck site near Portsmouth, UK [21-23].
Immediately after excavation, all shot were immersed in high
pH solution — either NHs, NaOH, or an equimolar mixture of
Na,C0s/NaHCO; — but have since been treated by different
methodologies. €onsequently, the sampled shot were divided
into 3 categories based on their different conservation history:

1) _SS: passive storage in 0.15 M (pH 10) sodium
sesquicarbonate (Na,CO3/NaHCOs3) solution until
present, 11 shot.

2) HW: same as (1) until 2010-12, when rinsed in tap
water, washed in 3-4 consecutive baths of 1 or 2%
v:v corrosion inhibitor Hostacor® IT:water [24],
(pH 4.5-8.5) and dried in 2-stage acetone:water
(1:1 and 1:0) series. Now stored in a controlled
environment (approximately 20 °C, 20% RH), 4
shot.

3) HWAS: same as (2) but underwent additional
alkaline sulfide, NaOH/Na;SO4, (pH 12-13)
reduction treatment [25]. Now stored in controlled
(approximately 20 °C, 20% RH) environment , 4
shot.

To study the corrosion process, 3 types of samples were
collected from the shot: bulk corrosion powders from the
object surface (-C samples), cut cross-sections mounted in
polyester resin (-S samples), and powders collected during
cutting (-P samples). A detailed description of the sampling
procedure is available in [19]. A breakdown of all samples,
based on both sample type and treatment history is as follows:
SS =21 -C samples, 2 -S samples; HW = 2 -C samples, 3 -P
samples, 2 -S samples; HWAS = 3 -C samples, 2 -P samples,
2 -S samples.

A library of iron corrosion standards was prepared through
a combination of laboratory synthesis and purchases from
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chemical vendors, Table 1. The standard phases were chosen
based on commonly observed iron corrosion phases, namely
the iron oxides and oxyhydroxides, plus additional stable
Fe(l1) and Fe(l11) species with a range of anions, Cl-, S, NO*
, POs*, SO4*, COs%, to provide a reference for different
features that may occur in the XANES spectra. For standards
made in the laboratory, all aqueous solutions were prepared
using distilled water, dH,0, from an ELGA PureLab OptionQ
system (High Wycombe, UK). Centrifugation was performed
using a Thermo Scientific Heraeus Multifuge 3SRT. Full
details of the synthesis methods and characterisation of
laboratory-prepared samples are given in the supplementary
information.

2.2 Data collection

Synchrotron experiments were carried out at Diamond
Light Source (Oxfordshire, UK) using the core-EXAFS
beamline, B18 [26,27]. Powder samples (-C, -P and Fe
standards) were prepared as pressed pellets, containing 5 mg
Fe-compound and 100 mg cellulose filler. Standards consisted
of a mixture of purchased and laboratory-synthesised
compounds, as detailed in Table 1. All powder pellet samples
were wrapped in Kapton tape and measured at ambient
pressure and temperature in transmission mode. The beamline
optics for transmission measurements included Pt coated
mirrors, a Si(111) monochromator for X-ray energy selection
and Pt coated harmonic rejection mirrors. Pellets were
mounted on a holder in the beamline. The intensity of the
incident X-ray beam, lo, was measured using the first ion
chamber filled with N, (15% abs) for the —C and —Pisamples
and filled with Ar (15% abs) for the standards. A second and
third ion chamber, each filled with Ar gas (150 mbar, 70%
abs) were used to measure the intensity of thepellets, I;, and
reference Fe foil, ler, respectively at the Fe K-edge in the
energy range 6920-7920 eV in steps of 0.25 gV. The spot size
of the beam was ~100 x 100 pum. Six repeat scans were
collected of each —C and —P sample spectrum;.and’ Three
repeat scans taken of each iron standard spectrum. All
archaeological powder samples (-C and/P samples) were
further characterised by SXPD at DiamondsLight Source
beamline 111, using the methodology described in [19,20].

Additional Fe K-edge spectra were, collected from 6 cross-
section samples (-S samples) at ambient pressure and
temperature in total electronyield, TEY, mode. An electrical
contact for TEY was /made with Cu wire. TEY signal was
collected in drain current mode with, 200 V polarisation
applied to an extraction ring located upstream of the sample.
Spectra were collected in line scans along each cross-section
going from outer corrosion layer to the internal region of the
artefact at l.mm iintervals by in the energy range 6920-
7920 eV with steps 0f 0.25 eV. To determine the appropriate
location far.each line scan, each cross-section (-S sample) was
mapped using,.the’ X-ray Fluorescence (XRF) elemental

mapping with a 4 element Si drift detector at 7.1 keV. Full
details of the mapping parameters are available in the
supplementary information. The raw map data was exported
as a series of HDF5 files and processed into 2D.element maps
using in-house mapping software developed at. the B18
beamline [28], written in Python 3.6. The<elemental, maps
presented in Figure 7 show the Fe distribution of the 6
analysed -S samples.

2.3 Calibration and normalisation

All XAS data were processed using Athena, part of the
Demeter software package [29]. For both samples and
standards, repeat spectra were merged-and Eo chosen as the
first peak in the first derivative.

Repeat measurements'weresmerged to one spectrum and
calibrated based on the reference Fe foil measured either
during acquisition, of 'the sample spectrum (transmission
measurements) or- just prior to data collection (TEY
measurements). Spectra‘were calibrated by setting Eo for the
Fe reference —defined as the largest peak in the first derivative
— to 7112<eV»and applying the same energy shift to the

experimental data. The «(E) spectra [where u(E)= |n{||_0J]

t
were normalised, with a 3™ order polynomial and the
background ‘subtracted. Eo for the experimental spectra was
chosen as the largest peak in the first derivative. The same pre-
edge and normalisation range were used for all spectra of the
same. conservation treatment. A linear combination analysis,
LCA, ‘was performed for each sample spectrum using the
standards library described in Table 1.

2.4 Pre-edge analysis

Following normalisation and background subtraction, the
pre-edge feature of the Fe standards and powder (-C and -P)
samples was extracted from the rising edge of the spectrum by
performing a spline interpolation using data ~6 eV above and
below the pre-edge, Figure 1. The interpolated spline was
then subtracted from the spectrum, to give the extracted pre-
edge Figure 1, which was deconvoluted into 3 peaks using a
peak-fitting script written in Python 3.6. Each pre-edge was fit
with 3 pseudo-vogit functions, defined as a linear combination
of Gaussian and Lorentzian peak shapes. A 20% Lorentzian
fraction was found to give the best fit to the data. During the
fitting, the centroid positions, widths and intensities of all 3
peaks were allowed to vary. Averaged data was calculated for
each pre-edge, namely the integrated intensity [sum of the
integrated intensities of each fitted peak] and the overall
centroid position [intensity-weighted average of the peak
positions], based on the methodology of Wilke et al. [5]. The
background subtraction and peak fitting Python script is
provided in the supplementary information.



oNOYTULT D WN =

AUTHOR SUBMITTED MANUSCRIPT - JPCM-118242.R1

Journal XX (XXXX) XXXXXX

Author et al

3. Results and Discussion

Marine archaeological iron corrosion typically leads to the
formation of a mixture of iron oxyhydroxides, a- B- or y-
FeO(OH); alongside a spinel of either magnetite, FesOs.,
maghemite, y-Fe.Os, or both; and additional phases from the
burial environment, such as SiO, or CaCOs which form a hard,
external concretion layer [4,30-35]. Characterisation of the
corrosion layout of iron artefacts following marine excavation
[4,36] shows that the phases form in layers, typically of Fe(ll)
at the metal-corrosion interface, with Fe(l11) developed below
the concretion. Chlorine may be incorporated into the
corrosion layers, either in the form of the Fe(ll)
hydroxychloride, B-Fe2(OH)sCl [37], or as the Fe(lIl) phase
akaganeite, p-FeO(OH,CI) [38].

The sample set investigated in this work looks at a total of
30 powder samples from the surface of the objects (-C
samples) or collected during cutting of cross-sections (-P
samples) from 19 cast iron cannon shot from the Mary Rose
shipwreck. Previously published SXPD compositions from
the powder samples [19] have been renormalised in this
investigation to include only the iron-containing species
identified in the diffraction composition. This was done to
allow for a direct comparison to the XAS spectra, Figure 2,
which is selective for the iron-bearing phases in the samples.
The archaeological samples were investigated through
comparison to a known library of standard iron corrosion
species. Spectra from the standards will be made available to
download from the online B18 data repository [39].

3.1 Phase quantification of Fe-species in powder
archaeological samples

The 30 corrosion powder samples fromthe Mary Rose
cannon shot are all complex mixed-species, samples,
presenting with a range of compositions and yariable ratios of
iron phases, Figure 3. From both SXPD and. XAS, the iron
corrosion phases goethite, a-FeO(OH); akaganeite, f-
FeO(OH,CI); lepidocrocite, y-FeO(OH); magnetite, FesOq;
maghemite, y-Fe,Os3; and siderite, FeCOszwere identified in
the samples, along with two metal phases:ferrite, o-Fe and
cementite, FesC. To determine the weight composition of the
Fe-species from the archaeological'samples; the XAS spectra
in Figure 2 were compared to the spectral library of iron
standards (supplementary“information S.2) using a linear
combination analysis, LCA.In the:lzCA, it was found that an
equally good fit — see supplementary information S.3 for an
assessment of the fit quality — was achieved for both ferrite
and cementite, both of which represent metal species that
originates from the underlying alloy of the shot. As a result, it
was not possibleto.distinguish between the two using XAS -
and, therefore, in Figure 2-a they should be considered
interchangeable - ‘but the two metal phases are easily
differentiatediin the SXPD data. The reverse occurred for the

iron oxide phases magnetite and maghemite, which give the
same structure in SXPD, but may be distinguished by XAS.
Consequently, the SXPD wt fraction compositions in Figure
2-b for ‘magnetite’ (yellow) are likely a mixture 6f magnetite
and maghemite. From this, it is clear that the two methods are
highly complementary, a conclusion which has:been reached
by other authors looking at similar systems [3,40-42].

From Figure 2, it can be seen that the EXAFS of the SS
shot appear broadly similar and,‘even though there@are fewer
spectra for HW and HWAS shot, maore, variationis_present
between the individual samples within »each group, as
illustrated by the variance accounted for by the first
component in a principle component analysis, PCA, of the 3
data sets, Table 2. However, this result.could be due to the SS
dataset only containing -C samples, while HW and HWAS
both include -P samples; powders collected during shot
sectioning. A poor LCA fitWwas achieved to the -P samples, as
demonstrated by the R-factors/given in the supplementary
information S.4. The lower quality of the model fit for -P
samples suggests the presence of an additional unknown
species not_accounted for in the standards library, which
reduces the reliability of the compositions determined for the
-P samples.

To.directly compare XAS and SXPD, the results of the
LCAfit were pltgted against the phase proportions of the iron-
containing species identified in the diffraction data, Figure 4.
Whilel there/is a reasonable agreement between iron-phase
guantification with XAS and SXPD, the diffraction
composition tended to predict a greater proportion of goethite,
while“'the LCA results suggests more spinel species
(magnetite/maghemite) in the samples. For the 8 samples
containing akaganeite, a phase of particular interest to
archaeological iron corrosion research, a good quantification
agreement was reached by the two techniques, confirming
previous observations that akaganeite is absent from those
samples which had remained in passive solution but present in
the corrosion of artefacts which had been removed and
subjected to active conservation treatments [19]. This result
shows that analysis of mixed-species Fe XANES spectra can
aid the identification of akaganeite in a sample, even at low
concentrations.

Surprisingly, the XAS model was unable to identify
lepidocrocite in any spectra, a phase which was observed in
the diffraction data. This could be due to the similarity of iron
oxyhydroxide absorption spectra (supplementary information
S.2), which have spectral features that may be easily
distinguished in a single-phase system but add contributions
to a mixed-phase spectrum at similar locations. This means
that an equally good LCA model fit may be achieved for each
iron oxyhydroxide, or using a combination of iron
oxyhydroxides, and the preferential selection of one phase
over the other requires a complementary characterisation
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method, such as diffraction, to be used alongside the XAS
analysis.

3.2 Pre-edge analysis

To further investigate the XANES data from -C and -P
samples, a peak-fitting procedure was developed (available
for use in supplementary information S.7) to study the pre-
edge feature observed in the spectra. Analysis of the pre-edge
feature in iron XANES can provide information on the co-
ordination and oxidation state of an Fe mineral, for both
crystalline [5,6] and amorphous [7,8,18,43] species. Plotting
the integrated pre-edge intensity vs. the centroid position, it is
possible to estimate the ratio of Fe®* to Fe?* in a mixed-species
[5,6]. A smaller intensity indicates a 6-coordinate, e.g.
octahedral (On) system and a greater intensity corresponds to
a 4-coordinate, e.g. tetrahedral (Tq) compound. The high
intensity of the pre-edge in a T4 co-ordination occurs due to a
transition from the 1s orbital to the p component in a
hybridised d-p orbital [44]. Hybridisation of the 3d and 4p
orbitals does not occur in an On compound and, instead, the
pre-edge feature seen in the Fe K-edge for On co-ordination
corresponds to the 1s - 3d transition [45]. As a result,
investigations of the pre-edge are useful for investigating the
electronic transition that occur in iron minerals. Furthermore,
it has been shown [46] that analysis of the pre-edge feature can
be used to study archaeological iron corrosion and, in
particular, to differentiate akaganeite and its precursor Fe(ll)
compound, B-Fez(OH)sCl, in a sample.

First, to establish the validity of the methodology, spectra
from the Fe standards library were analysed «using. the
developed fitting methodology, Figure 5 and Table 3.
Previously published pre-edge fits of iron minerals [5,6], have
observed an energy gap of 1.4 eV between Fe(ll) and Fe(lll)
containing species; with centroid positions at»7112 and
7113.4 eV respectively. In this work a similar gap is observed
(1.5 eV) between the two iron oxidation states, however they
are found to occur at 7113 and 7114.5 eV (see, olive dashed
line in Figure 5). This ~1 eV difference compared to the
literature reference is due to the value'of Eo used'to calibrate
the XANES spectra. Here, E, forithe Fe K=edge is taken as
7112 eV, while Wilke et al. used‘a value of 7111.08 eV. Both
are considered valid reference points, for spectral calibration
[47], however, this variation in calibration has resulted in a
~1 eV offset in absolute energy found in these data when
compared to previous investigations:

In the library of fitted standards, the result of FeCOs is
anomalous. Though the phase is an Fe(Il) species, it has a pre-
edge appearancedike Fe(I11), with an average centroid position
of 7114.51 eV. When considering the rest of the absorption
spectrum of the ,FeCOs standard, the position of the white line
(supplementary information S.2) is consistent with an Fe(ll)
oxidation' state. This standard was synthesised in the
laboratory ‘viasa_precipitation mechanism from an Fe(ll)

solution. The pre-edge fit shows the peak corresponding to the
1s = 3d transition [45] (peak 2) to be particularly strong. A
possible explanation for the anomalous pre-edge character is
a small amount of oxidation to Fe(lll) duringsynthesis of the
sample. Compared to other Fe(ll) compounds, Siderite has
been observed to show the largest deviation.from,the average
Fe(lIl) centroid position [5], which suggests a greater natural
variation can occur for this phase than a typical Fe(ll) species.

Comparing the results of the fitted pre-edges<from the
archaeological powders to the standards,library, Figure 6-a,
the majority of SS shot (purple stars) plot in the region
between the iron oxyhydroxides and the two spinel phases.
This is consistent with the SXPD and:LCA phase analysis,
which indicate the predominate composition is a mixture of
goethite and magnetite/maghemite. Further supporting this,
the SS powders that plot with the highest intensity correspond
to the samples with the greatest spinel character (81A2618-
C1, intensity = 0.26;.and 82A2618-C4, intensity = 0.22), as
derived from Figure 3::This can also be seen for the same
phases in theiry ) plot, Figure 2, bottom left, where a peak
is present at 5.2 Atk for the samples with a high concentration
of magnetite.

In contrast to the SS shot, powder samples from HW and
HWAS, shotiappear with a higher intensity and lower energy
value than expeQed. As shown by the compositions in Figure
3,'all HW and " HWAS samples, except one (81A2798-P2),
contain a metallic phase of either ferrite or cementite, whereas
only 2 SS'samples include a metal phase in the diffraction
composition. A direct comparison between the metallic
content'of the samples and the pre-edge intensity, Figure 6-b,
shows a positive correlation between pre-edge intensity and
metallic character, particularly for the HW (yellow triangles)
and HWAS (brown squares) samples. An examination of the
metal standard spectra, Figure 7 (top), illustrates why the
presence of Fe? changes the pre-edge region of the samples.
Both the a-Fe foil and FesC standard show an intense “hump”
between 7105 and 7118 eV. Unfortunately, this overlaps with
the region associated with the iron pre-edge feature, which
appears between 7110 and 7120eV. The additional
contribution from a metallic phase, therefore, results in an
increase in intensity and reduction in energy of any pre-edge
feature extracted from the spectrum. Consequently, it is
concluded that the pre-edge analysis methodology is
inappropriate for a mixed metal-oxide system. Therefore, if
future work looked to apply a similar pre-edge analysis to
mixed-phase Fe XANES spectra from corrosion systems,
sampling approaches should be adapted to prevent inclusion
of the metal substrate in the sample.

3.3 TEY spectra from cross-section samples

Alongside the surface and cutting powders, 2 cross-section
(-S) samples were prepared for each treatment type, giving a
total of 6 -S samples for analysis. To investigate how the
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chemistry of the iron species changes spatially across the
artefacts, a series of XAS spectra were collected from the
cross-section samples at the Fe K-edge, Figure 7, in line scans
from the outer to inner region of the cross-section. Looking at
the XANES spectral series from the external surface of the
artefact (green spectra), to the internal metallic regions (purple
spectra), a transition occurs from more oxidic features to more
metallic features. Specifically, the purple spectra have a
broader, more intense “hump” at ~7110 eV, while the green
spectra show a more pre-edge like feature in this region.
Further, at the peak of the white line at ~7130 eV, the green
spectra are more intense and narrower in shape. Comparing
these regions to the metal and oxide standards most commonly
identified in the shot during analysis of the powder samples —
a-Fe, FesC, FesOs and o-FeO(OH) - these changes are
consistent with increased oxide character towards the outer
surface, a trend which is expected for a corroded metal alloy.
This transition is best observed for the SS treated shot
82A2618 (Figure 7, top right), where a clear distinction can
be seen between the metallic areas at 50,50 and 60,60 px and
the oxide regions from 70,70 px onwards. This sample
presented with the thickest (~8 mm) oxide layer of all the
objects studied and was found to be particularly well-suited to
cross-section XAS analysis. A detailed examination of the
XANES spectra from cross section 82A2618-S8 by LCA —
supplementary information S.5 — shows that the corrosion
system consists predominantly of magnetite and goethitesin
varying compositions across the artefact. These form distinct
layers within the cross-section. Beginning at the
metal/corrosion interface, the layers comprised 1 mm FezOs.,
3mm o-FeO(OH), 3 mm Fe304, and finally 1“mm ofra
complex outer surface, which could not be reliably identified
by the LCA analysis. In contrast, the other,5 samples have
much thinner corrosion layers, generally <0.5:mm and have
greater metallic character at every point in the«depth-profiling
spectral series. As discussed in the previous sections, and as
seen in the table in supplementary information:S.5, a greater
metallic character to the XAS spectrum re:uqﬂs in"a lower
quality fit using LCA. Consequently, the presence of metallic
iron in the XAS data from the remaining 5 -S samples means
that their analysis has been limited to,spectral fingerprinting.

4. Conclusions

This work used a combination of linear combination
analysis, LCA, and pre<edge fitting'to analyse the Fe K-edge
XANES spectra of 30 iron corfosionspowders (-C and -P
samples) and 6 cross-sections (-S samples) with reference to a
library of standard iron corrasion products. Comparison of the
phase quantification of ‘the best fit LCA results to the
compositionssderived from diffraction data show that XAS
and SXPD are highly complementary for investigating
samples comprised of a mixture of iron oxides and/or
oxyhydroxides:However, each technique presents limitations

in phase identification, either between magnetite and
maghemite for SXPD or in differentiating metallic phases
with XAS LCA, emphasising the benefit of using the methods
together. Both methods allow the identification 0f the phase
akaganeite which, due to its incorporation of chloride, is
strongly associated with the corrosion of archaeological iron
[4,33,35,38]. The XANES data confirm previous observations
that akaganeite is absent in the corrosion'layers of passively
stored archaeological iron but is‘generated after.removal and
during active conservation [19]. As chloride may accelerate or
trigger further corrosion reactions [48], conservation
strategies are required which minimise akaganeite formation.

The present results indicatetthat, if any.metallic iron —either
in the form of a-Fe or FesC — is present in the sample,
characterisation of the XANES spectra becomes more
challenging and the results are-lessireliable. This conclusion
was reflected in the pre-edge analysis, where the methodology
was shown to be effective for predicting the co-ordination and
oxidation of the mixed-phase corrosion samples that did not
have any metal.character, but the approach was found to be
inappropriate for-any. sample with metallic iron phases in the
mixture. Specifically, in the presence of metallic iron, the
intensity.and energy.of the pre-edge feature cannot be robustly
identified, meaning it is not possible to derive the ratio of Fe?*
to Fe®*. .

The/corrasion of archaeological iron remains one of the
most challenging problems in heritage conservation and
further “synchrotron-based investigations in this area are
anticipated. From the present investigation, it has been
demonstrated that while XAS data analysis methodologies
developed for single phase-systems can be applied to
complex, naturally formed samples, they cannot be used
universally. Future investigations incorporating Fe K-edge
XAS analysis into an iron corrosion study should take steps to
minimise the metallic component of the samples to maximise
the conclusions that may be drawn from the data. Furthermore,
the use of a complementary phase identification technique
such as XRD, is strongly recommended. Finally, it is noted
that these findings are not only pertinent to heritage science
but may also be of use in corrosion research or in
environmental studies involving multi-phase iron oxide
samples.
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4 Table 1 Library of Fe corrosion standards
5 Table 3 Pre-edge analysis of the Fe standards library, where
6 - - - -
7 Standard Source Methodology Ref the tptal area is the sum of the_ mtegrqted .mtens_ltles o_f the 3
fitted peaks and the centroid position is the intensity-
9 Precipitation weighted average of the 3 peak positions
. from Fe(ll) and
10 FeCO;  Lab Synthesis carbonate [49,50] OS = oxidation state, CN = coordifiation number
11 .
12 solution
13 Y- Oxidation of Centroid Total
14 FeO(OH) Lab Synthesis Fe(ll) solution [51] Formula Name (eV) Ared OS" CN
15 at neutral pH
Hydrolysis of

16 B- . : Fe(NOs);  Iron(lll)
17 FeO(OH) Lab Synthesis Fe(l;cl)%ut:t?cl)cr)]rlde [51] OH,0 Nitrate 7114.92 0:09 3 6
18 Transformation FeCls.6H  Iron(lll)
19 y-Fe;0;  Lab Synthesis  of magnetite, [51] ,0 Chloride /i¥420~ 007 3 6
2 Fess Iron(ill
21 Fe(NOs);  Sigma Aldrich - - FePO, Pt:"”(h % 714456 009 3 6
22 FeCl, Sigma Aldrich - - osphate
23 Fe(POs)  Sigma Aldrich - - a-Fe,0;  “Hematite | 711482 012 3 6
24 a-Fex0s Sigma Aldrich - -
25 FesO Sigma Aldrich - - o i

304 gm: FeO(QH) Goethite 711478  0.09 3 6
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FeS S - -
27 Scientific - .
28 FeCls Sigma Aldrich _ _ FEO(OH) Al(:\ganelte 7114.77 0.10 3 6
29 FeSO, Sigma Aldrich - - .
% - Alkaline e kepidocroc o84 008 3 6
31 Lab Synthesis  synthesis from [51] FeO(OH) ite
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40
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42 Table 2 Variance accounted for by the first component in B- Iron(I)
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44 Cl oride
45 ss HW HWAS FesOs  Magnetite 711470 022 23 46
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47 (variance) (* (variance)  (variance) v-Fe0;s  Maghemite 711468 019 3 46
jg 1 0.999141 0.991054 0.991805
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Figure 1 Cubic spline model used to extract pre-edge feature from Fe k-edge XANES data (left) and resulting background-
subtracted pre-edge (right)
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Figure 5 Extracted pre-edges of iron standards library (blue line) and 3-peak fit (dashed grey) for a: Fe(lll), b: Fe(ll) and c:
spinel phases. Dashed olive line shows the average position of the Fe(ll) and Fe(lll) centroids at 7113 and 7114.5 eV
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Figure 6 a: Plot of pre-edge intensity vs. average centroid position for standards shown as circles (Fe(lll) — red, Fe(ll) — green,
spinel — blue) and samples (SS — purple stars, HW — yellow triangles, HWAS — brown squares). Dashed olive vertical lines
show the average position of the Fe(Il) and Fe(I11) centroids at 7113 and 7114.5 eV respectively; b: Comparison of metal (FesC
and a-Fe) content of archeological samples determined from diffraction to the integrated pre-edge intensity. Dashed green line

shows a linear regression fit to the data.
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Figure 7 Fe K-edge of cross-section (-S) samples going from the outer, external surface (green) to the inner, metallic region of
the artefact (purple) for 6 shot treated by: Sodium Sesquicarbonate (first row), Hostacor:Water (second row) and
Hostacor:Water Alkaline Sulfide (third row). A plot of relevant standards is given above the archaeological datasets to assist
assignment of spectral features. Each Mary Rose sample is plotted with an inset showing the Fe XRF elemental‘map for the

sample, with the locations of data acquisition indicated as white stars.
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