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Archaeological iron corrosion is a series of complex reactions that proceed differently

throughout the lifetime of an object. Altering the environmental conditions, for example

by excavating, conserving or displaying an artefact, can change the material stability,

and result in a seemingly stable object degrading in a new environment. To develop

effective and cost-efficient conservation strategies, it is necessary to characterise the

rate and mechanism of corrosion before, during and after treatment. This thesis uses a

combination of in situ experimentation and material characterisation to exploit a unique

opportunity to study the corrosion and conservation of the cast iron cannon shot from the

Mary Rose shipwreck (c. 1545), which began to severely degrade in storage following

active conservation. The initial stages of marine burial were investigated using

multimodal synchrotron tomography – µ-XRD-CT and µ-XRF-CT – which was applied to

iron corrosion for the first time to visualise a ~10 µm particle of Mary Rose shot in situ

during corrosion in oxygenated 0.6 M NaCl solution over 9-hours. This revealed that α-

Fe reacts directly to magnetite, Fe3O4 with no observable intermediate. Corrosion

occurred uniformly and reached equilibrium in 2-3 hours, with Cl- acting as a spectator

ion that was not directly involved in the corrosion reaction.

A comparison of the impact of treatment approach on the current-condition of the shot

was investigated through characterisation of 22 shot from 4 different conservation

histories using a suite of synchrotron-based techniques – synchrotron X-ray powder

diffraction (SXPD), X-ray absorption spectroscopy (XAS) and X-ray fluorescence (XRF)

mapping. This showed that no chlorine or chlorinated phases were present on the

surface of shot passively stored at pH 10 in Na2CO3/NaHCO3 solution since excavation,

however sub-surface hibbingite, β-Fe2(OH)3Cl, was observed in metal pores. In contrast,

the chlorinated corrosion phase akaganeite, β-FeO(OH, Cl), was found on the surface of 
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all shot actively treated to remove chlorine using a neutral pH water washing method,

with or without an additional pH 12-13 NaOH/Na2SO4 chemical reduction treatment, even

though the shot had been immersed in sesquicarbonate solution for a substantial period

before active conservation and display. Previous conservation treatments involving the

high temperature reduction at 800 °C in the presence of hydrogen gas was found to have

resulted in the transformation of the cast iron into a new, light-weight α-Fe based 

material, which would not now be considered acceptable from a conservation ethics

viewpoint.

Building on these results, a novel long-term experiment was developed to directly

observe reactions that occur on archaeological iron during long-term storage in

Na2CO3/NaHCO3 solution. 4 samples (α-Fe metal standard, a freshly excavated cast iron 

shot, a previously conserved Mary Rose shot and a β-FeO(OH, Cl) standard) were 

immersed in Na2CO3/NaHCO3 (0.15 M, pH 10) for 19 months and the corrosion

monitored by SXPD. The results showed that β-FeO(OH, Cl) was not present on the 

freshly excavated sample before treatment. Instead, the phase formed over the first week

(~200 hours) of immersion, before transforming to goethite, α-FeO(OH) by day 84 

(~2000 hours). β-Fe2(OH)3Cl was observed on the previously conserved shot, and it

reacted to form Fe3O4 and α-FeO(OH) in a two-step reaction via a chlorinated green rust 

1, GR1(Cl), intermediate, with varying ratios of magnetite:goethite depending on the O2

availability. The metal sample did not react during the 19 month experiment, as expected

for an iron alloy passivated at pH 10, indicating that sesquicarbonate solution can provide

a stable low-cost environment for aqueous storage of marine iron artefacts. However,

although iron is stable during immersion, this project has demonstrated that the time

point which poses the greatest risk to archaeological iron is when the object is removed

from passive storage and taken for active treatment and drying prior to display.
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The work presented in this thesis examines the 1,200+ cast iron cannon shot from the

Mary Rose shipwreck; a large collection of mass-produced artefacts excavated from the

same archaeological context, prior to being treated with different conservation methods.

Consequently, the results and conclusions of this project may be extrapolated to

understand the reactivity of archaeological iron in museums worldwide. One of the main

outcomes of the work was an investigation into the applicability of sodium

sesquicarbonate solution for long-term, passive storage of marine iron not intended for

display. The results are highly promising and show that, not only is the metal stable while

immersed in solution, but the environment also acts as a slow desalination treatment to

remove harmful chloride irons from the surface corrosion layer of the artefact. This

approach represents a cheap, low-labour and effective storage environment which may

be a significant development for any heritage institution with large collections of

archaeological iron. Additional work shows that the conservation stage which poses the

most risk to archaeological iron is drying and coating, because any water, oxygen and

chloride which remain trapped in the object after conservation can lead to severe

degradation through internal corrosion below the outer surface of the artefact.

Beyond impacts to heritage institutions, this thesis also details the development and

application of state-of-the-art synchrotron techniques for studying complex

archaeological material. Novel experimental and data analysis approaches were

designed, which may be of interest to future researchers. The work, including all python

scripts and experimental methodologies, will be disseminated through publication

outputs. Alongside academic interest in this project, due to the nature of the collection,

which represents a famous piece of British history, there is a large amount of public

interest in the research. This has led to the work appearing in online news articles (Daily
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Mail, BBC News, Oxford Mail, Spectroscopy Europe), on BBC radio Oxford and it was

featured on BBC breakfast TV. Public engagement was also achieved through annual

appearances at science festivals, including New Scientist Live and the Cheltenham

Science Festival, and by giving public lectures for both the Mary Rose Trust and the

Science and Technology Facilities Council. These activities were greatly received by

members of the public. Finally, the work included in this thesis led to receipt of the Royal

Society of Chemistry’s 2020 Ronald Belcher Award for work by a post-graduate student

on an analytical chemistry project.

This thesis includes work published in the following articles:

 Simon, H., Cibin, G., Robbins, P., Day, S., Tang, C., Freestone, I., Schofield, E.,

2018. A Synchrotron-Based Study of the Mary Rose Iron Cannonballs. Angew.

Chemie - Int. Ed. 57, 7390–7395. https://doi.org/10.1002/anie.201713120

 Simon, H.J., Cibin, G., Reinhard, C., Liu, Y., Schofield, E., Freestone, I.C., 2019.

Influence of microstructure on the corrosion of archaeological iron observed using

3D synchrotron micro-tomography. Corros. Sci. 159, 108132.

https://doi.org/10.1016/j.corsci.2019.108132
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Studies of how things change over time is a cornerstone of modern research. Be it the

evolution of species, or how a battery degrades, to understand a reaction it is essential

to characterise a system at the beginning, middle and end of its process of change. From

reactions that last femtoseconds, to the lifetime of the known universe, by investigating

these transitions, we can make better predictions about the past, present and future. An

appreciation of the passage of time is particularly important in the study of archaeological

material, where discovered remains form a direct connection to the past. However, unlike

other systems, in archaeology it is often not possible to directly observe a variable as a

function of time; datasets are scattered and incomplete. One way to overcome this is by

applying methods from the chemical sciences, to build a model system which allows

determination of the kinetics, thermodynamics, intermediates and rate limiting steps of a

reaction. Through this, a powerful methodology may be developed to investigate an

archaeological question. Consequently, new possibilities may arise to better understand

how an object changes throughout its lifetime: from its creation and use, to degradation

during burial, and, eventually, processes that can be used to help preserve an object for

the future. In this thesis, these ideas will be explored to address questions about how a

single material – cast iron – has changed during exposure to varying environments over

the past 500 years.

Iron alloys are ubiquitous in archaeology and provide important information about past

cultures. However, metallic iron is highly reactive and may corrode extensively after

excavation, particularly if the object was buried in an environment with a high

concentration of chloride, Cl-, such as a marine burial. This presents a significant

challenge for historians, museum curators and conservators, because without effective,

cost-efficient treatment and storage approaches, priceless artefacts risk being

permanently lost or damaged by corrosion. Previous studies into the corrosion and

conservation of archaeological iron were limited by the inherent variability of artefacts,

with differences in alloy structure, burial environment, age, shape, size and corrosion

composition influencing the efficacy of a treatment, making it difficult to determine
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whether variations in treatment success are due to altering the conservation approach

or artefact variability. As a result, to fully investigate how conservation impacts

archaeological iron, a compromise must be made between collecting real-world data that

effectively represents complex, archaeological material and conducting an experiment

that can account for the large number of associated variables.

To overcome these issues, this project examines a large collection of mass-produced

cast iron from a well-characterised and uniform archaeological context: the 1,200 cast

iron cannon shot from the shipwreck of King Henry VIII’s flagship, the Mary Rose. After

sinking in a single event on 19th July 1545, the entire collection was buried together in a

marine environment until excavation (1979-83), after which the shot were exposed to a

variety of conservation methods to remove Cl- and different storage environments. As a

result, the collection presents a unique opportunity to investigate the influence of

conservation on marine iron corrosion, while accounting for the complexities of

archaeological material. However, to fully compare different treatments, it is essential to

understand the condition of the shot before, during and after conservation.

Consequently, this thesis takes a journey through the lifetime of the collection, beginning

with their formation and burial (Chapter 2), through to their excavation, conservation and

storage (Chapters 3 and 4) and finishing with a look to the future (Chapter 5), examining

at each stage how time has changed the material. In this chapter, an overview of the

background to the project is given, looking at the basics of the corrosion reaction, with a

focus on the role of chlorine in accelerating the corrosion kinetics; a review of

archaeological iron corrosion and conservation methods; and finally, an introduction to

the synchrotron-techniques that will be used to analyse the collection in Chapters 2-4.

1.1 Iron corrosion

Corrosion is a generalised term that can refer to a host of different reaction processes.

At its most fundamental, corrosion is the degradation of a material by its environment.
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The mechanism by which this occurs is dependent on the material being considered, be

it a crystalline metal or an amorphous glass, and the chemical and physical properties of

the surroundings. Predicting the products of corrosion requires a detailed understanding

of both the system being considered, as well as the thermodynamics and kinetics of the

possible reactions. Metal corrosion results in the formation of a metal cation, via the

generalised reaction (1.1), where M is the metal and n is the number of electrons involved

in the reaction.

(1.1)
0

M M + n
  n

e

For iron, the most stable oxidation states are +2 and +3,

which have a d-shell configuration of [d6] and [d5]

respectively. In aqueous solution, the ion forms a hydration

sphere consisting of 6 H2O molecules in an octahedral

arrangement (Ohtaki and Radnai, 1993), Fig 1.1, which

may be written as [Fe(OH2)6]n+, where n is the oxidation

state of the ion. Electron transfer may occur for a hydrated Fe cation, though the metal-

water bond distance is greater for Fe2+ than Fe3+ at 2.1 and 2.0 Å respectively (Sham et

al., 1980). During electrochemical corrosion, metal oxidation to Fe(II) occurs via (1.2),

which often acts as the anodic reaction in iron corrosion, with further oxidation to Fe(III)

shown in equation (1.3). 1

(1.2)
 

0 2 0

( ) ( )
Fe Fe + 2 E 0.44 V

s aq
e

(1.3)
2 3 0

( ) ( )
Fe Fe + E -0.77 V

  


aq aq
e

1 In the half-cell equations (1.2), (1.3), (1.5) and (1.6), E0 denotes the standard reduction potential

at 25 °C, as given by (Haynes, 2014).

Fig. 1.1 Hydrated iron n+ ion
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The advancement of computational methods has enabled new insights into the initial

stages of metallic iron corrosion. Density Functional Theory (DFT) models of the

reactivity of the Fe(100) surface with an Fe defect – 2 Fe atoms sticking out of the metal

surface – shows that the most energetically favourable oxidation process occurs via the

formation of Fe2(OH)4, a dimer of Fe(OH)2 (Chew et al., 2018). This dimer acts as a water

splitting catalyst, producing hydroxyl ions, OH-, which adsorb to the surrounding Fe

surface. With a defect site present, the reaction proceeds spontaneously, without an

activation barrier. In contrast, simulations performed without a defect, show no reaction

and, instead, the Fe(100) surface is passivated by chemisorption of O2; indicating that

defects are essential to corrosion initiation (Chew et al., 2018).

Following initial oxidation of metallic iron to Fe(II), the reactivity of the newly formed

Fe2(OH)4 dimer was modelled by DFT in the presence of O2 and H2O (Chew et al., 2018),

to simulate an oxygenated corrosion environment. This was found to lead to the

formation of the Fe(III) phase Fe2(OH)6, a dimer of Fe(OH)3. In aqueous solutions, this

phase dissociates into two soluble Fe(OH)3 molecules, which aggregate to form a crystal

of either FeO(OH) or Fe2O3, as shown by reaction (1.4), with activation energy, Ea =

0.377 eV. The formation of FeO(OH) and Fe2O3 as the final reaction products is

consistent with experimental observations of archaeological iron corrosion, where the

characterised corrosion products commonly include goethite, α-FeO(OH) (North, 1982; 

Rémazeilles et al., 2009), lepidocrocite, γ-FeO(OH) (Pingitore et al., 2015; Selwyn et al., 

1999) and maghemite, γ-Fe2O3 (Michelin et al., 2013; Neff et al., 2005).

(1.4)

2 4 2 2 4 2 2 6

3 2 3 2 2

1
Fe (OH) + O Fe O(OH) + H O Fe (OH)

2

2Fe(OH) Fe O 2H O + H O
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These computational simulations are, however, highly simplified systems. Experimental

observations of the iron corrosion process can be traced back to the early days of ferrous

metallurgy, with the first known written description of the corrosion process given by Plato

(427-347 B.C.) (Baeckmann, 1997). Over the past 2,500 years, studies of rust have

evolved and developed to give a better understanding of how the reaction proceeds.

While metal oxidation (1.2) acts as the anodic reaction, the corresponding cathodic

reaction and oxidising agent are dependent on the environmental conditions (Cornell and

Schwertmann, 2003a; Turgoose, 1985). The predominant cathodic reaction in most

systems involves reduction of either protons, H+, (1.5) or oxygen, O2 (1.6). On the basis

of kinetic observations, it has been argued (Turgoose, 1985) that in environments where

both H+ and O2 may act as an oxidising agent, reduction of O2 is the main cathodic

reaction, while H+ has only a minor contribution. In oxygenated systems, the reduction

of O2 may produce H2O or OH-, with the latter only occurring above pH 4 (Selwyn, 2004).

(1.5)
 

 0

( ) 2( )

1
H + H E 0 V

2
aq g

e

(1.6)
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During corrosion, the cathodic and anodic reactions are spatially separated (Selwyn et

al., 1999). Oxidation of metallic iron, Fe0, to Fe2+ occurs at the metal surface and is

connected to the cathodic reaction by a flow of electrons through an electrolyte, Fig. 1.2.

The nature of the electrolyte varies with environment, for example in a marine burial,

seawater acts as the electrolyte (Moore, 2015); ground water serves as the medium in

soil (Neff et al., 2005); and in storage or display cases with Relative Humidity, RH, >60%

(exact value is dependent on salts present) (Rimmer et al., 2013a; Turgoose, 1982) a

film of water on the object’s surface provides an electrolyte. Variations in environmental
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factors, including the pH, temperature and dissolved ions present, have a large impact

on the thermodynamics of the reaction.

1.1.1 Thermodynamics of iron corrosion

A theoretical method used to predict corrosion products in a given environment are

Pourbaix diagrams (Pourbaix, 1974, 1984); a plot of EH vs. pH, Fig. 1.3, where EH is the

redox potential of the system with respect to the standard hydrogen electrode, calculated

from the Nernst Equation, shown for a cell at 25°C by (1.7).

(1.7)

 

 

0

2

-

2

0 0.0591
log

For the reaction:

Where is the standard cell potential
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Fig. 1.2 Metal corrosion reaction - example system oxygen-containing seawater
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These plots show which species are present in equilibrium under different

circumstances. In the examples shown in Fig. 1.3-a and Fig. 1.3-b, lilac shading signifies

a solid phase, while the dashed orange lines indicate the stability limits of water. Three

regions of corrosion behaviour are highlighted in Fig. 1.3-c: immunity [yellow] where the

metal does not corrode, corrosion [red] where the metal actively corrodes and

passivation [blue] where the metal is not corroding due to formation of a passive oxide

film. The boundaries between the three domains and their size varies with ion

concentration and species present.

Fig. 1.3 Example Pourbaix diagrams, generated from https://materialsproject.org/
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1.1.1.1 Passivity

Passivity describes the phenomenon where a reactive metal is stable under conditions

where corrosion would be expected. It arises due to formation of a passive oxide film on

the surface of the material, which acts as a barrier layer to protect the bulk metal from

corrosive environments. Understanding how passivity occurs and why the passive layer

breaks down is essential for examining the long-term stability of an archaeological iron

artefact. The subject of passivity, including film structure (Toney et al., 1997; Zhang et

al., 2018), formation (Macdonald, 1999; Maurice and Marcus, 2012; Sazou et al., 2009)

and breakdown (Ahn et al., 2005; Marcus et al., 2008; Veluchamy et al., 2017) has been

of research interest for hundreds of years, from the work of Kier in the 1790s and Faraday

in the 1830s (Macdonald, 1999), though it is only since the 1960s that a more detailed

understanding of the passive layer has emerged.

The passive film on iron has a bilayer structure, consisting of an inner layer of defective

magnetite, Fe3O4, and an outer layer consisting of maghemite, γ-Fe2O3, and iron

oxyhydroxide, FeO(OH), which occur in varying ratios depending on the formation

conditions (Toney et al., 1997; Veluchamy et al., 2017). Studies of the passive layer on

iron have led to the development of the Point Defect Model (PDM) (Macdonald, 1999) to

quantitatively describe the behaviour and breakdown of the layer. In accordance with the

PDM, the inner magnetite layer of the bi-layer film may be considered a highly doped n-

type semiconductor with defects in the form of cation vacancies, 
FeV , oxygen vacancies,

2
OV , and interstitials, 

iFe , where χ is the oxidation state of the metal cation (Sazou et 

al., 2009). The outer layer of the film has no semiconductor properties, and the entire

Fe-film-solution (Fe|f|s) system can be described as an n-i-p junction (Sazou et al.,

2009).

Fig. 1.4 summarises the reactions proposed to occur in the metal film, at the metal-film

interface, Fe|f, and the film-solution interface, f|s, according to the PDM (Macdonald,
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1999). If the cation vacancies in the film are not annihilated at the Fe|f interface – Fig.

1.4 Reaction (1) – then excess vacancies may condense to form a ‘vacancy

condensate’. Formation of a vacancy condensate at the metal surface causes separation

of the film from the metal, preventing further growth of the passive oxide film via Fig. 1.4

Reaction (3) (Ahn et al., 2005; Veluchamy et al., 2017). Additionally, the passive film

continues to dissolve at the f|s interface via Fig. 1.4 Reaction (7), causing a local

thinning of the film. This thinning leads to stress in the passive film that, eventually,

results in film rupture and a breakdown of passivity that enables initiation of pitting

corrosion (Macdonald, 1999; Veluchamy et al., 2017). Presence of aggressive anions,

such as chloride, Cl-, in the environment result in an increased flux of cation vacancies,


FeV , to the Fe|f interface, which can accelerate the breakdown of passivity and increase

the corrosion rate.

Fig. 1.4 Reactions in iron film; iron-film interface, Fe|f; and film-solution interface, f|s, proposed by the

Point Deficit Model (PDM) of the passive layer on iron. Abbreviations:


Fe
V = film cation vacancies,

2

O
V = film

oxygen vacancies,


i
Fe = film interstitial cation,

O
O = oxygen in the oxygen sub-lattice of film layer,

m
V =

metal site vacancy in the metal lattice,
 

S
Fe = iron ion in solution,

Fe
Fe = iron in the iron sub-lattice of film

layer, χ = oxidation state of metal cation in film layer, δ = oxidation state of metal cation in solution.
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1.1.2 Kinetics and the role of chlorine

The rate at which iron corrosion proceeds is highly dependent on the alloy composition

(Al-Hassan et al., 1998; Shibaeva et al., 2014; Song et al., 2017) and environmental

conditions (Singh et al., 2008), with factors such as pH (Misawa et al., 1974; Pourbaix,

1974), temperature (Cornell and Schwertmann, 2003a; Mcneill and Edwards, 2002), pO2

(Neff et al., 2005; Refait et al., 2018), salinity (Ma et al., 2009; Song et al., 2017) and

dissolved ion concentration (Saheb et al., 2008) affecting both the feasibility and kinetics

of a reaction pathway. All halide ions are aggressive, in the order of Cl- > Br- > I-

(Yazdanfar et al., 2010), with chloride, the most aggressive, being of particular concern

to archaeological systems due to the high abundance of the anion in natural

environments. During corrosion, a net positive charge forms at the anodic site, the metal

surface (Selwyn et al., 1999). To maintain electroneutrality, anions, including Cl-, migrate

in from the surroundings. For a fresh piece of uncorroded iron, the presence of Cl- causes

a breakdown of any passive films and a shrinkage of the passive domain (Cornell and

Schwertmann, 2003a; Foley, 1970; Melendres et al., 1992). Several models have been

proposed to describe the mechanism of chloride-accelerated iron corrosion, with both

the stability of the passive film and breakdown mechanism dependent on the pH and

chloride concentration of the system (Shibaeva et al., 2014).

1.1.2.1 Chloride-induced passivity breakdown

The role of chlorine in iron corrosion may be understood via the PDM model (section

1.1.1.1) of the passive layer on iron (Ahn et al., 2005; Marcus et al., 2008; Maurice and

Marcus, 2012; Sazou et al., 2009; Veluchamy et al., 2017). According to the PDM,

chloride acts at the interface between the passive film and the environment and does not

penetrate or incorporate into the film (Ahn et al., 2005). Instead, Cl- in the environment

adsorbs to an oxygen vacancy at the f|s interface (1.8). This inhibits reaction of the

vacancy with water, (1.9) resulting in competition between Cl- and O2- for occupation of

the vacancy (Sazou et al., 2009).
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(1.8) 2  O OV Cl Cl

(1.9) 2
2

  O OV H O O H

Where 
OCl is an 2

OV vacancy occupied by Cl- and OO is an oxygen-occupied oxygen site

Occupation of oxygen vacancies by Cl- causes a perturbation of the Schottky equilibrium

(1.10), due to loss of 2
OV sites. To maintain a constant ( )SK T , there is a corresponding

increase in 
FeV and a greater ratio of 

FeV : 2
OV . As a result, there is an increased flux of


FeV to the Fe|f interface (Sazou et al., 2009; Veluchamy et al., 2017). Coalescence of

cation vacancies at the Fe|f interface leads to the formation of a metal void that causes

initiation of pit growth and detachment of the oxide film from the metal substrate. While

the presence of Cl- results in the initiation and promotion of nanopit growth, the location

where pit growth occurs is strongly influenced by crystallographic properties of the oxide

film, with preferential initiation occurring at grain boundaries (Marcus et al., 2008;

Maurice and Marcus, 2012). Furthermore, defect sites have been shown to result in

clustering of adsorbed chloride on the iron surface (Linsebigler et al., 1992).

(1.10) 2 2( )


    
   

 FeS OK T V V

Occurrence of additional breakdown mechanisms by chloride is dependent on the pH of

the system. In acidic solutions, at [Cl-] of 20 mM, the presence of Cl- results in oscillations

in the anodic potential, that are absent in a chloride-free system (Sazou et al., 2009).

These oscillations are thought to arise from repeated breakdown-passivation cycles that

eventually produce a porous passive film. While some of this activity is due to chloride-

initiated local pitting corrosion, under acidic conditions, Cl- can also increase the rate of

general dissolution of the oxide film by adsorption of solution anions to increase H+-

catalysed uniform dissolution, shown in (1.11) (Sazou et al., 2009). This reaction leads
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to general corrosion as the formation of  2
Fe O

2

V V


  
 
 

does not perturb the Schottky

equilibrium (1.10).

(1.11)    
( 1)

2
(aq) 2 2 Fe On

22
2

FeO xH Cl n H O FeCl H O V V





  
                  



Outside acidic conditions, different corrosion behaviours may be observed in neutral and

alkaline solutions. In a study of the passive film behaviour at pH 8.5 (Ahn et al., 2005),

no change in shape of the potentiodynamic polarization curve was observed for Cl

solutions up to 0.1 M, but stable pitting was found to occur at 1 M NaCl. However, at

neutral pH, it is thought that metastable pitting events can occur at concentrations of

0.1 M NaCl, suggesting some passivity breakdown at low [Cl-] (Ahn et al., 2005). In

contrast, at pH 10.6 (Yazdanfar et al., 2010), no pitting corrosion was observed at [Cl-] <

10-3 M and at higher concentrations of chloride, up to 0.8 M, in alkaline solutions

(Valcarce and Vazquez, 2008), no pitting corrosion was observed on steel for up to 90

days.

Through the PDM model of chloride-induced passivity breakdown, insights may be

gained into the corrosion behaviour of an exposed metallic surface. This is a useful

model for archaeological iron, as it may assist in understanding degradation processes

that occur either during the early stages of burial; below the surface of an artefact, for

example in a crack or metal pore; or following exposure of a metal surface during

conservation, where overlying corrosion products may be removed prior to object-

display. However, when considering a freshly excavated artefact, existing corrosion

products are present on the metal. Rather than presenting as a clean alloy, the surface

of the object is, instead, covered by a porous, heterogeneous corrosion scale. As a

result, different mechanisms must be explored to understand the reactivity of an

archaeological metal immediately following excavation.
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1.1.2.2 Chlorine in archaeological iron corrosion

By the time an archaeological artefact is excavated, thick, complex oxide layers overlay

the metal, Fig. 1.5, meaning it has different surface properties and reactivity compared

to fresh iron. Studies have shown that when chloride is present in an object, it corrodes

at a faster rate than objects treated to remove Cl - (Rimmer et al., 2013b). Consequently,

additional processes are required to explain how chloride interacts with archaeological

iron. Layers of rust grown on iron over long periods of time are porous and contain

cracks. As a result, water and salts can reach the remaining metal core and corrosion

continues (Graedel and Frankenthal, 1990). It has been suggested that if chloride is not

removed from an artefact after excavation, further corrosion may occur via an acid-

regeneration cycle (Selwyn, 2004; Selwyn et al., 1999; Watkinson and Lewis, 2005),

rather than an electrochemical process. However, this conclusion is based on

observations made during a study into the effect of gaseous HCl on the corrosion rate of

a mild steel (Askey et al., 1993), where the experimental set-up prevented condensation

of the pollutant in the airstream. This means the mechanism cannot be directly applied

Fig. 1.5 Corroded Iron Age brooch (Yorkshire, UK), picture credit: I. Freestone
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to explain the corrosion-accelerating behaviour of aqueous Cl-, which is the state most

likely to occur in heritage contexts (Selwyn et al., 1999).

Another proposal is that aqueous Cl- increases the conductivity of the electrolyte in pores

close to the metal, enabling faster e- transfer and an increase in the electrochemical

corrosion rate, shown in (1.2), (1.3), (1.5) and (1.6) (Turgoose, 1982). This mechanism

of chloride accumulation close to the metal surface is supported by analysis of chlorine

elemental distributions immediately after excavation (Neff et al., 2005; Réguer et al.,

2007; Rémazeilles et al., 2009), which show chlorine located at the interface between

the metal and corrosion products, in a layer known as the DPL, or dense product layer

(Neff et al., 2004), rather than uniformly distributed in the corrosion layer. Alongside

acceleration of metal dissolution, chloride is also involved in later stages of corrosion,

during phase formation and transformation.

1.1.3 Phase formation and transformation

Once dissolution of metallic iron, Fe0, to Fe2+ has occurred, there are several different

reactions that can take place, leading to a variety of iron corrosion products in the final

corrosion scale. Example corrosion layouts observed for archaeological iron buried in

soil and seawater are given in Fig. 1.6. Focusing on a marine environment, Table 1.1

provides an overview of all corrosion phases observed on archaeological iron excavated

from various seawater burials; both artefacts and iron-based hulls. Marine iron from

locations around the world are included in the table, with burials at different depths, for

several iron alloys, from a range of time-periods. However, despite these contextual

differences, a similar combination of corrosion phases is observed for all: iron

oxyhydroxides, α- β- or γ-FeO(OH); alongside a spinel of either magnetite, Fe3O4,

maghemite, γ-Fe2O3, or both; and additional phases from the burial environment, such

as SiO2 or CaCO3. The similarity of the reaction products points towards a related

corrosion mechanism for iron-alloys buried long-term in seawater environments.
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Table 1.1 Corrosion products observed on archaeological iron buried various in marine environments

Site/ship

Year Environment

Metal
Sample

type
Corrosion Phases Identified Reference

Buried
Excavated/
Sampled

Location
Depth

(m)

HSK
Kormoran

1941 2008 Indian Ocean 2,500 Iron-alloy Rusticle α-FeO(OH), γ-FeO(OH), γ-Fe2O3, SiO2, ar
(Albahri et
al., 2019)

HMAS
Sydney II

1941 2008 Indian Ocean 2,500 Iron-alloy Rusticle α-FeO(OH), γ-FeO(OH), γ-Fe2O3, Fe3O4, SiO2, bn, jr, ar
(Albahri et
al., 2019)

RMS
Titanic

1912 1998
North Atlantic

Ocean
3,800

Carbon
Steel

Rusticle α-FeO(OH), γ-FeO(OH) 
(Cullimore et

al., 2002)

USS
Monitor

1862 2002
Atlantic
Ocean

67
Iron

cladding
Rusticle α-FeO(OH), γ-FeO(OH), Fe3O4, FeCO3

(Cook and
Peterson,

2005)
Les

Saintes
Maries de

la Mer

Gallo-
Roman

2006
Mediterranean

Sea
12

Bloomery
iron ingot

Cross-
section

β-FeO(OH,Cl), β-Fe2(OH)3Cl, Fe3O4, FeS, CaCO3, SiO2

(Remazeilles
et al., 2010;
Rémazeilles
et al., 2009)

Batavia 1629 1972 Indian Ocean 6 Cast iron Concretion FeO(OH), Fe3O4, FeS, FeCO3, CaCO3, SiO2, FeOCl,
(North,
1976)

San Juan
de Ulúa

Early
20th c.

1990 Gulf of Mexico <1 Cast iron
Surface
products

α-FeO(OH), γ-FeO(OH), β-FeO(OH,Cl), α-Fe2O3, γ-Fe2O3, SiO2
(Hernandez
et al., 2016)

Bakio
18th or
19th c.

1999
Bay of Biscay

(Atlantic)
7 Cast iron

Detached
products

α-FeO(OH), γ-FeO(OH), α-Fe2O3, γ-Fe2O3
(Estalayo et

al., 2019)

Ordnance
Reef

~1945 2011 Pacific Ocean 6-37
Projectile

steel
Cross-
section

β-FeO(OH,Cl), β-Fe2(OH)3Cl, Fe3O4, FeCO3, CaCO3,
(Li et al.,

2016)

Bucentaure 1805 2014
Bay of Cadiz

(Atlantic)
12 Cast iron Concretion β-FeO(OH,Cl), Fe3O4, FeCO3, SiO2, NaAlSi3O8

(Bethencourt
et al., 2018)

Fougueux 1805 2014
Bay of Cadiz

(Atlantic)
7 Cast iron Concretion β-FeO(OH,Cl), Fe3O4, FeCO3, SiO2, NaAlSi3O8

(Bethencourt
et al., 2018)

USS
Arizona

1941 2004
Pearl Harbour

(Pacific)
10 Steel Concretion

α-FeO(OH), γ-FeO(OH),β-FeO(OH,Cl), FeCl3, Fe3O4, FeCO3,
CaCO3,

(Donald et
al., 2006;

Wilson et al.,
2007)

Abbreviations: bn = benyacarite [(H2O,K)2Ti(Mn2+,Fe2+)2(Fe3+,Ti)2Ti (PO4)4(O,F)2·14(H2O)], jr = jarosite [((K, Na, H3O) Fe3+
3(SO4)2(OH)6)], ar = amorphous rust
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Following formation of the metal cation, deprotonation of 2 water molecules in the

hydration sphere of [Fe(OH2)6]2+, Fig. 1.1, results in a solid precipitate of Fe(OH)2.

Oxidation of Fe(OH)2 produces either green rust I (GR1) or green rust II (GR2) (Misawa

et al., 1974). Green rusts are mixed Fe(II/III) phases that are intermediate products of

the corrosion reaction. They may incorporate anions into their structure, e.g: Cl -, SO4
2-

or CO3
2- (Genin et al., 1998) and oxidise to Fe3O4 or an Fe(III) oxyhydroxide: α-, β- or γ-

FeO(OH). Of these possible end-products, which one forms is dependent on the

oxidation rate, pH and structure and composition of the green rust (Misawa et al., 1974).

1.1.3.1 Chlorinated iron corrosion products

When chloride is present in the system, it can be incorporated into the crystal lattice of

certain corrosion phases, Fig. 1.7-a. The first of these to form is the Fe(II)

hydroxychloride, β-Fe2(OH)3Cl (Réguer et al., 2015). This phase is unstable if exposed

to oxygen, when it transforms to either Fe3O4 or an Fe(III) oxyhydroxide: α-, β- or γ-

Fig. 1.6 Schematics of typical corrosion layouts observed on archaeological iron buried in a, b: seawater

and c: soil environments. Schematic images from: a (Rémazeilles et al., 2009), b (Kergourlay et al., 2018)

and c (Neff et al., 2004)
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FeO(OH) via an intermediate chlorinated green rust one, GR1(Cl -), [Fe3
IIFeIII(OH)8]

[Cl·nH2O] (Refait and Genin, 1997), but fast oxidation processes can bypass the GR1

intermediate (Rémazeilles and Refait, 2008). The short-lived nature of β-Fe2(OH)3Cl

means it is not always observed on artefacts and, as a result, the chlorinated phase most

often associated with archaeological iron corrosion in chlorinated media is one of the

transformation products of β-Fe2(OH)3Cl: akaganeite (Reguer et al., 2020, 2009; Selwyn

et al., 1999; Ståhl et al., 2003).

A chlorinated oxyhydroxide, akaganeite is commonly referred to by the formula β-

FeO(OH, Cl), but is more accurately defined as FeO0.833(OH)1.167Cl0.167 (Ståhl et al.,

2003). Crystals of akaganeite have a monoclinic structure, Fig. 1.7-b (space group:

I2/m), built from edge- and corner-sharing Fe(O,OH)6 octahedra, which form a tunnel

structure similar to the hollandite crystal (Post et al., 2003; Post and Buchwald, 1991;

Ståhl et al., 2003). Within the channels chloride is present with maximum 2/3 occupancy

Fig. 1.7 Crystal structure of chlorinated iron corrosion phases a: β-Fe2(OH)3Cl [ICSD 155535] and b:

akaganeite, β-FeO(OH, Cl) [ICSD 69606]. Image on the left gives the view down the b-axis, image on the

right shows 2 unit cells of the crystal. Atoms: yellow = Cl, grey = O, green = Fe.
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(Ståhl et al., 2003), however the total amount of chloride can range from 2-12 wt% (North,

1982; Reguer et al., 2009). Two Cl sites may be distinguished in the crystal: within the

tunnel structure, Clstr, and adsorbed to the surface, Clsur, as highlighted in Fig. 1.7-b

(Reguer et al., 2020, 2009). The size of individual β-FeO(OH, Cl) crystals depends on 

the growth conditions, but is typically small, around 0.15 x 0.03 μm, resulting in a large 

proportion of Clsur (Ståhl et al., 2003).

In aqueous solutions with [Cl-] > 2-3 M and pH 4-6, β-Fe2(OH)3Cl oxidises to akaganeite

in ~7 hours (Refait and Genin, 1997). Conditions in this range – pH 4.8 at the metal

surface and high chloride concentrations – have been reported underneath the hard,

outer concretion layer of cast iron from marine archaeological sites (Macleod, 1981;

North, 1976). Building on these laboratory-based investigations, akaganeite has been

observed from the transformation of β-Fe2(OH)3Cl on archaeological iron in storage

(Kergourlay et al., 2010) and during conservation (Kergourlay et al., 2011). Such work

supports earlier theories that β-FeO(OH, Cl) only forms post-excavation (Gilberg and 

Seeley, 1981; Turgoose, 1982). Consequently, although β-Fe2(OH)3Cl may be the

predominant chlorinated phase during burial, its rapid oxidation (Refait and Genin, 1997;

Rémazeilles and Refait, 2008) means that by the time an artefact reaches conservation,

the majority has often transformed to β-FeO(OH, Cl). Therefore, to optimise conservation 

practice, it is essential to understand the chemistry, reactivity and changes that occur to

akaganeite before, during and after treatment.

1.2 Conservation of archaeological iron

Metallic objects are common finds at archaeological sites dating from the late prehistory

onwards (Rimmer et al., 2013a), however, even for objects that show minimal corrosion

during burial, rapid degradation may occur following excavation (Keene, 1994). This

leads to the loss of valuable archaeological information that is contained within the

microstructure (Tylecote, 1992) or surface features (Bertholon, 2001) of an object. As a
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result, the development of a reliable, effective and cost-efficient treatment for

archaeological iron remains a long-standing goal for conservation.

Post-excavation treatments for archaeological iron focus on the removal of Cl-.

Techniques for iron desalination vary from one institution to another. Broadly, the

different approaches can be divided into two groups: reduction-based techniques –

electrolytic (Carlin et al., 2001; Gil et al., 2003), hydrogen plasma (Schmidt-Ott, 2004;

Schmidt-Ott and Boissonnas, 2002), or chemical (North and Pearson, 1975), where Cl-

is removed by transformation of chloride-containing crystals of akageneite; and washing

methods, Fig. 1.8. Among washing techniques, individual methodologies may use

different conditions, for example subcritical (Bayle et al., 2016; González et al., 2013),

elevated temperatures (Kergourlay et al., 2011, 2010), or agitation (North and Pearson,

1978). Additionally, different salts have been proposed for use as a treatment solution

(North and Pearson, 1978), including sodium hydroxide, NaOH; sodium

sesquicarbonate, Na2CO3/NaHCO3; and potassium hydroxide, KOH.

Fig. 1.8 Iron anchor in passive storage at the Mary Rose Trust
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Use of different salts results in various pH and ion concentrations of the treatment

solution. During washing treatment, Cl- diffuses from the artefact into the solution

(Selwyn et al., 2001), which is changed at regular intervals. Of the two Cl sites in

akaganeite, mobile Clsur is removed, while Clstr is thought to be unaffected (Kergourlay

et al., 2011; Reguer et al., 2020, 2009; Ståhl et al., 2003), due to the protected

environment of the tunnel structure surrounding Clstr which is absent for the weakly-

bonded, surface-adsorbed Clsur. The inherent variability of archaeological objects, in

terms of metal content, burial conditions, age, shape, size, porosity and corrosion

thickness, means that the length of treatment and frequency of solution changes are, in

practice, object-specific parameters. Treatments are instead monitored by measuring the

Cl- concentration of wash solutions and are considered complete when [Cl-] falls below

5 mg L-1 (North, 1987). Alongside their use as a washing treatment, high pH solutions

may also be used as a passive storage environment for archaeological iron, as it has

been found that at ambient conditions, the metal does not actively corrode above a pH

~ 9 (Hjelm-Hansen et al., 1993).

Comparisons of methodologies (Coelho et al., 2014; Hjelm-Hansen et al., 1993; North

and Pearson, 1978; Rimmer et al., 2012) are limited by the inherent variability of

archaeological material, which is compounded at each stage of an objects’ lifetime, from

manufacture (metal content, production method), through its use (environment, repair,

reuse), eventual burial conditions and excavation (time, surroundings, context). As a

result, experimental comparisons involve a trade-off between minimising the number of

variables, for example by using modern alloys or a limited number of samples and

obtaining statistically significant data that accounts for the complex history of

archaeological artefacts. One approach that allows direct observation of archaeological

iron in a treatment solution is to perform an experiment in situ. Using a custom-built cell

(Kergourlay et al., 2010) it has been shown that immediately following immersion in

NaOH (pH 13.5), β-Fe2(OH)3Cl in the corrosion layer of marine archaeological iron

transforms into Fe(OH)2 and Fe3O4, for both aerated and deaerated solutions
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(Kergourlay et al., 2018). However, following this initial reaction, a different end product

forms when oxygen is present, via precipitation of GR1(Cl-) and transformation to β-

FeO(OH, Cl), meaning akaganeite may only form under aerated conditions. These in situ

observations support earlier suggestions that desalination treatments are more effective

when oxygen is removed from the treatment solution (Rimmer et al., 2012; Watkinson

and Al-Zahrani, 2008), an environment which prevents akaganeite formation, while

giving a direct insight into the reactions that occur during conservation.

Typically, comparisons of washing methods have focused on the absolute ability of the

solution to remove chloride, usually by measuring [Cl-] extracted in each treatment bath

(Hjelm-Hansen et al., 1993; North and Pearson, 1978). It has been argued that residual

chloride content may give a better insight into the removal efficiency; though

quantification of this involves dissolution of the artefact and bulk measurement of [Cl-]

(Rimmer et al., 2012). The drawback of this approach is that it provides no information

about the distribution or species of chlorine in the artefact. Consequently, by focusing on

the removal efficiency of a treatment, a second important factor is not considered: the

penetration depth of the solution. Tomographic analysis of Roman nails before and after

desalination by alkaline sulfide chemical reduction shows that loss of chloride occurs

from cracks in the artefact, but only via cracks large enough to allow passage of the

treatment solution (Jacot-Guillarmod et al., 2019). The chloride ion is highly mobile

(Selwyn et al., 2001), with a diffusion coefficient in H2O at 25 °C of 1.38 x10-9 m2/s (Tang

and Sandall, 1985). As a result, if a conservation treatment only affects the porous

surface layers of an artefact, there is a risk that Cl- may travel deeper than the treatment

solution and remain trapped inside post-conservation. Once an iron object has

completed aqueous desalination, it usually undergoes a drying process before the

external surface is coated with a protective layer: a wax-graphite mixture for cast irons

and a phosphate-based primer for wrought irons (North, 1987). Because of this, if the

solution is unable to penetrate as deep as Cl-, the external coating my trap residual
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moisture and Cl- inside the object, leading to damaging corrosion while in storage or on

display (Selwyn, 2004).

To overcome this, several desalination treatments have been designed to increase the

porosity of the corrosion layer (Selwyn, 2004). It has been proposed that the efficient

chloride removal of reduction-based methods, such as alkaline sulfide and

electrochemical reduction, arise from their ability to increase corrosion-layer porosity (Gil

et al., 2003; Gilberg and Seeley, 1981; North and Pearson, 1975). However, this property

is not limited to reduction-based methods, as immersion treatments have also been

found to cause an increase in porosity. For example, washing iron at ambient conditions

in 0.5 M NaOH (Hjelm-Hansen et al., 1993) and at high temperature/pressure

(130 °C, 35 bar) in 0.125 M NaOH (Bayle et al., 2016), a more porous corrosion layer

was observed after both treatments. While greater porosity may assist solution flow

through the corrosion layers, there is evidence that high chloride concentrations may be

found inside the remaining metal core of archaeological iron (Watkinson et al., 2014). As

a result, increasing the porosity of the corrosion layer will have little impact on the ability

of a treatment to reach ions that have migrated through micro-cracks and pores inside

the metal alloy.

1.3 Synchrotron techniques

Building on the conservation studies briefly reviewed here, this project uses a

combination of in situ investigations of long-term conservation treatments and in-depth

characterisation of corrosion layers post-conservation by mapping, point analyses and

3D tomographic visualisations to study the impact of conservation on the corrosion of

marine archaeological cast iron. Due to the highly complex and heterogeneous nature of

the material, advanced analytical methods are required to fully characterise the system.

To achieve this, synchrotron radiation has been used to conduct a series of experiments

which would not be possible with equivalent lab-based light sources, for example, by
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allowing the analysis to be performed in situ during treatment. Using this approach, new

insights may be gained into how conservation influences the chemistry, stability and

products of archaeological iron corrosion, at various timepoints post-excavation.

When a charged particle, such as a proton or electron (e-), is accelerated by a magnetic

field, it emits electromagnetic radiation. If the e- is travelling close to the speed of light,

c, and is accelerated into a curved path, e.g: by application of a magnetic field

perpendicular to its direction of motion, the emitted radiation is called synchrotron

radiation, SR (Balerna and Mobilio, 2015). Advantages of SR include a high degree of

polarisation, stability and production over a broad spectral range, from the infrared to

hard X-ray region. Consequently, a wide range of wavelengths are available for

experimentation, in the form of a tuneable beam that may be coupled with hardware to

create an instrument with high resolution and sensitivity (Balerna and Mobilio, 2015;

Bertrand et al., 2012). These characteristics are useful in the analysis of archaeological

material as several phases may be present in the structure, giving complex,

heterogeneous samples that require high sensitivity and resolution to characterise.

Furthermore, the high flux, intensity and brilliance of SR enables smaller source sizes

and faster measurements. Short dwell times are advantageous for delicate

archaeological samples, as it minimises beam damage that may occur with longer

exposure times (Bertrand et al., 2015).

Synchrotron radiation has been found to occur naturally in cosmic settings, where

relativistic electrons interact with magnetic fields (Jacobson et al., 2006). A notable

example of astronomic synchrotron radiation is the bluish glow observed at the centre of

the Crab Nebula, (the remnants of a supernova) which is thought to arise from

synchrotron radiation emitted by electrons trapped in the magnetic field of the Crab

Pulsar (The MAGIC Collaboration, 2008). In laboratory settings, synchrotron radiation

can be intentionally produced using a circular particle accelerator called a synchrotron.

In a synchrotron, electrons from an e- gun are accelerated to relativistic speeds in an
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evacuated pipe surrounded by bending magnets known as a storage ring. Before the

electrons are injected into the storage ring, they undergo a two-stage acceleration

process, first in a linear accelerator, or linac, to energies in the MeV range, and then by

a booster ring to the GeV range. A schematic of a modern synchrotron facility is given in

Fig. 1.9.

The first synchrotron was proposed in 1945 (McMillan, 1945), and it was 2 years later, in

1947 that experiments at the General Electric Research Laboratory in the USA first

reported on the phenomena of synchrotron radiation (Elder et al., 1947). At the time, the

synchrotron used had an energy of 70 MeV and orbital radius of 29.3 cm. Initially,

synchrotrons were built for high-energy or nuclear physics research and SR was

considered an unavoidable loss of energy that occurred to charged particles in the

accelerator. It was only in the mid-1960s that facilities began to accommodate users,

who conducted experiments using the produced SR (Willmott, 2019). This led to a

transition in the 1980s from 1st generation sources to 2nd generation synchrotrons, which

Fig. 1.9 Schematic of a 3rd generation synchrotron light source. Image from:

http://www.diamond.ac.uk/
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were specifically designed to produce SR. Initially, the light was produced by bending

magnets (Balerna and Mobilio, 2015), before insertion devices – undulators and wigglers

– were invented; a shift which marks the evolution to 3rd generation synchrotrons

(Balerna and Mobilio, 2015; Willmott, 2019). Today, 3rd generation synchrotron sources,

such as the UK’s Diamond Light Source, can reach energies in the GeV range with an

orbital radius of ~0.5 km. Fig. 1.10-a shows how the brilliance of X-ray sources has

increased exponentially over the past 100 years (Willmott, 2019). In modern research,

SR has found applications in fields as diverse as archaeology (Bertrand et al., 2012),

botany (Lombi and Susini, 2009) and catalysis (Bonino et al., 2015).

Any experimental technique that uses incident photons for analysis can take advantage

of the unique properties of SR. At modern synchrotron facilities, bespoke experimental

stations called beamlines tune and focus the light, before coupling it with various

detectors, sample stages and sample environments to create an instrument that can be

Fig. 1.10 Brilliance of X-ray sources, a: change over time in brilliance produced by components used in

synchrotron storage rings and b: spectral brilliance curves of devices used in 4th generation synchrotrons.

Figure from (Willmott, 2019)
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tailored to the specific research question of a user. Be it a biological or physical system,

requiring micro- or nano- scale analysis, or the generation of high temperatures and

pressures; there will be a beamline best suited to each experiment. In this project, data

has been collected from 4 beamlines at Diamond Light Source, using the following

analytical techniques:

 X-ray Absorption Spectroscopy (XAS) to study amorphous material, oxidation

state, co-ordination and local structure.

 Synchrotron X-ray Powder Diffraction (SXPD) to characterise crystalline species

and their crystal structure.

 X-ray fluorescence (XRF) mapping to image elemental distributions.

 Tomographic methods, including synchrotron X-ray computed tomography, X-

ray Diffraction micro-computed tomography and X-ray Fluorescence micro-

computed tomography (µ-CT, µ-XRD-CT and µ-XRF-CT) to non-destructively

visualise 3D structures based on X-radiographs, diffraction patterns and

fluorescence spectra respectively.

In the following sections, each of these techniques will be briefly introduced, including

the main advantages in using them to study marine archaeological iron corrosion.

1.3.1 X-ray Absorption Spectroscopy (XAS)

An atom of any element consists of a nucleus of protons and neutrons, surrounded by

electrons that occupy energy levels (K, L, M shells) specific to that element. When a

photon, hv, is incident on an atom with enough energy to excite a core e- to the continuum

– energies in the X-ray region of the electromagnetic spectrum – the electron is emitted

as a photo-electron, Fig. 1.11. This leaves the atom in an excited state and creates a

core-hole. To relax back to the ground state, an electron from a higher energy level drops

down to fill the core-hole and a fluorescence X-ray (an X-ray photon with energy equal

to the difference of the core levels), or an Auger electron (an electron excited to the
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continuum from another core shell) is ejected. Both fluorescence X-rays and Auger

electrons have discrete energies that are characteristic of the atom that absorbed the

incident photon.

The intensity, I, of a photon beam passing through a material of thickness, t, is given by

the Beer-Lambert law:

(1.12)
0

 tI I e

Where I0 is the intensity hitting the material and µ is the absorption coefficient, which

gives the probability of absorption and is dependent on the photon energy, E, atomic

number, atomic mass and density. If the incident X-ray photon has an energy equal to a

core energy level, a sharp rise in absorption is seen, known as an absorption edge, Fig.

1.12 (Newville, 2004).

During an X-ray Absorption Spectroscopy (XAS) experiment, the absorption coefficient

is measured as a function of energy, µ(E). This may be calculated by either measuring

the intensity of the beam transmitted through the sample [ transmission mode], by

Fig. 1.11 Structure of an atom, showing the effect of an incident photon to form a core-hole and produce a

fluorescence X-ray and Auger electron
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measuring the intensity of the fluorescence X-ray [fluorescence mode], or by measuring

the Auger electron [electron yield]. A monochromator is used to change the energy of

the incident beam, allowing the absorption to be scanned through an energy window

above and below the absorption edge of interest, giving an absorption spectrum, Fig.

1.12, for the element.

Each absorption spectrum is divided into two regions: the XANES (X-ray Absorption Near

Edge Spectroscopy) and the EXAFS (Extended X-ray Absorption Fine Structure). The

position of the white line, along with the presence of any pre-edge features in the XANES

provides information about the oxidation state, i.e: Fe2+ or Fe3+, and co-ordination of the

absorbing atom. The photoelectron produced by exciting an electron to the continuum

can bounce off atoms surrounding the absorbing atom. This causes the photoelectron to

constructively and destructively interfere with itself, resulting in oscillations in the EXAFS

region. Analysis of these oscillations enables extraction of the EXAFS signal, χ(k). By

modelling χ(k) using the EXAFS equation (1.13), information can be obtained about the

neighbouring atoms, namely their distance, number, co-ordination and species (Calvin,

2013).

Fig. 1.12 X-ray absorption spectrum, showing the main features: XANES, EXAFS, pre-edge and white line
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There are several advantages to using XAS for studying marine archaeological iron

corrosion. First, each spectrum is element-specific, so it may be used to isolate just the

chlorine-containing species present at a particular location. The method also works well

with dilute samples, so can be applied even if there is only a trace amount of Cl in the

sample. Furthermore, unlike diffraction, XAS does not rely on long-range order, so can

be used to study non-crystalline systems, such as amorphous rusts, or aqueous Cl. XAS

is an ideal tool for corrosion studies, where the metal is oxidised, as it provides a method

of distinguishing between different oxidation states of iron, from metallic Fe(0) through

to Fe(II) and Fe(III). Finally, in cases where two phases have the same crystal structure,

such as the spinel of magnetite, Fe3O4 and maghemite, γ-Fe2O3, collection of absorption

spectra allows differentiation of the products.

To conduct an XAS experiment, a very good measurement of µ(E) is needed. This

requires an X-ray source that is tuneable over a large range of wavelengths, such as SR.

Additionally, precise measurements of intensity are necessary, meaning high-quality

detectors must be used. As a result, though lab-based spectrometers are starting to be

developed (Błachucki et al., 2019), XAS is generally performed at a synchrotron facility.
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1.3.2 Synchrotron X-ray Powder Diffraction (SXPD)

When X-rays interact with matter, in addition to being absorbed, some may be scattered.

If the material has an ordered, repeating structure, e.g: a crystalline solid, then

constructive interference of the scattered wave will occur at specific locations, as defined

by the Bragg equation (1.14). This produces a diffraction pattern characteristic of the

crystal structure.

(1.14) 2 sin n d

Where n is the order of diffraction (an integer), λ is the wavelength of the X-ray beam, d

is the interplane spacing in the crystal lattice and θ is the angle of incidence of the X-ray, 

Fig. 1.13.

Fig. 1.13 Principles of X-ray Diffraction
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There are two routes that may be used experimentally to solve the Bragg equation (Beale

et al., 2014). The first, more common approach, is to fix λ using a monochromator and 

measure the angle, 2θ, known as angle dispersive diffraction (ADD). The second method 

is to use a collimator or slits to fix 2θ and measure λ, known as energy dispersive 

diffraction (EDD) (Hansford, 2011; Hansford et al., 2014). Using EDD, diffraction may be

collected from a sample irrespective of surface morphology (Hansford, 2011), meaning

it may be applied to non-destructively measure archaeological artefacts, without any

sample preparation (Hansford et al., 2017). However, EDD has generally gives a poorer

Δd resolution and, commonly, when diffraction is used, it refers to an ADD setup. ADD

may be performed on a single crystal, or a powdered sample and is typically achieved

by varying θ, either by moving the sample, detector or incident beam. A powder consists 

of many small, compacted crystallites (1-10 µm) where all orientations are equally likely

– though preferential orientation can occur in a sample. As these multiple crystallites

diffract, they produce cones of diffracted rays, Fig. 1.13 (lower) brown lines, which

intersect a 2D plate to form rings known as Debye–Scherrer rings, which can be

integrated to produce a 1D diffraction pattern. (Blake et al., 2001)

Powder X-ray Diffraction, XRD, can be performed using a lab-based diffractometer to

great effect, and there is often no need to use SR for XRD. However, the very high

brightness of SR, coupled with the best detectors available, means that SXPD beamlines

can produce exceptionally high-quality, high-resolution diffraction patterns in very short

timescales. In addition, spinning of samples, which may not be possible on all laboratory

diffractometers, can reduce preferential orientation of a powdered sample. The surface

corrosion products removed from archaeological iron artefacts are highly complex

mixtures of phases. Using high-resolution SXPD, a much greater resolution and

signal:noise ratio is achieved, Fig. 1.14. As a result, multiple diffraction peaks that appear

as one in a standard lab XRD can be resolved and additional peaks that are below the

noise of the lab diffractometer are seen. For a complex archaeological corrosion sample,

this enables a more reliable phase-identification.
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1.3.3 Imaging methods

1.3.3.1 Elemental mapping

The principles of fluorescence X-ray generation were detailed in Section 1.3.1, where

they were used to find µ(E) in an absorption experiment. Another application of

fluorescent photons is based on their characteristic energies, which can be used to

identify the elements present in a sample. This application has been extremely

successful in archaeology, often by incorporating X-ray detection into a scanning

electron microscope (SEM) setup, where X-ray emission is induced by an incident beam

of electrons, or, more recently as a portable, handheld instrument, or pXRF, which may

be used on-site at an excavation.

The main advantage in using SR for XRF analysis is that it can take advantage of high-

spatial resolution to acquire raster scans that can be used to produce a 2D chemical

image map of the sample (Bertrand et al., 2016). This has been used effectively in the

analysis of artwork (Cotte et al., 2008) and archaeological documents (Brun et al., 2016).

However, though point SR µXRF has been shown to be an effective method for studying

iron corrosion (Grousset et al., 2015), distribution maps based on XRF data are less

Fig. 1.14 Comparison of SXPD and lab XRD of Mary Rose corrosion sample 81A0177-C1 given in d-

spacing due to different λ used for analysis (SXPD = 0.825784 Å and XRD = 1.5406 Å). Differences in 

peak-shape due to instrument set-up and calibration.
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commonly used to study these types of systems. Where elemental maps are produced

for corrosion studies, they tend to have an area on the order of µm2, with a maximum

size that rarely exceeds 1 mm2. While high magnification is desired for many

applications, when studying large artefacts with thick corrosion layers, analysis of a

larger region can provide more information about the system as a whole.

By collecting XRF maps at the same time as an XAS experiment, the presence of an

element may be observed at a location and its species identified at the same time. Using

this combination of large, cm scale XRF element maps acquired on a beamline during

an XAS experiment, the chlorine distribution and speciation in cross-sections of

archaeological iron may be studied in exceptional detail.

1.3.3.2 Tomography

Tomographic analyses create a 3D representation of a sample by building a series of 2D

cross-sectional slices. Individual cross-sections may consist of X-radiographs (Maire and

Withers, 2014), diffraction patterns (Li et al., 2019; Price et al., 2015; Vamvakeros et al.,

2018), neutron radiographs (Jacot-Guillarmod et al., 2019; Watkinson et al., 2014) or

spectroscopic data (Price et al., 2015) depending on the material and system being

Fig. 1.15 Plot of photon transmission from 30 to 30000 eV for Fe (density = 7.87 g cm -3) with a thickness

of 8 mm. Data from http://henke.lbl.gov/optical_constants/
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studied. The most common tomography, X-ray computed tomography (CT), which uses

X-radiographs, has been shown to be a highly effective non-destructive method for

studying archaeology (Haneca et al., 2012; Makovicky et al., 2015; Re et al., 2015),

corrosion (Burnett et al., 2014; Ghahari et al., 2011; Jacot-Guillarmod et al., 2015) and

metallography (Chuang et al., 2018; Johnson et al., 2013), particularly when combined

with 2D analytical methods. Using synchrotron radiation, greater spatial resolution and

faster acquisition times may be achieved than with lab-based sources (Maire and

Withers, 2014). Additionally, synchrotron µ-CT may be performed at high photon

energies. Fig. 1.15 shows that, for iron with 8 mm thickness, no photon transmission

occurs through the material until photon energies of 29 keV. Consequently, to perform a

CT scan an archaeological iron object, high energy photons are required, such as those

produced at a synchrotron.

Combining multiple types of tomography, known as multimodal tomography,

complementary data-sets may be obtained to give a greater insight into the chemistry

and spatial structure of the system. This may be achieved simultaneously, using the

same experimental set-up (Bleuet et al., 2008; Price et al., 2015), or, if different sources

are required, (e.g: neutrons and X-rays) the datasets may be collected separately and

later aligned during image processing (Jacot-Guillarmod et al., 2019). Using the latter

approach, it has been demonstrated that X-ray and neutron tomography may be

combined to differentiate iron corrosion phases and spatially follow their distributions

before and after desalination treatment (Jacot-Guillarmod et al., 2019). However, one

drawback of separately measuring datasets is that it prevents analysis of a reaction in

situ.

Taking advantage of the properties of SR and tailored sample environments, spatially

resolved, rapid and time resolved tomography may be performed on the micro scale from

samples under reaction conditions (Beale et al., 2014). During a diffraction tomography,

XRD-CT, experiment, a pencil beam is typically used and diffraction data (Section 1.3.2)
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is recorded while translating the sample perpendicular to the beam and rotating the

sample around the vertical z axis (Artioli et al., 2010). Powder rings are integrated with

reference to a standard (e.g: CeO2). For each observed 2θ value, a sinogram is produced 

and back projected with an algorithm to give an image, where each pixel corresponds to

a diffraction pattern (Beale et al., 2014). Fig. 1.16 gives an overview of the reconstruction

process. Additional data processing techniques, such as Rietveld refinement, may be

applied to the diffraction data (Artioli et al., 2010; Li et al., 2019). This means the method

can be applied to complex, heterogeneous, real-word systems (Bleuet et al., 2008), that

vary with both time and space (Jacques et al., 2011). The methodology has been applied

successfully to visualise catalytic systems under operando conditions (Beale et al., 2014;

Jacques et al., 2011; Price et al., 2015; Vamvakeros et al., 2018) and for heritage

Fig. 1.16 Process of reconstructing an XRD-CT data set (y = translation, ω = rotation) a and b show the

individual sinograms for 2 phases, ettringite and the glass capillary respectively. Figure from (Artioli et al.,

2010)
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applications (Price et al., 2019). As a result, the methodology is well suited to studying

archaeological iron corrosion.

1.4 Project aims

This project aims to understand the corrosion of marine archaeological iron and the

impact of different conservation treatments on the reaction post-excavation. To achieve

this, this work examines the collection of cast iron cannon shot from the shipwreck of

King Henry VIII’s flagship the Mary Rose, which sunk off the coast of Portsmouth on 19th

July 1545. Having been produced in bulk, the shot were buried together and their relative

uniformity maintained until excavation (1979 - 1983), when they were treated by a

number of conservation methods and exposed to varying environmental conditions. As

a result, the collection presents a unique opportunity to look back on how 35 years of

conservation and storage has affected the current state of the shot. In this work, a

combination of archaeological material characterisation and experimental recreations

will be used to gain new insights into the chemistry of marine iron corrosion. This will be

achieved through the development of novel experimental and data analysis approaches,

combining laboratory- and synchrotron-based methods, specifically designed for

archaeological material. From this research, a greater understanding will be achieved of

the reactions that occur during iron conservation, leading to recommendations to aid the

development of more effective, cheaper and time-efficient strategies for the preservation

and storage of marine archaeological iron.

Each chapter in the thesis looks at a different time period in the collections’ lifetime.

Chapter 2 details the history and archaeology of the Mary Rose cast iron, before

experimentally recreating corrosion during the initial stages of seawater burial using µ-

XRD-CT. Chapter 3 characterises the corrosion systems on the shot post-conservation,

for artefacts with 4 different treatment histories. Chapter 4 investigates the reactions that

occur during long-term immersion in alkaline solution, through a unique long-duration
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experiment. Finally, Chapter 5 summarises the results of the project and looks at how

the conclusion may help develop future conservation strategies.

The main aims of the project are to:

 Investigate the chemistry of reactions that occurred to the shot during burial,

treatment and post-conservation; including, where relevant, the kinetics of the

reactions.

 Develop synchrotron-based methods for analysis of archaeological iron,

including adaptation of an existing diffraction tomography cell for use as a liquid-

flow system, design and development of a long-duration experiment cell for

grazing-incident diffraction, and methodologies for data calibration and fitting.

 Asses the prospect of immersion in alkaline solution as a long-term passive

storage environment for excavated marine archaeological iron.
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The raising of the Mary Rose (1511-45) shipwreck in 1982 was one of the defining

moments in the development of marine archaeology, involving innovations in

engineering, conservation and surveying. As an active warship, the Mary Rose served

as both a home and workplace for her 500 crew. Consequently, the remarkable

preservation of the ship and contents allows for a unique insight into life in Tudor

England; including warfare (Hildred, 2011), medicine (Watt, 1983) and daily activities

(Gardiner and Allen, 2005). Among the 19,000 artefacts recovered from the wreckage

were over 1,200 cast iron cannon shot. Following excavation, the collection was treated

using different conservation approaches, providing the opportunity to investigate how

conservation impacts cast iron corrosion. However, before studying post-excavation

changes to the shot, it is necessary to understand the structure and composition of the

metal and corrosion prior to and during burial. This includes analysis of how the alloys

were made, the initial metal composition and the corrosion processes that took place

during burial. To examine the changing state of the shot during the 16th century, this

chapter looks at the historical and archaeological context of the collection, examining

both the Mary Rose site and alloy material, before recreating the corrosion that occurred

in the first few hours of burial using multimodal synchrotron tomography.

2.1 Mary Rose history

On his accession to the English throne in 1509, King Henry VIII began a major expansion

of his navy (Marsden, 2003). Among the ships commissioned were two ‘great ships’,

weighing 400 tonnes or more: The Mary Rose and Peter Pomegranate. The only

contemporary image of the Mary Rose, Fig. 2.1, comes from the Anthony Roll, an

illuminated ordnance inventory of 1546, which describes the ship as a carrack, with 3

gun decks, 4 masts and 91 guns. Construction of the Mary Rose was completed by 1511,

and she served as flagship (Hildred, 2011) until being placed in reserve from 1515-20

and again from 1522-1545 (Marsden, 2003). During the latter period, the ship underwent

two refits, the first in 1527 and the second in 1536. The second refit coincided with a
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dramatic period of change in English history, the Dissolution of the Monasteries, and it

is likely that the refit was funded by loot taken during the dissolution. The break from the

Catholic church and harsh treatment of the monasteries angered the Pope and left

England isolated in Europe. As a result, Henry VIII entered into an alliance with the Holy

Roman Emperor Charles V in 1543, which committed England into participating in the

Habsburg/Valois war. However, by September 1544, Charles V had made peace with

France and left England to fight the French alone (Hildred, 2011; Marsden, 2003).

By 18th July 1545, the English fleet had retreated to Portsmouth, awaiting the French

attack. The following day, as the Mary Rose turned, she toppled and sunk into the waters

of the Solent. Her loss was a significant blow to the English navy and several theories

have been proposed to explain the sudden sinking. The most likely explanation includes

a combination of factors. The first involves human error, possibly exacerbated by a

language barrier (Bell et al., 2009), which resulted in the lower gun ports being left open.

Fig. 2.1 The Mary Rose on the Anthony Roll, 1546 ©Pepys Library, Magdelene College, Cambridge.

Image from https://maryrose.org/
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In addition to this, the refit in 1536 caused the ship to be top-heavy, overweight and

cumbersome. Combined, these factors enabled a gust of wind to be sufficient to topple

the Mary Rose, allowing water to rapidly enter the ship through the open gun ports.

Immediately following the sinking on 19th July 1545, plans were put in place to salvage

the wreckage. The operation was co-ordinated by Sir William Paget and Charles

Brandon, the Duke of Suffolk, using primarily Venetian seamen as salvors (Marsden,

2003). Work began on 3rd August 1545 and successfully recovered some of the ship’s

sails but attempts to raise the hull were unsuccessful. Efforts continued until 1549 to

recover as many guns as possible from the wreckage. By June 1546, a peace treaty was

signed with France, ending the war and King Henry VIII died 6 months later, on 28th

January 1547. Meanwhile, off the coast of Portsmouth, the Mary Rose had come to rest

on the seabed, in a location with preferential environmental conditions to preserve the

ship and contents for the next 400 years.

2.1.1 Burial environment

During the process of sinking, the Mary Rose took on a large amount of water, causing

her to capsize. As a result, the ship remained intact as it sunk to the bottom of the sea.

Over the following decades, tidal erosion began to degrade the exposed structure of the

wooden hull, Fig. 2.2, however the process was slow, providing protection for the ship’s

contents prior to burial in sediments. After capsizing, the Mary Rose came to rest on her

starboard side, at a 60° angle from the vertical, at a depth of 14 m (Jones, 2003). The

location of the burial site has unique and complex tidal characteristics, with a double high

water and short ebb flow (Sharples, 2000), which resulted in the accumulation of mud

that preserved the internal portion of the ship. Alongside this, the geology of the wreck

site also provided favourable conditions for preservation. The Mary Rose came to lie in

soft and yielding Eocene clay, which allowed the structure to sink into the seabed. If the

ship had capsized just a few hundred meters north, it would have rested on hard flint

gravel, which would not have enabled the same extent of preservation (Marsden, 2003).
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The weight of the ship, combined with the soft sediments and tidal movement, caused

the ship to descend into the seabed. This meant that only the exposed portions of the

hull were vulnerable to erosion by the sand-blasting abrasive action of the currents.

Deposition of fine silts and organic matter occurred in the lower 5 m of the hull, eventually

burying the remaining sections of the ship and contents (Jones, 2003). The entire

process of erosion and burial of the Mary Rose is depicted in Fig. 2.2.

Fig. 2.2 Sequence of erosion and burial of the Mary Rose. Figure from (Jones, 2003).
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Discovery of the Mary Rose first occurred in June 1836, when a diver named Henry

Abbinett uncovered a bronze gun, which bore an inscription with reference to King Henry

VIII (Marsden, 2003). Over the next 3 months an additional 3 bronze guns were

recovered from the wreck site, along with portions of rope, rigging blocks and human

bones by divers John Deane and William Edwards. Deane retuned to the site in 1840,

when he used explosives to open the seabed. Shortly after, in 1843-4, a team from the

Royal Engineers used explosives to demolish the nearby shipwrecks of the Royal

George and Edgar, which led to the incorrect assumption that the remains of the Mary

Rose had also been destroyed (Marsden, 2003). It was not until the 1960s that Alexander

McKee began the process that eventually led to the rediscovery and excavation of the

Mary Rose. McKee provisionally identified the site in 1967 and, working with

archaeologist Margaret Rule, the structure of the ship was first seen in May 1971. From

1971 until 1979, the site was extensively surveyed and trial excavations undertaken. Full

excavation of the site occurred between 1979 and 1983, with the most notable event –

the raising of the hull – broadcast on live TV on 11th October 1982.

Excavation of the ship identified 30 separate contexts, representing sedimentary

deposits relating to 4 groups: recent deposits overlying the entire wreck; Tudor deposits

within the ship; Tudor deposits in a scourpit around the wreck; and deposits pre-dating

the wreck (Marsden, 2003). Sediment cores sampled from the site were found to have a

negative redox potential, Eh, from -34 to -110 mV; pH between 7.6 and 7.9; dissolved

oxygen, dO2, of 0 mg/L, as measured with a ciba corning multiprobe; and a temperature

of 17-18 °C (Jones, 2003; Pointing, 1997). These characteristics indicate a wreck site

with reducing conditions and an environment favourable for the preservation of iron

alloys. The majority of the cannon shot were discovered in 2 shot stores, located in

quadrants M2 and M6, Fig. 2.3, though additional shot were found associated with, or

inside, various cannon (Hildred, 2011). Over 1,200 individual cast iron cannon shot were

recovered from the Mary Rose, of various size with diameters ranging from 23 to 268

mm. This assemblage represents some of the earliest examples of cast iron in England,
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from a time period known to have experimented with methods of cast iron gunfounding

and shot production (Awty and Whittick, 2002; Cleere and Crossley, 1995; Hodgkinson,

2000). Consequently, studies of the alloy may provide an insight into a unique period of

English ironmaking history.

2.2 Cast iron history

At the end of the 15th century, the British iron industry entered a period of remarkable

change. Since its arrival from the continent in 500-400 BC (Tylecote, 1962), iron smelting

had been performed in Britain via the direct, or bloomery method, producing a metal end-

product in the form of a solid bloom. During the 16th century a new, indirect smelting

method began to spread throughout the country, resulting from innovations in furnace

Fig. 2.3 The excavated structure of the Mary Rose shipwreck, showing the location of the two shot stores

in quadrants M2 and M6. A small selection of shot were also found in quadrants M11/12. Figure from

(Hildred, 2011)
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technology. This enabled the production of a molten, liquid iron which could be cast into

a mould to form cast iron or refined in a second step to give wrought iron. The

development of this technique marked the start of a new period in British ironworking

history (Schubert, 1957), laying down principles for the operation of blast furnaces that

would go on to fuel the industrial revolution, and grow into the technology used today.

Though direct reduction produces a high quality iron with fewer impurities like

phosphorous and sulphur (Schubert, 1957), the blast furnace operates using a more

efficient reduction process, providing an attractive alternative (Arribet-Deroin, 2013;

Awty, 2007; Craddock, 2003). The principle difference between blast and bloomery

furnaces is the greater reducing conditions reached inside the blast furnace, achieved

by operating at a higher temperature and using a higher fuel:ore ratio, resulting in a larger

CO/CO2 ratio (Craddock, 1995). There are two notable effects of using such strongly

reducing conditions. First, virtually all iron oxides present are reduced to iron metal. Iron

silicates no longer form, so cannot create the iron-rich slag of a bloomery furnace. To

overcome this, a flux must be added. There is evidence that the first fluxes used in

European blast furnaces were earlier, bloomery smelting slags and CaCO3 (Craddock,

1995; Tylecote, 1962). The second effect is that iron reduced in a blast furnace has a

relatively high carbon content, lowering the melting point down to the eutectic

composition of 4.3% C, where it decreases to ~1150 °C (Chipman, 1972). Under these

conditions, iron is in a liquid state, referred to as cast or pig iron. If this is run into a mould,

the final product is an iron-carbon alloy of between 2-5% C.

Cast iron first appeared in China in the 5th century B.C., where it was typically used for

mass-produced agricultural tools (Wagner, 2008). In contrast, in Europe the earliest

evidence of blast furnace use dates from the 11th century, although, until the 14th century,

the furnace products were only used for conversion into wrought iron (Craddock, 2003).

The first widely accepted blast furnace to start operating in England opened in 1496 in

Newbridge, Sussex in the Weald (Cleere and Crossley, 1995; Schubert, 1957). It has
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been suggested that there was an earlier furnace nearby; the Queenstock furnace at

Buxted, Sussex (Awty, 2003), which may have been used in early gun casting

experiments (Awty and Whittick, 2002). The more extensively studied Newbridge furnace

is a large, tall structure, fed from the top, tapped at the bottom and operated by water-

powered bellows. From archaeological excavations (Cleere and Crossley, 1995), the

height of the furnace is not known, but estimates place it between 6-8 m. Unlike the

earlier European blast furnaces, the Wealden furnace was constructed, in part, to make

castings directly from the initial melt. This enabled a quick and cheap method of

producing a large numbers of projectiles (Starley and Hildred, 2002). In particular, cast

iron was used alongside stone and lead to make cannon shot for warships.

2.2.1 Shot metallography

Cast iron that pre-dates the industrial revolution (Craddock, 2003; Tylecote, 1962;

Wagner, 2008), may be characterised as either white or grey, depending on the form of

carbon present in the metal. Which type forms is determined by the cooling rate and

Fig. 2.4 Metallography of Mary Rose cast iron shot performed by Starley and Hildred in c. 2002 [diameter

~65 mm], showing a: the sectioned shot and micrographs of b: outer casting region [view width 0.75 mm]

consisting of grey pearlite (lamellar α-Fe and Fe3C) in a white cementite (Fe3C) matrix and c: inner casting

region [view width 1.5 mm] with dark grey graphite flakes in a grey pearlite and white cementite matrix.

Figure adapted from (Hildred, 2011), image credit: Royal Armouries.
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composition of the melt. In a white cast iron, carbon is present as iron carbide (cementite,

Fe3C), giving a hard, brittle metal, while in a grey cast iron the carbon forms graphite

flakes, creating a softer, more fluid alloy that may be readily cast into intricate shapes

(Fontana, 1986). Typically, grey cast irons are produced using a slower cooling rate than

white cast irons, which allows graphite flakes to precipitate during the casting process. If

a temperature gradient occurs during cooling, carbon may present as both Fe 3C and

graphite, with differing ratios across the object. In cases where both graphite and Fe 3C

Fig. 2.5 Metallography of Mary Rose shot ID 81A6143, a: entire fragment imaged by optical microscopy

using a Leica DM4500 P LED polarised light microscope, with individual images collected at 50x

magnification and stitched together in ImageJ using the pairwise stitching plugin. SEM images of b: outer

and c: inner regions were collected using a using a Hitachi S-3400N scanning electron microscope in back

scatter electron mode with an accelerating voltage of 20 kV at 50x magnification. Both b and c show

ledeburite - grey pearlite (lamellar α-Fe and Fe3C) in a white cementite (Fe3C) matrix – and mid-grey

corrosion spots with dark grey graphite flakes in the centre of the corrosion.
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form, the alloy is referred to as a mottled cast iron. Metallographic examination of one

Mary Rose shot performed in 2002 (Starley and Hildred, 2002), Fig. 2.4, showed that

the microstructure on the outer surface consists of ledeburite – pearlite (lamellar α-Fe 

and Fe3C) in a cementite (Fe3C) matrix – changing to a structure of graphite flakes in a

ledeburite matrix towards the centre of the casting. This microstructure is consistent with

a fast cooling rate on the outside and slower cooling on the inside (Hildred, 2011; Starley

and Hildred, 2002).

Comparing the metallography of a single shot performed in 2002, Fig. 2.4, to a broader

examination of the shot collection today, variations in the metal composition may be

observed. For example, Fig. 2.5, shows the optical and electron microscopy of a small

fragment of shot ID 81A6143, which presents a similar microstructure to the mottled cast

iron shot studied by Starley and Hildred: ledeburite on the outer surface, with Type B

graphite flakes (rosette grouping and random orientation) (ASM Handbook: Volume 15

Casting, 1992) developed below 1.5 mm. Meanwhile, Fig. 2.6 shows the optical and

electron microscopy of shot ID 82A2618, which has a structure more appropriately

described as a grey cast iron; α-Fe and Type A graphite flakes (uniform distribution and 

random orientation) (ASM Handbook: Volume 15 Casting, 1992). This suggests a non-

Fig. 2.6 Metallography of Mary Rose shot ID 82A2618 a: optical microscopy image collected using a Leica

DM4500 P LED polarised light microscope at 200x magnification and b: SEM image collected using a

Hitachi S-3400N scanning electron microscope in back scatter electron mode with an accelerating voltage

of 20 kV at 40x magnification. Light grey represents the α-Fe metal and dark grey the graphite flakes.
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uniformity across the shot collection, likely arising from intrinsic fluctuations in the

manufacturing method or from variations in the supplier. Historical records for the period

report that several individuals supplied shot to the Mary Rose. For example, in 1513-4

shot was provided to the English navy by individuals including Lord Curson, Sir Stephen

Bull, Robert Scorer (the King’s gunstone maker from 1510-4), John Bowyer, Richard

Fermer and Humfrey Lightfoot (Hildred, 2011). The supply of shot would have included

munitions made of stone, cast iron and lead; all of which were found on board the Mary

Rose. However, irrespective of the individual supplier, if the Mary Rose cast iron was

English in origin, there is only one plausible production location, because, as far as is

currently understood, prior to 1550, all iron production sites in England made bloomery

iron, with the exception of the three Wealden blast furnaces (Hammersley, 1973). It was

only in the second half of the 16th century that blast furnaces began to open elsewhere,

Table 2.1. As a result, any English cast iron found on the Mary Rose would have been

produced at a Wealden blast furnace, with variations arising from different casting

events.

Table 2.1 Location and number of blast furnaces in England and Wales to 1569. Data from

(Hammersley, 1973)

Combining knowledge about the alloy construction and composition, alongside details of

the environmental conditions of the burial site, it is possible to piece together the most

important factors relevant to the corrosion of the Mary Rose shot. Building on the

historical perspective detailed in Sections 2.1 and 2.2, the next section describes the

Year Total No. Blast Furnaces No. in Weald No. Elsewhere

to 1529 3 3 -

1530-9 6 6 -

1540-9 22 22 -

1550-9 26 26 -

1560-9 44 36 8
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development and results of an experimental recreation of the corrosion reaction in the

initial hours following the sinking of the Mary Rose.

2.3 Initial corrosion during burial

The rate of iron corrosion in seawater is governed by a number of factors, including the

amount of dissolved O2, temperature, pH and water movement (Macleod and Richards,

2011). When the Mary Rose sunk on 19th July 1545, thousands of cannonballs were

suddenly exposed to the choppy waters of the Solent, with salinity between 33-35‰ and

an initial dissolved oxygen concentration of ~70% (Jones, 2003), before an anoxic

environment was created by sediment deposits in the following years (Section 2.1.1).

Burial in marine sediments with limited oxygen supply can create an environment with

sufficiently low corrosion rate to allow for remarkable preservation of artefacts (Huang et

al., 2004; Marsden, 2003; Refait et al., 2018). Under these, anoxic conditions, the

primary corrosion mechanism is driven by sulfate reducing bacteria, SRB (Rémazeilles

et al., 2009). However, in the case of the Mary Rose shipwreck, this environment took

several decades to form (Jones, 2003; Marsden, 2003). As a result, immediately

following immersion in seawater, a different corrosion reaction occurred on the shot and

by the time the ship was completely buried in sediments, a corrosion layer had likely

already formed on the metal. To understand the structure of the shot after immersion but

prior to burial in sediment and to study the reaction in the initial stages of marine burial,

a model system must be developed to recreate the conditions present and

experimentally monitor changes to the metal during exposure to this environment.

Over the past 50 years, research into archaeological iron corrosion has been successful

in identifying the typical phases formed during exposure to various environments

(Section 1.1.3). In marine burials, Table 1.1, corrosion usually leads to the formation of

one or several iron oxyhydroxides, α- β- or γ-FeO(OH) and a spinel phase – Fe3O4, or γ-

Fe2O3 – alongside incorporation of minerals from the burial environment. While variations
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in the burial environment, such as the absolute [Cl-] (Song et al., 2017), the ratio of Fe:Cl

(Taylor, 1984a, 1984b), or the ratio of Cl-:OH- (Refait and Genin, 1997; Refait and Génin,

1993) result in favourable formation of one iron oxide, or oxyhydroxide over another; the

number of corrosion phases observed over all assemblages are remarkably few. Instead,

more interesting questions arise concerning, not the identity of the corrosion products,

but the stratification of the rust in different environments and the rate at which each phase

forms. While 2D cross-sections through the corrosion layer can provide useful

information (Neff et al., 2005; Rémazeilles et al., 2009), 3D tomographic methods

(Albahri et al., 2019; Jacot-Guillarmod et al., 2019) are able to give a better insight into

the spatial arrangement of corrosion products. To go one step further, and combine an

in situ kinetics study with a visualisation of changes to the crystalline, elemental or

mineralogical content of the sample, multimodal synchrotron tomography, (Section

1.3.3.2) e.g: µ-XRD-CT, µ-XRF-CT or µ-XANES-CT, is required (Beale et al., 2014).

These techniques have been shown to be effective at showing how shells of different

species in a catalyst change during use (Price et al., 2015), at the real-time monitoring

for reactions of fuel cells during thermal-cycling (Li et al., 2019), at the differentiation of

complex, heterogeneous material (Bleuet et al., 2008) and in the investigation of

chemical reactions in time and space (Jacques et al., 2011).

In this section, µ-XRD-CT and µ-XRF-CT are applied for the first time to iron corrosion,

to experimentally recreate the corrosion of the Mary Rose cast iron shot in the first few

hours after burial. A simplified, model system has been developed using micron-sized

metal particles, to allow the reaction kinetics to be investigated and imaged at the micron-

scale. Crystalline corrosion products are observed as they form in situ over a 9-hour

period in an oxygenated, 0.6 M NaCl solution. This has given a unique insight into the

reactions that occur on Tudor metal during exposure to an aqueous, chlorinated

environment.
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2.3.1 Methodology

All experiments were carried out on the I18 microfocus beamline at Diamond Light

Source (Oxfordshire, UK) (Mosselmans et al., 2009). A powder sample of Mary Rose

cannon shot 81A3420 was collected using a Struers Secotom-10 (Rotherham, UK), fitted

with a diamond-tipped cut-off wheel, Fig. 2.7. A single cut was made into the ball using

a cutting speed of 500 rpm and 0.002 mm/s feed speed; with no lubrication to avoid

exposure of the metal to water. Powder from the initial 5 mm of the artefact was discarded

due to the presence of surface corrosion products. The collected powder used for the

experiment represents the metal from 5-10 mm depth into the casting and took ~1 hour

to complete the cutting procedure. Immediately following cutting, the metal powder was

Fig. 2.7 Collection of metal powder from Mary Rose cannon shot 81A3420
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placed in a glove box to prevent atmospheric corrosion prior to the experiment. A small

sample of metal powder was retained, mixed with 20 µm cellulose powder (Sigma

Aldrich) for a scale comparison, and examined by optical microscopy to confirm

particulate size in the range of 10-50 µm. Three 0.1 mm open glass quartz capillaries

(Capillary Tube Supplies Ltd, Cornwall, UK) were prepared by loading a 1:4 volume

mixture of cut metal powder in 20 µm cellulose powder into the capillary, plugged with

quartz wool at both ends, Fig. 2.8. These samples were then aged for 1 week prior to

the experiment by immersion in a 0.6 M chloride solution, prepared by mixing 7.0 g of

NaCl (99.5% purity, Sigma Aldrich) with 200 mL dH2O. The in situ tomography sample

was prepared fresh by mixing the pure metal powder with quartz wool and loading the

metal-containing wool into a 0.1 mm open glass quartz capillary.

2.3.1.1 Tomography cell design

A previously designed stage for tomography experiments on the I18 beamline was

adapted for use as a liquid-flow system, Fig. 2.9 with an in-line tap. The set-up consisted

of a glass syringe for solution injection, connected to 1/16 in PTFE tubing (Sigma Aldrich)

via an F-F luer lock adaptor (Cole-Parmer, London, UK) and luer lock to swagelok fitting

Fig. 2.8 Metal powder: cellulose mixture in capillary immersed in 0.6 M NaCl for 1 week prior to

experiment
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(Swagelok, London, UK). This led into a stainless-steel integral bonnet needle valve 2-

way tap (Swagelok, London, UK), with a 1/8 in to 1/16 in tube reducer on both ends of

the tap, used to control liquid flow. A second section of 1/16 in PTFE tubing connected

the tap to a base cell mount, previously designed and built by S. Price and S. Keylock,

into which the capillary sample was inserted and sealed with an O-ring. Excess tubing

Fig. 2.9 Tomography cell a: assembled in laboratory conditions; b: and c: on the beamline (I18, Diamond

Light Source) during experiment
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was used and coiled to allow for rotational movement during data collection. All tubing

ends were secured with 1/16 in nuts and 1/16 in ferrules (Swagelok, London, UK). During

experimentation, the base of the cell mount shown in Fig. 2.9-a was connected to the

beamline rotation stage as shown in Fig. 2.9-b and -c.

2.3.1.2 Experimental method

µ-XRD-CT and µ-XRF-CT were collected simultaneously using a beam size of 2 µm x

2 µm with an incident energy of 12 keV. Debye-Scherrer rings were collected using a

4098 x 2045 pixel Photonic Sciences CMOS-based X-ray imaging detector positioned

110 mm from the sample. The detector was calibrated using a LaB6 reference material.

Fluorescence spectra were measured using a 4 element Vortex Si Drift detector, across

an energy range of 2-15 keV. Each tomographic slice was collected by rotating the

sample around 180° with a step size of 4°, giving a total of 45 rotational points and

exposure time of 0.6 s per point. 2,268 2D diffraction images were collected per

tomographic slice, giving a total collection time of 48 minutes per tomographic slice.

Before the in situ corrosion test was performed, the week-old, pre-aged sample was

measured, across an imaging area of 75 µm x 75 µm (step = 2 µm). Following analysis

of the pre-corroded sample, the freshly prepared metal-in-quartz-wool capillary sample

was loaded into the base stage. First, the sample was measured dry, before a 0.6 M

NaCl solution was injected into the capillary. The end of the capillary was left open, to

allow exposure to atmospheric oxygen during the reaction. The tomographic data

collection was repeated continually for 9 hours, giving 11 tomographic slices,

representing different timepoints in the reaction. One single tomography slice was

collected at each timepoint, across an imaging area of 115 µm x 115 µm (step = 2 µm).

2.3.1.3 Data analysis

Tomography data-sets were calibrated, processed and reconstructed using the SAVU

processing pipeline (Parsons et al., 2017) developed at Diamond Light Source. Use of
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SAVU allowed both the diffraction and fluorescence data to be reconstructed within the

same processing chain. For each time point in the experiment, 2,268 TIFF images (4098

x 2045 pixels) were collected containing the 2D diffraction image data. These were

calibrated using an LaB6 standard and azimuthally integrated to give a 1D diffraction

profile with dimension 1005, corresponding to the 2θ axis. For the diffraction data, a 

background removal paramater was applied and for the flourescence data the spectra

were cropped to an energy range of 2-10 keV. Both XRD and XRF data were

reconstructed using a filtered back-projection method with Shepp-Logan filtering. Due to

the possibility of movement over the 9-hour period of data collection, the centre of

rotation was refined as a range, giving a 4D datastack consisting of 2 spatial axes (x, y),

a spectral axis (2θ for XRD, keV for XRF) and a centre of rotation axis per timepoint in 

the in situ experiment. Reconstructed datasets were visualised in DAWN v.2.8.0

(Basham et al., 2015) and the centre of rotation determined based on the XRF dataset.

False-colour images were prepared using ImageJ (Schindelin et al., 2012).

2.3.2 µ-XRD-CT and µ-XRF-CT results

In the immediate aftermath of the ship sinking, the Mary Rose cannonballs were exposed

to oxygenated seawater with [Cl-] of ~0.6 M (Jones, 2003). To model these conditions,

the metal from one Mary Rose shot (ID no. 81A3420), Fig. 2.7, was prepared as micron-

sized particles, Fig. 2.10, ahead of exposure to 0.6 M NaCl solution. The initial

composition of the particle prior to corrosion consisted only of ferrite, α-Fe, Fig. 2.11-a;

Fig. 2.10 Optical microscopy of the capillary samples. The in situ sample is shown a: dry and b: following

9-hours in 0.6 M NaCl. Pre-aged sample is shown in c: following 1 week in 0.6 M NaCl. Scale bar = 50 µm
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however, depending on the casting conditions present at manufacture (Section 2.2) it is

likely that some cementite, Fe3C, would have been present on the outside of the shot at

the time of burial. As the metal powder used in the experiment originates from 5-10 mm

depth into the casting, it corresponds to a region where metal cooling was slower, giving

graphite more time to precipitate (ASM Handbook: Volume 15 Casting, 1992) and a

greater proportion of α-Fe. The presence of existing corrosion products on the surface 

of the shot, Fig. 2.7, required the outer 5 mm of metal be discarded, meaning a slight

discrepancy between the metal content of the tomography sample and the alloy on the

outside of the shot was unavoidable.

Optical microscopy of the metal particle prior to injection of the chloride solution, shows

that it appeared as an isolated, shiny metal, Fig. 2.10-a. Following the 9-hour in situ

tomography experiment, the particle reacted, Fig. 2.10-b, to give a black crystal

surrounded by a diffuse halo of orange-red corrosion, which was also observed after 1

week in solution, Fig. 2.10-c. Reconstruction of the Fe k-alpha fluorescence emission

Fig. 2.11 Phase identification of the crystalline products present a: prior to corrosion and b: following 1

week in 0.6 M NaCl solution. Database reference: α-Fe = ICSD 53451; Fe3O4 = ICSD 26410.

λ= 1.03319 Å 
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line at 6.4 keV, shows a decrease in intensity of the metal particle during the tomography

experiment, Fig 2.12. In Fig. 2.12, the imaged particle is pressed against the wall of the

capillary tube, as it appeared in the tomographic slice during the experiment. This is

consistent with loss of iron from the metal into solution due to reaction of Fe 0 to aqueous

Fe2+ or Fe3+, and supports the optical microscopy results, where a diffuse orange-red

halo formed by the end of the experiment. No fluorescence was observed at the Cl k-

alpha emission line at 2.6 keV for the metal particle and surrounding area, Fig. 2.13,

meaning it was not possible to visualise the location of chlorine in the sample.

To better understand the corrosion phases that formed during the in situ tomography,

diffraction data was collected for each timepoint in the experiment. The accumulated

diffraction from the whole of the imaged particle over time is shown Fig. 2.14. At the start

Fig. 2.12 µ-XRF-CT of the Fe k-alpha fluorescence emission line at 6.4 keV for the 11 timepoints following

injection of NaCl solution. The metal particle is seen at the top of the images.

Fig. 2.13 Fluorescence of the metal particle and surrounding area dry, immediately after solution injection,

at the end of the 9-hour experiment and after 1-week immersion. Inset shows absence of Cl k-alpha peak

at 2.6 keV.



80

of the experiment – shown in black in Fig. 2.14 – the only crystalline phase present was

α-Fe, which has been highlighted by the (101) peak at 2θ 29.6° (λ= 1.03319 Å). Following 

1 week in solution – shown in grey in Fig. 2.14 – no α-Fe is observed, demonstrated by 

the absence of diffraction at 2θ 29.6°, with the formation of an oxide phase, identified as 

magnetite, Fe3O4, Fig. 2.11-b. No other oxide phases were observed in the week-old

sample. Previous experiments have observed the reaction of metallic iron to Fe 3O4 on

low carbon steel in chlorinated soil environments, for all Cl - concentrations in the range

0.015 to 1.015 wt% (Song et al., 2017). However, in the experiment by Song et al, at all

[Cl-], Fe3O4 formed alongside an Fe(III) species – goethite or lepidocrocite – and a

chlorinated iron oxide. This is different to the simulated marine burial of this experiment,

where the only crystalline corrosion product formed was Fe3O4. One possible explanation

for the observed absence of an Fe(III) species is a depletion of oxygen inside the capillary

sample. The end of the capillary was open to allow for oxygen exchange with the external

environment, but it is possible this occurred at a rate that was too slow to replenish the

oxygen inside the capillary. An alternative explanation for the absence of an identifiable

Fe(III) species arises from the main limitation of the µ-XRD-CT methodology: it cannot

be used to investigate non-crystalline species. As shown in the optical microscopy, an

orange-red product formed further away from the core of the particle. This colour is

Fig. 2.14 Diffraction of the metal particle dry, for the 11 timepoints post-injection and for the week-aged

sample. Insets show zoom-ins of the Fe3O4 (131) peak at 2θ 23.6° (left) and the α-Fe (101) peak at 2θ 

29.6° (right). λ= 1.03319 Å. 
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typical of an Fe(III) species (Cornell and Schwertmann, 2003a), meaning it is likely an

amorphous phase which cannot be identified by diffraction.

The absence of any chlorinated phases among the corrosion products is somewhat

surprising, as it implies that Cl- is not directly involved in the corrosion reaction but may

act instead as a spectator ion. A similar absence of chloride-containing species was

observed in the characterisation of the seawater corrosion of the wrought-iron clad

warship, the USS Monitor (c. 1862), which presented with a rust of predominantly

magnetite, with an outer layer of goethite and lepidocrocite (Cook and Peterson, 2005).

This proposal of Cl- acting as a spectator ion is further supported by studies of the

atmospheric corrosion mechanism of iron in high [Cl-] environments (Ma et al., 2009).

Under these conditions, Cl- is not directly incorporated into reaction products, but is

instead thought to have an acceleration effect that facilitates formation of α- and γ-

FeO(OH).

During the in situ µ-XRD-CT analysis, over the 9-hour exposure time – from red to blue

in Fig. 2.14 – an initially rapid decrease can be seen in the intensity of the α-Fe peak at 

2θ 29.6°, primarily in the first 3 hours, with a slower decrease in the latter 6 hours (T4, 

yellow, onwards). Correspondingly, there is an increase in the intensity of the Fe3O4

(131) peak at 2θ 23.6° that is approximately constant after 3 hours. This suggests that a 

direct reaction, (2.1), occurred from α-Fe to Fe3O4, as no intermediate phase was

observed in the data. However, as this analysis looks only at crystalline species with a

time resolution of 51 minutes, the possibility of a non-crystalline or short-lived

intermediate in the ferrite-to-magnetite reaction cannot be ruled out. For example, it has

been suggested that in chlorinated soils with limited oxygen supply, Fe3O4 forms from

metallic iron via a gel-like Fe(OH)2 intermediate (Song et al., 2017). However, this

proposed Fe(OH)2 intermediate is theoretical as the phase was not observed during the

soil corrosion of carbon steel or ductile iron (Song et al., 2017).
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(2.1) ( ) 2( ) 3 4( )
3Fe + 2O Fe O

s g s

To visualise the reaction, the tomographic data was reconstructed into a single 2D image

for each time-point in the experiment, shown in Fig. 2.15 (not all timepoints shown for

brevity). The intensity of signal in each pixel for the metal peak at 2θ 29.6° and the oxide 

peak at 2θ 23.6° are shown in red and green respectively. It can be seen that, prior to 

injection of the chloride solution, the particle consisted almost entirely of α-Fe, with a 

faint trace of Fe3O4 on the outside of the particle. The outline of the full particle prior to

injection based on the total diffraction scattering is shown in Fig. 2.16. Addition of the

liquid caused the particle to be pushed to the edge of the quartz capillary, resulting in a

change in the appearance between the dry and T1 tomographic slices. At T1, the sample

still consists only of α-Fe, though the addition of the liquid resulted in a decrease in 

maximum signal intensity from 2.0 to 0.4 a.u. By T2, 51 minutes later, the maximum

intensity of the metal phase decreased by an order of magnitude to 0.05 a.u. and an

oxide species begins to appear relatively evenly dispersed across the entire particle.

Further growth of the oxide, particularly on the right-hand side, and additional decrease

in metal intensity (0.02 a.u. maximum) is observed by T3. The distributions and

intensities of the metal and oxide remain consistent from T3 – T11, by which time a small

amount of metal remains, but the sample is predominantly magnetite. Reconstruction of

the diffraction from the week-old sample shows that sample is almost entirely Fe 3O4, with

Fig. 2.15 µ-XRD-CT of the α-Fe (101) peak at 2θ 29.6° (red) and Fe3O4 (131) peak at 2θ 23.6° (green), λ= 

1.03319 Å, measured on the particle dry, at 4 timepoints (T1-3 and T11) and following 1 week immersion

in NaCl solution.
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a faint trace of α-Fe in a couple of pixels. This suggests that the metal has completely 

reacted to oxide after 1 week in solution.

As shown in Fig. 2.14 and Fig. 2.15, in the present case, corrosion of the ~10 µm α-Fe 

particle reached equilibrium in 2-3 hours, with complete reaction to Fe3O4 by 1 week in

0.6 M NaCl. A recent study of a thin (20 nm) α-Fe film, observed complete dissolution of 

the metal film between 15 and 24 hours after immersion in seawater (Wood et al., 2018).

However, in the thin film study of Wood et al., minimal corrosion took place in the first 3

hours, with pitting corrosion only occurring after ~3 hours. This is different to the

corrosion kinetics of the α-Fe particle in this work, which reached equilibrium by 3 hours 

and proceeded via uniform corrosion, rather than pitting corrosion. A possible

explanation for these differences in initial corrosion kinetics and mechanism may be due

to the acknowledged possibility of the presence of a protective oxide layer on the α-Fe 

film of Wood et. al (2018), which was absent on the iron particle characterised in this

work.

Fig. 2.16 Total diffraction scattering signal image of the particle dry, prior to solution injection
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2.4 Conclusions

Building on historical and archaeological evidence, a multi-modal tomography

experiment was developed to recreate the corrosion of the Mary Rose cannon shot

during the initial hours following the sinking of the ship. Combining µ-XRD-CT and µ-

XRF-CT, the corrosion of a 450-year-old cast iron particle was studied in situ in aerated,

0.6 M NaCl solution over 9-hours. During the experiment, α-Fe reacted directly to Fe3O4

with no observable intermediate. Visualisation of the reaction showed that the oxide

formed evenly distributed across the 10 µm particle and the reaction reached equilibrium

in 2-3 hours. Alongside the in situ corrosion experiment, a second sample was pre-aged

in 0.6 M NaCl for 1 week. µ-XRD-CT of the week-old sample showed that the metal

completely reacted to Fe3O4. Optical microscopy of the in situ and week-old sample gave

an appearance of a black crystal surrounded by a diffuse halo of orange-red corrosion.

This distribution suggests the presence of a non-crystalline Fe(III) species which was not

identified in the diffraction analysis. Additionally, no chlorinated corrosion products were

observed to form during the experiment. Consequently, it is proposed that Cl- is not

directly involved in the reaction of α-Fe to Fe3O4 and instead acts as a spectator ion.

Overall, this experiment represents the first application of µ-XRD-CT to iron corrosion,

using a liquid-flow sample stage. This approach has successfully provided new insights

into the micron-scale distribution of metal and oxide phases at each stage of corrosion,

alongside the kinetics of the reaction. As a result, it has been demonstrated that multi-

modal tomography is a powerful technique that can combine imaging and chemical data

to study complex corrosion reactions in situ.

From this experiment, it may be concluded that immediately after sinking on 19th July

1545, any initial corrosion that occurred to the Mary Rose cast iron cannon shot would

have led to the formation of a layer of magnetite, with any further oxidation to Fe(III)

diffusing into the bulk seawater. Chloride present in the environment likely acted as a

spectator ion and was not incorporated into the magnetite corrosion layer. Kinetics
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analysis from the µ-XRD-CT experiment suggests that this initial reaction reached

equilibrium within a few hours of the ship sinking. Additional processes, for example,

kinetically slower reactions, micro-biologically influenced corrosion, the impact of tidal

currents and anaerobic corrosion following burial in sediment, were not investigated in

this work. However, this experiment has demonstrated that any future experiments which

aim to investigate later marine corrosion mechanisms may consider a metal overlaid by

magnetite as an appropriate starting material.
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After the sinking of the Mary Rose and initial corrosion of the shot, the entire ship was

buried in layers of sediment, reducing the oxygen concentration of the burial site and

allowing the shot to reach equilibrium with the environment (Jones, 2003). This state was

maintained until the site was excavated, between 1979 and 1983 (Marsden, 2003). The

only record of the state of the shot from this time comes from the excavation cards written

immediately following discovery. These cards primarily describe the context, visual

characteristics of the artefact and the initial storage/treatment applied. At the time of

excavation, no detailed chemical characterisation was performed of the shot corrosion,

so the state of the shot prior to conservation is unknown. However, it is known that many

of the shot were excavated as a concretion, Table 3.1. If the corrosion proceeded in a

similar manner to other cast iron cannonballs from marine burials (Bethencourt et al.,

2018; Hernandez et al., 2016; North, 1976) it may be assumed that prior to conservation,

under the concretion, the corrosion products consisted of a mixture of iron oxyhydroxides

and magnetite, with presence of additional phases such as FeCO3, CaCO3 and SiO2

related to the concretion layer.

This chapter characterises the current condition of the shot post-conservation and

compares corrosion forms on shot with different conservation histories, to gain an insight

into the efficacy of each treatment. The investigation builds in spatial complexity,

beginning with properties that can be measured non-destructively (weight, diameter),

moving to spot analyses (SXPD, XAS) of surface powders to determine the ratio of

corrosion phases at various points on the artefact, before adding in a spatial dimension

by mapping 2D cross-sections (XRF, XAS) to see how the chemistry of the species

changes with depth into the artefact and, finally, finishing with a 3D volume analysis (µ-

CT) of a shot fragment to probe the relationship between corrosion and metallurgical

properties of the casting. Through this detailed analytical approach, a holistic overview

may be achieved, to better understand the variable success rate of a conservation

treatment. However, to compare how conservation has influenced the shot, it is first

necessary to review the conservation history of the artefacts.
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Table 3.1 Excavation and conservation history of shot studied in this work, including sample details (C =

surface powder, S = cross-section sample and P = cutting powder)

3.1 Shot conservation history

Immediately following excavation, all shot were immersed in high pH solution – either

NH3/NH4OH, NaOH, or an equimolar mixture of Na2CO3/NaHCO3 – until undergoing

active conservation. The purpose of this was to place the shot in conditions where the

metal is passivated (Section 1.1.1.1) and not actively corroding, while preventing the

Shot ID

Excavation details

Treatment

Current details
No.

samples

Diameter
(mm)

Weight
(g)

Location Context
Diameter

(mm)
Weight

(g)
C S P

81A1527 86 2410.3 M03 Concretion SS 85.0 2410.8 2 0 0

81A2310 86 2202.4 M06 Concretion SS 82.6 2199.9 2 0 0

81A3461 84 568.3 M02 Concretion SS [a] [a] 2 0 0

81A3470 84 2106.9 M02 Concretion SS 84.8 2107.0 2 0 0

81A3550 85 2239.7 M02 Concretion SS 84.1 2361.0 1 0 0

81A3839 85 2012.4 O05 Tudor mud SS 86.0 2014.8 3 1 0

81A6218 193 26000. M02/03 Concretion SS [a] [a] 1 0 0

81A6219 192 25750. M02/03 Concretion SS [a] [a] 1 0 0

82A2618 84 1996.3 M06 Concretion SS 85.3 2012.5 4 1 0

82A4233 86 2802.6 ? ? SS [a] [a] 2 0 0

82A4365 99 3500.0 ? ? SS [a] [a] 1 0 0

81A3420 86 2384.2 M02 Concretion HW 85.8 2301.4 0 0 1

81A6102 82 2045.0 M02/03 Concretion HW 83.7 2045.1 0 1 2

83A0161 81 1912.7 M06 “76” HW 83.6 1743.2 1 1 0

83A0446 86 1086.3 M02 Concretion HW [b] 1052.0 1 0 0

81A6143 86 1712.9 M02/03 Concretion HWAS 79.9 1818.1 1 1 0

81A0177 ? ? ? ? HWAS [b] [b] 1 0 0

81A2798 82 2125.0 M06 Concretion HWAS 86.8 2115.5 0 0 2

83A0189 84 1554.4 M06 “76” HWAS 70.6 1263.7 1 1 0

79A0009 80 1000.0 O03 "01/06" H2R 83.0 1024.9 0 0 1

81A0503 105 950.0 C07 Concretion H2R 103.9 843.2 0 1 1

81A6167 105 750.0 M02/03 Concretion H2R 103.1 724.1 0 0 1

[a] Shot sampled on site at Mary Rose Trust while in treatment solution, unable to measure weight/diameter

[b] Artefact in too many pieces for accurate measurement

? No details provided in excavation record
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artefacts from drying out. An overview of the approximate timeline of conservation is

given in Fig. 3.1. Within a few weeks of excavation (Jones, 2003), a selection of shot

(~50 shot) were taken for a recently proposed reduction treatment, called hydrogen

reduction (Arrhenius et al., 1973; North and Owens, 1981), which was a controversial

approach for conservation of marine iron, due to concerns that the high temperatures

and highly reducing conditions can alter the metallurgical and archaeological information

contained within the artefact (Tylecote and Black, 1980). Because of this, the method

was only recommended for use on large collections as a way of rapidly conserving many

objects, while retaining a smaller section of the collection to be treated by another

method that preserved the original metal structure (North, 1987). This was the approach

taken by the Mary Rose Trust in the early 1980s, where, post-excavation, the majority of

cast iron shot were passively stored in NaOH, and only a small sub-section was treated

by hydrogen reduction.

The rest of the collection remained in aqueous alkaline storage; with the immersion

solution changing from NaOH to Na2CO3/NaHCO3 in c. 2007. Some shot have remained

Fig. 3.1 Overview of conservation to the Mary Rose shot, numbers at bottom correspond to the number of

shot analysed in this thesis of each treatment type.
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in passive storage to the present day, Fig. 3.2, however, in 2010-2012, a second sub-

section of the collection was taken for active conservation treatment in preparation for

the new museum to be opened in 2013. Details of the conservation treatments applied

to these shot were recorded in conservation cards, an example of which is shown in Fig.

3.3. Primarily, the applied treatment consisted of a neutral pH, water washing regime

with the aim of removing chloride via a diffusion mechanism, as described by Selwyn et

al. (Selwyn et al., 2001). A corrosion inhibitor, Hostacor® IT (Argyropoulos et al., 1999),

Fig. 3.2 Cast iron shot in sodium sesquicarbonate storage at the Mary Rose Trust, February 2016, photo

credit: J. Merkel.

Fig. 3.3 Example conservation card used to record treatments at the Mary Rose Trust. Filled in on sides a

and b for shot 83A0161
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Fig. 3.4, was mixed into the washing solution, intended to prevent metal corrosion during

treatment. The concentration of chloride in the wash solution was monitored with a

chloride specific electrode and the procedure was considered complete when the [Cl -]

fell below 50 ppm; an established approach for monitoring chloride washing treatments

(North, 1987). Treated shot were then dried, coated in wax and placed in environmentally

controlled storage or on display in the museum. Shortly after being placed in storage,

some shot were visually observed to be actively corroding and were returned to the

conservation lab to undergo an additional chemical reduction treatment called alkaline

sulfide reduction (North and Pearson, 1975), which aims to remove chloride via reduction

of Fe(III) chloride-containing corrosion products.

To compare how these different treatment approaches have impacted the artefacts, 22

shot have been analysed in this investigation. An overview of the conservation and

archaeological history of each shot is given in Table 3.1, with a more detailed description

of the conservation methods applied to each shot given in Appendix A.1, along with

images of each artefact taken prior to sampling. Based on their conservation history, the

22 shot have been divided into 4 groups representing the following treatment

approaches:

1. SS: passive storage in 0.15 M (pH 10) sodium sesquicarbonate,

Na2CO3/NaHCO3, solution until present.

Fig. 3.4 Structure of corrosion inhibitor Hostacor IT used in shot conservation treatment.
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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

(Argyropoulos et al., 1999), (pH 4.5-8.5) and dried in 2-stage acetone:water (1:1

and 1:0) series. Now stored in a controlled environment (20 °C, 20% RH).

3. HWAS: same as (2) but underwent additional alkaline sulfide, NaOH/Na2SO4,

(pH 12-13) reduction treatment (North and Pearson, 1975). Now stored in

controlled (20 °C, 20% RH) environment.

4. H2R: heated in a hydrogen reduction furnace at 800 °C in the presence of H2 gas

(North and Owens, 1981). Most placed on display, with some in controlled

storage (20 °C, 20% RH).

For shot that have gone through active conservation (HW, HWAS and H2R), treatment

details were extracted from the conservation record card, Fig. 3.3 for the artefact. For

SS shot, details were obtained from the excavation record cards in the Mary Rose

archives. To study the corrosion process, 3 types of samples were collected, [see

Section 3.2.1 for sampling method]: 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). These samples have been studied by a range of

synchrotron-based analytical techniques, to give a unique insight into how the post-

conservation condition of marine archaeological iron varies with treatment.

3.2 Methodology

Synchrotron experiments were carried out at Diamond Light Source (Oxfordshire, UK)

using the core-EXAFS beamline, B18, for XAS/XRF (Dent et al., 2013, 2009) and the

high resolution powder diffraction beamline, I11, for SXPD (Parker et al., 2011;

Thompson et al., 2011, 2009). Of the 22 shot studied in this investigation, 7 were

sampled on-site at the Mary Rose conservation facility and have been marked by an [a]

or [b] in Table 3.1. The remaining 15 shot were transported to either UCL or Diamond
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for in-lab sampling. Before undertaking destructive sampling, the shot were weighed,

measured with a digital calliper and photographed.

3.2.1 Sampling Procedure

Visual inspection of the artefacts informed the selection of locations for surface powder

removal (-C samples). Here, the corrosion products were carefully cut away from the

surface using a stainless-steel scalpel, ground to a fine powder in an Agate pestle and

mortar and transferred to a clean, dry Eppendorf tube. A comparison of the diffraction

patterns collected immediately after sampling and following 9 months storage, Fig. 3.5,

using a benchtop Rigaku MiniFlex 600 diffractometer (Rigaku, Sevenoaks, Kent) showed

no change in the profile over this period. As a result, the powder samples were stored in

a dry environment for up to 9 months prior to SXPD and XAS analysis. Cross-sections ( -

S samples) were manually removed from the artefact using a hacksaw fitted with a

stainless steel blade, 24 or 18 teeth per inch (tpi). Powders produced during cutting were

collected as powder samples representing ~1 cm depth of metal plus surface products

(-P samples). Segments were cut into individual samples and mounted in a 2-part

polyester resin2 (MetPrep, Coventry, UK) as 25 mm circular blocks. The surface of the

2 One segment from shot 82A26218 was mounted in a 2-part bisphenol a epichlorohydrin epoxy
resin (MetPrep, Coventry, UK). As this resin contains chlorine, it was not used for any other
samples.

Fig. 3.5 Powder XRD of corrosion sample immediately after sampling and following nine months in

storage, λ = 1.5406 Å 
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cross-sections was covered by a layer of resin until arrival at the beamline, where the

outer layer was removed by grinding dry with a series of SiC abrasive discs (grades 240,

400, 800 and 1200). Between grades samples were dusted with compressed N 2 and on

completion of final grade, the exposed sample was placed in a Tupperware box flushed

with N2 prior to mounting in a holder on the beamline Fig. 3.6a.

3.2.2 Preparation of standards library

To identify spectral features in the Cl and Fe XAS spectra, a library of standards was

prepared through a combination of lab synthesis and purchases from chemical vendors,

Table 3.2. For standards made in the laboratory, all aqueous solutions were prepared

using distilled water, dH2O, from an ELGA PureLab OptionQ system (High Wycombe,

Fig. 3.6 Beamline set-up for XAS and XRF on B18 a: sample holder for mounted cross-sections (–S

samples), b: measurement conditions showing entire set-up enclosed in a plastic bag filled with He gas

and c: location of detectors and sample during acquisition
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UK). Centrifugation was performed using a Thermo Scientific Heraeus Multifuge 3SRT.

Full details of the synthesis methods and characterisation of lab-prepared samples are

given in Appendix A.2.

Table 3.2 Library of Cl and Fe standards

Standard Edge Source Methodology Reference

FeCO3 Fe Lab Synthesis
Precipitation from

Fe(II) and carbonate
solution

(Gotor et al., 2000;
Vidyasagar et al., 1984)

γ-FeOOH Fe Lab Synthesis 
Oxidation of Fe(II)

solution at neutral pH
(Cornell and

Schwertmann, 2000)

β-FeOOH Fe Lab Synthesis 
Hydrolysis of Fe(III)

chloride solution
(Cornell and

Schwertmann, 2000)

γ-Fe2O3 Fe Lab Synthesis
Transformation of
magnetite, Fe3O4

(Cornell and
Schwertmann, 2000)

Fe(NO3)3 Fe Sigma Aldrich - -

FeCl2 Fe, Cl Sigma Aldrich - -

FePO4 Fe Sigma Aldrich - -

α-Fe2O3 Fe Sigma Aldrich - -

Fe3O4 Fe Sigma Aldrich - -

FeS Fe
Fischer

Scientific
- -

FeCl3 Fe, Cl Sigma Aldrich - -

FeSO4 Fe Sigma Aldrich - -

α-FeOOH Fe Lab Synthesis 
Alkaline synthesis

from Fe(III)
(Cornell and

Schwertmann, 2000)

β-Fe2(OH)3Cl Fe, Cl Lab Synthesis
Precipitate from Fe(II)

chloride solution in
glovebox

(Refait and Genin,
1997; Réguer et al.,

2015)

FeS2 Fe
Fischer

Scientific
- -

Fe3C Fe China - -

KCl Cl Sigma Aldrich - -

NaCl Cl Sigma Aldrich - -

3.2.2.1 Akaganeite, β-FeO(OH, Cl) washing series 

A series of akaganeite standards with varying Cl content was prepared following the

protocols of Schwertmann and Cornell (Cornell and Schwertmann, 2003b) and Reguer
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et al (Reguer et al., 2009). Briefly, a 0.1 M solution of FeCl3 was prepared and heated in

a closed vessel at 70 °C for 48 hours. The resulting precipitate – see Fig. 3.7 for SXPD

of product from this methodology – was collected via centrifugation by spinning at 1,500

rpm for 20 mins at room temperature. Excess salt from the synthesis was removed by

washing the resulting pellet in dH2O using the same centrifuge parameters. 0.3 g of this

product was collected, dried for 10 mins at 50 °C and stored in a clean, dry Eppendorf

tube [AKA-1]. A sample of the supernatant was collected to use as a standard for

aqueous Cl-. The remaining product (~2 g) was re-suspended in 500 mL dH2O and

washed repeatedly for 1 month, with solution changes every 48-72 hours. At each

solution change, 0.05-0.1 g of product was collected by centrifugation (1,500 rpm, 20

mins), giving a series of washed products, [AKA-2 to -8], covering the 1-month period of

washing. An additional unwashed sample was prepared using the same procedure but

was allowed to air-dry to investigate the impact of heated drying on the XANES features.

3.2.3 Synchrotron X-ray Powder Diffraction (SXPD)

Powder samples (-C and -P) were mounted in 0.5 mm quartz capillaries (Capillary Tube

Supplies Ltd, Cornwall, UK) in a brass capillary holder secured with a cyanoacrylate

adhesive (RS Components Ltd., Corby, UK). Measurements were collected at λ = 

0.82578 Å (calibrated with NIST SRM640c Si standard) using 5 multi-analysing crystal

Fig. 3.7 SXPD of akaganeite synthesised using the described methodology λ = 0.494371 Å 
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(MAC) detectors (Thompson et al., 2009) at ambient temperature and pressure.

Exposure time for each capillary sample was 1800 s. Phase identification was performed

using the software QUALX2 (Altomare et al., 2015) by comparing the experimental

patterns to the crystallography open database (COD).

3.2.4 X-ray Absorption Spectroscopy (XAS)

3.2.4.1 Cross-section samples: resin blocks

Cross-section samples (-S) were mounted together in a custom 3D-printed sample

holder, and the sample, detector and beam were enclosed in a plastic bag flushed with

He, Fig. 3.6. The beamline optics used Cr coated collimating and focusing mirrors, a

Si(111) monochromator and Ni coated harmonic rejection mirrors. The first ion chamber

(I0) was filled with He gas. The spot size of the beam was ~100 x 100 μm. Cl k-edge 

XANES spectra were collected in fluorescence mode using a 4 element Vortex Si drift

detector in the energy range 2722-3200 eV with steps of 0.2 eV. For the HW cross-

section investigated in Section 3.3.2 [Fig 3.25], a series of 10 spots were analysed going

from the internal to external surface, with 3 repeats each, Fig. 3.8, and found to be the

same species. For the SS cross-section sample investigated in Section 3.3.2 [Fig 3.25],

1 spot was analysed and 5 repeat spectra collected. For the HWAS section sample

investigated in Section 3.3.2 [Fig 3.27], 6 spots were analysed with 3 repeats each.

Fig. 3. 8 Cl k-edge XAS spectra collected across 10 positions on the HW sample
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3.2.4.2 Pellets: Surface corrosion powders and Fe standards

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 lab-synthesised compounds, as detailed in Table 3.2. All powder

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, I0, was measured using the first ion chamber

filled with N2 (15% abs) for the –C and –P samples 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 the pellets, It, and reference Fe foil, Iref, respectively

at the Fe k-edge in the energy range 6920-7920 eV in steps of 0.25 eV. 6 repeat scans

were collected of each –S and –P sample spectrum, and 3 repeat scans taken of each

iron standard spectrum

3.2.4.3 Cl Standards

KCl, NaCl FeCl2, FeCl3, akageneite powders AKA-1 to -8 and the unwashed/airdried

akaganeite were spread as thin layers on graphite tape and mounted in the B18 soft X-

ray chamber (aka: the Mary Rose chamber), Fig. 3.9, filled with 35 mbar He. An electrical

contact for total electron yield, TEY, was made with Cu wire and the standards were

measured by both TEY and fluorescence. TEY signal was collected in drain current mode

with 200 V polarisation applied to an extraction ring located upstream of the sample. The

beamline optics for measurement of standards in the soft X-ray vessel used Pt coated

mirrors, a Si(111) monochromator and Pt coated harmonic rejection mirrors. Cl k-edge

XANES spectra were collected in the range 2750-3000 eV with steps of 0.09 eV. 1 repeat

measurement was taken for FeCl2 and FeCl3; 3 for KCl and NaCl; 6 for the air-dried
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akaganeite; and 9 repeats for AKA-1 to -8 and the solution sample. The β-Fe2(OH)3Cl

sample was spread on graphite tape in the glovebox and transferred to the beamline

under inert (Ar) gas before analysis in vacuum. Care was taken to ensure that the sample

was not exposed to oxygen during transport and analysis. The same beamline and XAS

parameters were used for β-Fe2(OH)3Cl as described for the other Cl standards, with 7

repeat measurements collected by TEY. To analyse the aqueous Cl- standard, a pocket

was made from 8 μm Mylar and graphite tape, into which the solution sample was 

injected and the sample was measured by fluorescence using the previously described

parameters

3.2.4.4 Data Analysis

All XAS data were processed using Athena, part of the Demeter software package (Ravel

and Newville, 2005). For both samples and standards, repeat spectra were merged and

E0 chosen as the first peak in the first derivative.

Fig. 3.9 Soft X-ray sample chamber used to measure Cl standards by TEY and fluorescence
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3.2.4.4.1 Chlorine XANES

At the 10 positions measured on the HW sample, the Cl species was found to be the

same, Fig. 3.8, and the 30 spectra merged to 1. Merged sample spectra were normalised

and background subtracted using a 3rd order polynomial and normalisation range from

31 eV above E0 to the end of the collected dataset. The quality of the background model

was assessed using difference spectra throughout the normalisation process. For the

standard spectra, comparison of the fluorescence data to the electron yield spectra, Fig.

3.10, was used to ensure that self-absorption effects were not present. The results in

Section 3.3.2 [Fig 3.25-a], show the fluorescence spectra for the akaganeite washing

series, which have been normalised using a 2nd order polynomial and normalisation

range from 78 eV above E0 to the end of the dataset. To exclude the possibility that the

pre-edge feature arises from the drying procedure or aqueous Cl, the akaganeite

washing series was compared to the solution sample and an air-dried akaganeite, as

shown in Fig. 3.11.

Fig. 3.10 Comparison of normalised Cl XANES spectra for the first (AKA1) and last (AKA8) akaganeite

wash samples collected by TEY and fluorescence
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A 3-peak model was developed to represent the 3 features observed in the XANES

spectra and applied to the experimental data to allow a comparison of the relative

intensity of the pre-edge. Fitting was performed using a script written in Python 3.6,

(Appendix A.3.1) with peak 1, the pre-edge, modelled as a lorentzian curve and peaks

2 and 3 modelled as gaussians. The centroid positions of peaks 1 and 3 were fixed at

2821 and 2830 eV respectively, while the position of peak 2 and the intensity and width

of all 3 peaks were allowed to vary. An arctangent function, with a jump of 1, was used

to model the background. The fit was refined using the minimise function of the SciPy

python package.

3.2.4.4.2 Iron XANES/EXAFS

Repeat measurements for Fe k-edge spectra were merged 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 E0 for the Fe reference – defined as

the largest peak in the first derivative – to 7112 eV and applying the same energy shift

Fig. 3.11 Additional chlorine XAS standards
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to the experimental data. The μ(E) spectra [where ] were normalised with

a 3rd order polynomial and the background subtracted. E0 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 spectra using the

standards library described in Table 3.2.

3.2.4.4.3 Pre-edge Analysis

Following normalisation and background subtraction, the pre-edge feature of the Fe k-

edge 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, Fig. 3.12. The interpolated spline was then subtracted from the spectrum, to

give the extracted pre-edge Fig. 3.12, which was deconvoluted using the peak-fitting

script described in Section 3.2.4.4.1 (see Appendix A.3.1). 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
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Fig. 3.12 Cubic spline model used to extract pre-edge feature from Fe k-edge XANES data (left) and

resulting background-subtracted pre-edge (right)



103

[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. (Wilke et al., 2001).

3.2.4.4.4 EXAFS Fitting of Hydrogen Reduction shot

-P samples from the 3 shot treated by hydrogen reduction were additionally processed

by two methods. First, the powders were hand-ground as fine as possible in an agate

pestle and mortar and second, mechanically ground by ball milling with a tungsten

carbide (WC) vial and balls at 30 oscillations per second (1,800 rpm) for 5 minutes. This

gave a total of 9 powders: 3 original -P samples, 3 hand ground and 3 ball milled. All 9

powders were prepared as pressed pellets by mixing 5 mg of the sample in 100 mg

cellulose filler. Pellets were studied at the iron k-edge in transmission mode, using the

previously described beamline parameters (Section 3.2.4.2). After normalisation and

background subtraction, the EXAFS signal, χ(k), was Fourier transformed using a

Hanning window in the k-range 3 to 11 Å-1 and modelled in Artemis (Ravel and Newville,

2005) using theoretical scattering paths calculated with FEFF (Rehr and Albers, 2000),

based on crystal structure data for ferrite [ICSD database number 53451]. Specific

details of the constraints and approximations made in the fitting regime are discussed in

detail in Section 3.3.4, with an overview given in Appendix A.4.

3.2.5 X-ray Fluorescence (XRF) Mapping

XRF maps were collected on –S samples, using the same set-up previously described

for XAS and shown in Fig. 3.6. Fluorescence detection was performed with a 4 element

Si drift detector at 7.1 keV across the areas, steps and speed given in Table 3.3. 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 (Anné et al.,

2017), written in Python 3.6.
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Table 3.3 XRF mapping area details

Sample ID
X distance

(mm)

X step

(mm)

Y

distance

(mm)

Y step

(mm)

Acquisition

speed (mm/s)
Treatment

81A6102-S2A 12.0 0.10 8.0 0.1 1.0 HW

83A0189-S3A 14.0 0.05 9.4 0.1 0.5 HWAS

83A0161-S3A 13.5 0.05 12 0.1 0.5 HW

81A6143-S1B 10.0 0.05 12 0.1 0.5 HWAS

81A3839-S1B 12.0 0.05 12 0.1 0.5 SS

82A2618-S8 20.0 0.1 20 0.1 1.0 SS

3.2.6 Synchrotron X-ray micro-computed tomography (µ-CT)

Tomography experiments were carried out at the Joint Engineering, Environmental, and

Processing (JEEP) beamline I12 at Diamond Light Source, Didcot, UK (Drakopoulos et

al., 2017). A fragment, approx. 13 (L) x 8 (W) x 9 (H) mm, of Mary Rose cannon shot

number 81A6143, Fig. 3.13, was collected for µ-CT. µ-CT was performed using a

monochromatic X-ray beam (100 keV), using a PCO.edge CMOS imaging camera (2560

x 2160 pixel, 16-bit depth) across an imaging area of 20 x 12 mm, with a resolution of

7.9 µm per pixel. 1800 projections were recorded over 180° rotation, with an exposure

time of 0.007 s. 2D radiographs were reconstructed using the SAVU reconstruction

pipeline developed at Diamond Light Source (Atwood et al., 2015), using a standard

filtered back-projection algorithm and exported as a stack of 1901 TIFF images (2560 x

2560 pixels). One image from the stack, image 202, was used to investigate the change

in corrosion spot area using the Analyze Particles feature of ImageJ (Schindelin et al.,

2012). The entire image stack, see Video 3.13, was opened in ImageJ, compressed to

8-bit greyscale, cropped and reduced in size to give a (337 x 519 x 444) image stack

ahead of volume rendering using the software Drishiti (Limaye, 2012). Segmentation of

3 Video files have been provided on the accompanying USB stick, but may also be found online
in the supplementary data of Simon et al 2019: https://doi.org/10.1016/j.corsci.2019.108132
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the metal, cracks, corrosion and wax volumes was performed in DrishitiPaint. The

background was removed by shrink-wrapping the reconstructed volume and closing

holes <10 px in size. After removing the background, the 4 features were then

differentiated via their grayscale values and a percentage volume calculated from the

segmented voxels.

3.2.7 Metallographic Analysis

Following µ-CT analysis, the sample was removed from the sample holder and prepared

for metallographic analysis. The fragment was mounted in a 2-part bisphenol A

epichlorohydrin epoxy resin (MetPrep, Coventry, UK), vacuum impregnated and ground

with a series of SiC abrasive discs (grades 320-4000, grain size 40-5 µm). The surface

was polished using diamond paste (grain size 3 and 1 µm) and carbon coated prior to

analysis using a Hitachi S-3400N scanning electron microscope (Hitachi High-

Fig. 3.13 Mary Rose shot number 81A6143 a: remaining metal core and flaked off fragments and b:

fragment used for µ-CT; c: sketch of the fragmentation process.
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Technologies, Maidenhead). Images were collected in back scatter electron mode with

an accelerating voltage of 20 kV, collection time of 160 s and a resolution of 2560 x 1920.

3.3 Characterisation of shot condition post-conservation

Mary Rose shot with 4 different conservation histories have been studied to investigate

the impact of conservation on the corrosion of the artefacts. A summary of the treatments

applied to each category of shot – SS, HW, HWAS and H2R – is provided in Fig. 3.1,

with further details available in Appendix A.1.

Initial observations of the shot, based on visual analysis and non-destructive

measurements indicate little weight change has occurred since excavation, Fig. 3.14

and Table 3.1. Compared to the other treatments, shot conserved by H2R are lighter

than expected and have densities of 3.42, 1.43 and 1.26 g cm -3, Table 3.4, significantly

less than the 7.87 g cm-3 expected for iron. Additionally, the shot are a dull black colour,

Fig. 3.15, an atypical appearance for metallic iron. Unfortunately, these shot underwent

hydrogen reduction treatment within a few weeks of excavation (Jones, 2003) and the

weight measurements given in the records are very similar to the current (2017) weight.

As a result, it is likely that the weight values in the artefact records were taken after the

reduction treatment, meaning it is not known how much, if any, mass was lost during the

Fig. 3.14 Shot weights measured at excavation and in this study



107

Table 3.4 Density of hydrogen reduction (H2R) shot

Shot ID
Weight

(g)

Diameter

(cm)

Density

(g cm-3)

79A0009 1024.9 8.30 3.42

81A0503 843.2 10.40 1.43

81A6167 724.1 10.31 1.26

reduction process. Because of this uncertainty, the H2R shot have not been included in

the plot in Fig. 3.14 and, additionally, the H2R shot will be characterised and discussed

in their own separate section (Section 3.3.4).

Although most of the shot show very little weight change over the past 35 years, two

weigh >100 g less than they did at excavation. These 2 artefacts – 83A0189 and

83A0161 – have broken into several fragments, a process depicted as a sketch in Fig.

3.13-c. Consequently, the unusually large difference in weight recorded for shot

83A0189 and shot 83A0161 is likely due to loss of a small fragment during object

Fig. 3.15 Hydrogen reduction treated shot a: 81A0503, b: 81A6167and c: 79A0009

Fig. 3.16 Fragmented HWAS treated shot 83A0189, showing thin corrosion layer on cutting
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movement or relocation. However, while the fragmented shot appear severely degraded

and corroded during visual inspection (see Appendix A.1 for photographs of all

artefacts), when cutting into the artefacts, the surface corrosion layer was found to be

relatively thin, Fig. 3.16, indicating minimal loss of metal via oxidation of the external

surface. During cutting of the HW and HWAS shot, cracks were observed throughout the

casting. This resulted in the object having the structure shown in Fig. 3.17, which

consists of a thin (<0.5 mm) surface corrosion layer over the original Tudor metal. Below

the surface, the metal contains numerous holes and cracks around which corrosion

products may be found. Where corrosion has proceeded around large cracks and casting

voids, it is associated with severe degradation and mechanical failure. In some cases,

this has led to fracturing – as seen for shot 83A0189 in Fig. 3.16 and shot 81A6143 in

Fig. 3.13 – causing eventual breakage of fragments from the surface of the shot. This is

evidence that damaging corrosion occurs from inside the artefact, rather than from the

outside in and suggests that the metal structure below the corrosion layer is likely

paramount to the corrosion mechanism.

Fig. 3.17 Mechanical damage to Mary Rose shot a: cracking and degradation in storage [photo credit: The

Mary Rose Trust] b: structure observed during HW and HWAS sampling, shown in schematic c
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Though the surface corrosion on HW and HWAS shot is consistently thin, the outer

corrosion layer on SS shot varies in thickness from 0.5 to 6 mm and no clear surface

corrosion layer was observed on H2R shot. To identify the phases present on the outside

of the balls, powders from the surface of SS, HW and HWAS shot (-C samples) were

collected for analysis.

3.3.1 1D: Analysis of surface powders

Visual inspection of the artefacts’ surface was used to determine the location of collection

of -C sample powders. For HW and HWAS treated shot, minimal surface corrosion was

present. As a result, in order to collect enough material for analysis, it was necessary to

grind an entire peeled-off fragment into a powder. Consequently, the HW and HWAS

powder samples include a proportion of the underlying metal alongside the surface

corrosion layer.

3.3.1.1 Synchrotron X-ray Powder Diffraction

In archaeological iron, the primary corrosion phase observed is often akageneite, β-

FeO(OH, Cl), particularly if the material has been excavated from a high [Cl-]

environment. Akaganeite is thought to form post-excavation (Gilberg and Seeley, 1981;

Turgoose, 1982) and if it is identified on an artefact after conservation, it can be

considered a sign of active corrosion in a museum environment (Rimmer et al., 2013a;

Selwyn et al., 1999). As the phase is crystalline, it may be identified by X-ray diffraction,

in particular by two low angle peaks, which, at the wavelength used in this study (λ = 

0.82578 Å), appear at 2θ values 6.35° and 8.95°, corresponding to the (101) and (200) 

planes of the crystal respectively. The insets in Fig. 3.18-a highlight the location of these

peaks (dotted grey lines) and show that, somewhat surprisingly, akaganeite is not

observed in the surface corrosion products of any of the SS shot, while it is present on

the surface of all HW and HWAS shot. Phase identification of the powder diffraction

profiles, Fig. 3.18-b, instead shows a combination of phases from the burial environment:
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calcite (CaCO3), quartz (SiO2) and aragonite (CaCO3); related to the microstructure of

the metal: graphite and cementite (Fe3C); and commonly reported (Kergourlay et al.,

2011; North, 1982; Rémazeilles et al., 2009) marine iron corrosion products: goethite α-

FeO(OH), magnetite Fe3O4 and lepidocrocite γ-FeO(OH).  

The absence of akaganeite in the surface powders of SS shot is unexpected as the

alkaline storage solution (pH 10) was used to take advantage of the passive effect of this

pH at room temperature (Hernandez-Escampa et al., 2010; Hjelm-Hansen et al., 1993),

rather than as a desalination treatment. However, the lack of crystalline chlorinated

corrosion products is less surprising if the history of sodium sesquicarbonate,

Na2CO3/NaHCO3, is considered. The method was initially developed at the British

Museum and was first introduced to iron conservation in the 1920s (Scott, 1921), where

it was applied as a washing solution for chloride removal. The treatment was later

optimised in the work of Oddy and Hughes (Oddy and Hughes, 1970) and Plenderleith

(Plenderleith and Werner, 1971), until studies comparing the Cl - removal efficiency of

Fig. 3.18 SXPD of -C samples from HW, HWAS and SS shot a: diffraction patterns, including insets (1.5x

zoom) of region 4-15° 2θ, with ICSD database pattern for akaganeite (69606) in grey. Dotted lines show 

the expected positions of akaganeite peaks at 6.35°, 8.95° and 14.20° (λ = 0.82578 Å). b: shows the

phases identified by the QUALX2 software and semi-quantitative phase proportions
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Na2CO3/NaHCO3 to NaOH suggested that it is a less effective desalination treatment

(Hjelm-Hansen et al., 1993; North and Pearson, 1978). As a result, it became less

frequently used in marine iron conservation, but is still widely used in the stabilisation of

marine copper alloys (Adriaens et al., 2007), and has recently been suggested for the

electrochemical stabilisation of composite Cu/Fe objects. (Devaud et al., 2016) However,

these treatments involved immersion in, usually, <5 washing baths, with each bath

lasting 24-48 hours. This is different to the approach used for the SS shot, where

artefacts were kept in solution for years, with occasional top-up in the event of a leak,

intended as a passive storage environment rather than an active conservation treatment.

Consequently, these results have promising implications for conservation, as they

suggest long-term immersion in Na2CO3/NaHCO3 can completely remove chlorine from

the surface of archaeological iron. However, before this conclusion can be drawn,

additional analyses must be performed. One limitation of X-ray diffraction is that it

requires long range order and, therefore, cannot be applied to amorphous material. A

highly complementary technique to diffraction is X-ray Absorption Spectroscopy, XAS,

which has been used together with diffraction to study archaeological iron corrosion to

great effect (Monnier et al., 2014; Réguer et al., 2015, 2007). As a result, the powder

samples (-C and -P samples) were studied by XAS to investigate the presence of any

non-crystalline chlorine-containing species on the surface of the artefacts.

Table 3.5 Variance accounted for by the first component in PCA of SS, HW and HWAS

Component SS (variance) HW (variance) HWAS (variance)

1 0.999111 0.991054 0.991805

3.3.1.2 X-ray Absorption Spectroscopy

Powder (-C and -P) samples were prepared as pellets, measured by XAS at the Fe k-

edge, Fig. 3.19 and compared to a library of iron standards (spectra from the standards
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can be seen in Appendix A.2) using a linear combination analysis, LCA. The EXAFS of

the SS shot look broadly similar and, even though there are less spectra for HW and

HWAS shot, more variation is present between the samples. This is demonstrated by

looking at the variance accounted for by the first component in a principle component

analysis, PCA, of the 3 data sets, Table 3.5.

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. To

compare the results from XAS and SXPD, the results of the LCA fit have been compared

to the semi-quantitative phase proportions of just the iron-containing species identified

in the diffraction data. A comparison of only the iron corrosion phases (i.e: not including

any metal species) is given in Fig. 3.20, however a version of the same plot including

Fig. 3.19 Fe k-edge XAS of -C and -P samples from SS, HW and HWAS. Top normalised µ(E) in energy

space bottom EXAFS, χ(k), in k-space with a k-weighting of 2
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the metal is available in Appendix A.5.3. In the LCA, it was found that an equally good

fit – an assessment of the fit quality is available in Appendix A.5.3 - was achieved for

both ferrite, α-Fe, and cementite, Fe3C, both of which represent the metal species. As a

result, it was not possible to distinguish between the two using XAS, but the two metal

phases were easily differentiated in the SXPD data. The opposite issue occurred for

magnetite and maghemite, which give the same structure in SXPD, but may be

distinguished by XAS. From this, it can be seen that the two methods are highly

complementary, a conclusion which has been reached by other authors looking at similar

systems (Leon et al., 2014; Michelin et al., 2013; Neff et al., 2013, 2005).

While there is a reasonable agreement between iron-phase quantification with XAS and

SXPD, Fig. 3.21 (see Appendix A.5.3 for plot including the metal data) the XAS model

was unable to identify lepidocrocite in any spectra, a phase which was observed in the

Fig. 3.20 Phase proportion of iron corrosion products calculated by XAS LCA and SXPD. See appendix

A.5.3 for plot including metal phases
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diffraction data. This could be due to the similarity of iron oxyhydroxide absorption

spectra. Additionally, a poor fit was achieved to the -P samples, as demonstrated by the

R-factors given in Appendix A.5.2. The lower quality of the model fit for -P samples

suggests the presence of an additional species not accounted for in the standards library.

As the -P samples were collected during cutting of shot cross-sections, the most likely

explanation is a contaminant modern iron alloy from the cutting blades. Diffraction is not

element-specific, so it would be feasible for a small amount of an iron-based contaminant

to be below the noise of the SXPD analysis, but observable in the absorption spectra.

Despite this, the LCA analysis is consistent with SXPD in identification of akaganeite in

the surface powders of HW and HWAS shot, but not in the surface powders from SS

shot. To further investigate the presence of non-crystalline iron-chlorine species in the

powder samples, a second analysis was performed on the pre-edge of each XAS

spectrum, a method which has been shown to be highly effective for the analysis of

complex, naturally formed iron minerals (Petit et al., 2001; Wilke et al., 2001).

Fig. 3.21 Comparison of XAS and SXPD iron corrosion product compositions for SS, HW and HWAS. For

comparison purposes, the XAS results for magnetite and maghemite have been combined and are

referred to as ‘magnetite’ See appendix A.5.3 for plot including metal phases.
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Table 3.6 Pre-edge analysis of the Fe standards library, where the total area is the sum of the integrated

intensities of the 3 fitted peaks and the centroid position is the intensity-weighted average of the 3 peak

positions

3.3.1.2.1 Pre-edge analysis

Analysis of the pre-edge feature in iron XANES spectra can provide information on the

co-ordination and oxidation state of an Fe mineral, for both crystalline (Petit et al., 2001;

Wilke et al., 2001) and amorphous (Farges et al., 2004; Jackson et al., 2005; Wilke et

al., 2007, 2005) species. Plotting the integrated pre-edge intensity vs. the centroid

position, it is possible to estimate the ratio of Fe3+ to Fe2+ in a mixed-species (Petit et al.,

2001; Wilke et al., 2001). A smaller intensity indicates a 6-coordinate, e.g. octahedral

(Oh) system and a greater pre-edge intensity corresponds to a 4-coordinate, e.g.

tetrahedral (Td) compound. The high intensity of the pre-edge in a Td co-ordination occurs

due to a transition from the 1s orbital to the p component in a hybridised d-p orbital

(Yamamoto, 2008). Hybridisation of the 3d and 4p orbitals does not occur in an Oh

compound and, instead, the pre-edge feature seen in the Fe k-edge for Oh co-ordination

Formula Name
Centroid

(eV)
Total
Area

Oxidation
State

Coordination
Number

Fe(NO3)3.9H2O Iron(III) Nitrate 7114.92 0.09 3 6

FeCl3.6H2O Iron(III) Chloride 7114.20 0.07 3 6

FePO4 Iron(III) Phosphate 7114.56 0.09 3 6

α-Fe2O3 Hematite 7114.82 0.12 3 6

α-FeO(OH) Goethite 7114.78 0.09 3 6 

β-FeO(OH,Cl) Akaganeite 7114.77 0.10 3 6 

γ-FeO(OH) Lepidocrocite 7114.54 0.08 3 6 

FeCl2.4H2O Iron(II) Chloride 7114.03 0.10 2 6

FeCO3 Siderite 7114.51 0.09 2 6

FeS Iron(II) Sulfide 7113.02 0.13 2 6

FeS2 Pyrite 7113.35 0.27 2 6

FeSO4.7H2O Iron(II) Sulfate 7113.00 0.05 2 6

β-Fe2(OH)3Cl
Iron(II)

hydroxychloride
7112.63 0.09 2 6

Fe3O4 Magnetite 7114.70 0.22 2,3 4,6

γ-Fe2O3 Maghemite 7114.68 0.19 3 4,6
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corresponds to the 1s  3d transition (Galoisy et al., 2001). 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 (Réguer et al., 2007) 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(II) compound, β-Fe2(OH)3Cl, in a sample.

First, to establish the validity of the methodology, spectra from the Fe standards library

was analysed using the developed fitting methodology, Fig. 3.22 and Table 3.6.

Previously published pre-edge fits of iron minerals (Petit et al., 2001; Wilke et al., 2001),

Fig. 3.22 Extracted pre-edges of iron standards library (blue line) and 3-peak fit (dotted grey) for a: Fe(III),

b: Fe(II) and c: spinel phases. Dotted olive line shows the average position of the Fe(II) and Fe(III)

centroids at 7113 and 7114.5 eV respectively



117

have observed an energy gap of 1.4 eV between Fe(II) and Fe(III) 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 Fig. 3.22). This ~1 eV difference

compared to the literature reference is due to the value of E0 used to calibrate the XANES

spectra. Here, E0 for the 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,

(Calvin, 2013) however, this variation in calibration has resulted in a ~1 eV offset in

absolute energy found in this data when compared to previous investigations.

In the library of fitted standards, the result of FeCO3 is anomalous. Though the phase is

an Fe(II) species, it has a pre-edge appearance like Fe(III), with an average centroid

position of 7114.51 eV. When considering the rest of the absorption spectrum of the

FeCO3 standard, the position of the white line (see Appendix A.5.1) is consistent with

an Fe(II) oxidation state. This standard was synthesised in the lab via a precipitation

mechanism from an Fe(II) solution. The pre-edge fit shows a particularly intense peak 2

which corresponds to a 1s  3d transition (Galoisy et al., 2001). One possible

explanation for the anomalous pre-edge character is a small amount of oxidation to

Fe(III) during synthesis of the sample. Compared to other Fe(II) compounds, siderite has

been observed to show the largest deviation from the average Fe(II) centroid position

(Wilke et al., 2001), which suggests a greater natural variation can occur for this phase

than a typical Fe(II) species.

Comparing the results of the fitted pre-edges from the archaeological powders to the

standards library, Fig. 3.23, the majority of SS shot 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,
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intensity = 0.26; and 82A2618-C4, intensity = 0.22), as derived from Fig. 3.20. This can

also be seen for the same phases in their χ(k) plot, Fig. 3.19, bottom left, where a peak

is present at 5.2 Å-1 for the samples with a high concentration of magnetite.

In contrast to the SS shot, powder samples from HW and HWAS shot appear with a

higher intensity and lower energy value than expected. The most intense HW and HWAS

pre-edges correspond to phases with greatest metallic character. As a result, it is likely

that the inclusion of some metal into the powder sample has contributed to the pre-edge

region, causing an observed increase in intensity and reducing the energy due to greater

Fe0 character in the spectrum. From this, it is concluded that the pre-edge analysis

methodology is inappropriate for a mixed metal-oxide system.

Fig. 3.23 Plot of pre-edge intensity vs. average centroid position for standards shown as circles (Fe(III) –

red, Fe(II) – green, spinel – blue) and samples shown as stars (SS – purple, HW – yellow, HWAS –

brown). Olive line shows the average position of the Fe(II) and Fe(III) centroids at 7113 and 7114.5 eV

respectively
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Overall, the XAS and SXPD analysis has shown that there are no chlorinated corrosion

products in the surface powders from SS shot, but akaganeite is observed on the surface

of all shot treated by HW and HWAS. Prior to undergoing active conservation, HW and

HWAS shot were stored in the same environment as SS shot, Fig. 3.1. From the results

presented in this section, it may be concluded that when the HW and HWAS shot were

removed from the passive storage baths in c. 2010, no chlorinated corrosion phases

were present on their outer surface. If akaganeite was not present during passive

storage, where did the chlorine come from and when did akaganeite form? To answer

these questions, the artefacts must be studied beyond a single point analysis and

viewed, instead, in multiple dimensions to account for changes that occur with depth into

the casting.

3.3.2 2D: Cross-section characterisation

Cross-section samples (-C samples) were removed from the shot and their chlorine

distribution mapped by XRF, Fig. 3.24. Reflecting the SXPD and Fe XANES results, Cl

elemental maps show there is no chlorine on the surface of SS shot, but a localised layer

of Cl is present on the outer edges and around voids of HW and HWAS shot. However,

in one SS shot, the example shown in Fig. 3.24, an area of Cl in the inner region of the

sample (x position 0-50 px) can be seen. From this, it can be concluded that even if long-

term immersion in alkaline solution entirely removes Cl from the surface of an artefact,

this does not mean that Cl is absent from the object. As shown in the Cl XRF maps, it is

possible for Cl to remain trapped in metal pores below the surface, beyond the

penetration depth of the treatment. To further investigate the nature of the chlorine

observed on the shot, chlorine-containing areas identified in the XRF maps were

investigated by XAS at the Cl k-edge to characterise the chlorine chemistry.
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3.3.2.1 Chlorine k-edge

Comparing the Cl k-edge XANES from below the surface of the SS shot to the spectrum

from the surface Cl of a HW treated shot, Fig. 3.25, it can be seen that the Cl species is

different. To identify the species present in and on the Mary Rose samples, a library of

Cl standards was prepared by a combination of chemical purchases and synthesis.

XANES spectra from the standards were used to fingerprint spectral features in the

sample datasets. The library of standards included a lab-synthesised sample of β-

Fe2(OH)3Cl, a precursor to akageneite that has been observed on archaeological iron

(Réguer et al., 2015, 2007; Rémazeilles et al., 2009) and a lab-synthesised standard of

Fig. 3.24 Cl XRF elemental maps. Additional examples in Appendix A.5.5
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β-FeO(OH, Cl), prepared by hydrolysis of an Fe3+ chloride solution. The spectrum

collected from beneath the surface of the SS shot, Fig. 3.25-d, matches the signal

expected for the precursor Fe(II) chloride, β-Fe2(OH)3Cl. This phase is unstable and, on

exposure to oxygen, rapidly transforms to akaganeite or an iron oxide/oxyhydroxide

depending on the pH and [Cl-] (Misawa et al., 1974; Refait and Genin, 1997). β-

Fe2(OH)3Cl is only thought to occur on archaeological iron from environments with high

[Cl-] and limited oxygen supply (Réguer et al., 2015, 2007). Consequently, identification

of β-Fe2(OH)3Cl beneath the surface of an SS shot suggests that this area of the artefact

has not been exposed to O2 since excavation.

Fig. 3.25 Cl XANES of Cl species observed on a HW shot and below the surface an SS shot compared to

standard spectra for washed and unwashed akaganeite, β-FeO(OH, Cl) and β-Fe2(OH)3Cl. Dotted grey

lines show the position where the peak of the white line occurs for akaganeite (2826.02 eV) and β-

Fe2(OH)3Cl (2828.46 eV). Non-offset comparisons of standards and sample spectra are shown in insets a,

c and d Insets c and d include XRF Cl element maps of the sample with white arrows indicating the

location of XAS acquisition. Inset b shows the crystal structure of akaganeite, 1 unit cell in the b and c axis

and 1.5 in the a axis
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Contrasting the SS shot, the spectrum from the surface of the HW treated shot is

consistent with β-FeO(OH, Cl), Fig. 3.25-c, which supports the conclusions of the SXPD

and Fe k-edge analysis of the surface powders. Within the akaganeite crystal, Fig. 3.25-

b two chlorine sites are present: partially bound chloride adsorbed to the surface of the

crystal, Clsur, and structurally bound chloride within the tunnel structure of the crystal, Clstr

(Reguer et al., 2009). During a washing-based conservation treatment, it is thought that

only one site – the mobile Clsur – is removed, while Clstr remains unaffected (Kergourlay

et al., 2011; Reguer et al., 2009; Ståhl et al., 2003). Due to the different chemical

environments of two chlorine sites – either fully enclosed within a tunnel, or partially

bound in a distorted pit in the surface – the two sites may be differentiated by X-ray

Absorption Spectroscopy (Reguer et al., 2009). To compare how the akaganeite

absorption spectrum varies for a crystal with differing ratios of Clsur : Clstr,, a series of

washed standards was prepared by immersing the synthesised β-FeO(OH, Cl) in 500 mL 

dH2O for 1 month at ambient conditions. The solution was changed every 48-72 hours

and a small amount of the product was collected, giving a series of incrementally washed

standards AKA-1 (0 washes) to AKA-8 (7 washes). Preparing the series of standards in

this way has an additional advantage of simulating the effect of a neutral pH washing

conservation treatment on the akaganeite crystal.

Previous analysis of akaganeite desalination by XAS focused on changes in the EXAFS

of the sample (Reguer et al., 2009). However, the low energy of the Cl k-edge

(~2.82 keV) makes collection of absorption data experimentally challenging, with a

greater impact likely to occur from self-absorption and background absorption. As a

result, this work focuses on the pre-edge feature in the akaganeite XANES, Fig. 3.25-a,

as it was the region found to be least susceptible to normalisation error.

Looking at the pre-edge region, Fig. 3.25-a, a small feature is visible at 2819-2822 eV

for the unwashed akaganeite that is decreased in amplitude for the washed standard. To

quantify the relative contribution of the pre-edge, the XANES data from the washing
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series, AKA-1 to -8, was fit with a 3 peak model to compare the relative intensities of the

observed features, Fig. 3.26. While the contribution from the second and third peaks

remains constant throughout the series, Fig. 3.26-c (squares), the contribution from the

first peak, the pre-edge, decreases with an increasing number of washes (circles and

stars). The pre-edge feature is thought to arise from electronic transitions in partially-

bound Clsur (Shadle et al., 1995). Uniform loss of the pre-edge with increasing washing

time demonstrates that chlorine is lost from the Clsur site during immersion. As a result,

models of the pre-edge may be used to predict whether an akaganeite crystal has been

washed. If it is assumed that the conservation procedures applied to the Mary Rose shot

have a similar effect to dH2O washing of the standard, i.e: removal of surface bound Clsur,

analysis of the pre-edge may be used as a proxy to determine if archaeological β-

FeO(OH, Cl) has undergone a conservation treatment.

Fig. 3.26 Results of 3-peak fit to Cl k-edge XANES for a unwashed akaganeite standard and b Mary Rose

Hostacor:water treated shot. c relative intensity contribution of each peak for the sample and washing

series (see Appendix A.5 for additional fit examples)
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For the HW sample, a reduced amplitude from the pre-edge is observed, Fig. 3.26-

c.indicating a phase has gone through several washing stages to remove Clsur. To give

this result, the akaganeite observed on the HW sample must have been present during

conservation. This is only possible if β-FeO(OH, Cl) formed prior to, or in the early stages, 

of the washing treatment. Yet, immediately before the HW shot underwent active

conservation, it was stored at pH 10 and was analogous to an SS shot; i.e: no surface

β-FeO(OH, Cl) present, but sub-surface chlorine in pores as β-Fe2(OH)3Cl. Studies have

shown that oxidation of β-Fe2(OH)3Cl to akaganeite in solution is only thermodynamically

feasible in the pH range 4-6, and that complete transformation can occur in ~7 hours

(Refait and Genin, 1997). As a result, β-FeO(OH, Cl) is unlikely to have formed during 

passive storage. Instead, it is proposed that the sudden pH change from 10 to near-

neutral when the shot was taken for active conservation, coupled with removal in tap

water of adhering corrosion layers, led to exposure of previously-blocked pores and

cracks, which enabled mobilisation of sub-surface chlorine and subsequent oxidation to

akaganeite at the object surface. To account for the results observed in this work, the

transformation of β-Fe2(OH)3Cl to β-FeO(OH, Cl) would have occurred while the artefact 

was in the first washing bath, leading to loss of Clsur in successive washing baths. This

conclusion is supported by a recent in situ study of β-Fe2(OH)3Cl on archaeological iron

(Kergourlay et al., 2018), where akaganeite was not observed to form in NaOH, but was

observed after drying at the end of the treatment.

However, the HW sample analysed only represents a single location on a single artefact.

In cases where fracturing has occurred to an object and a new surface is exposed to the

external environment, corrosion products can be observed (Selwyn et al., 1999) to form

while in storage or on display. In fact, comparing the Cl k-edge spectrum from the HW

shot to a HWAS treated shot, Fig. 3.27-b, a pre-edge feature is observed for the HWAS

shot. This suggests that Clsur is present in the crystal, meaning akaganeite from the

HWAS shot did not go through a washing treatment. Instead, the phase likely formed

after conservation, while the object was in storage. These results show that the history
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and timing of akaganeite formation is complex, varied and unique to each artefact;

revealing that there are many opportunities for β-FeO(OH, Cl) to form post-excavation, 

be it after conservation, during treatment or in-between treatment stages.

3.3.2.2 Iron k-edge

To further investigate how the chemistry of the Mary Rose shot change with depth into

the casting, the cross-section samples were analysed at the Fe k-edge, Fig. 3.28, in

series from the outer to inner region of the cross-section. As expected, 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 oxide features to

more metallic features. Specifically, the purple spectra have a broader, more intense

Fig. 3.27 Cl k-edge XANES of a: akaganeite standards AKA-1 and AKA-8 and b: Mary Rose samples HW

and HWAS samples. Insets show zoom-in of pre-edge feature.
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“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 – α-Fe, Fe3C, Fe3O4 and α-FeO(OH) – 

these changes are consistent with increased oxide character towards the outer surface.

Fig. 3.28 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. The three samples plotted in the left column correspond to the

3 cross-sections studied at the Cl k-edge (see Figs 3.25 and 3.27) and the location of the Cl data

acquisition is shown on the Fe XRF map as white or black circles.
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This transition is best observed for the SS treated shot 82A2618 (Fig. 3.28 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 in this project and was found to be

particularly well-suited to cross-section XAS analysis. A detailed examination of the

XANES spectra from shot 82A2618 was undertaken in 2016 (Simon, 2016), where it was

found that the corrosion system consists predominantly of magnetite and goethite in

varying compositions across the artefact. These formed distinct layers within the cross-

section, beginning at the metal/corrosion interface, the layers comprised of 1 mm Fe3O4,

3 mm α-FeO(OH), 3 mm Fe3O4, and finally 1 mm of a complex outer surface (Simon,

2016). In contrast, the other 5 samples have much thinner corrosion layers, generally

<0.5 mm – determined from the XRF element maps, using the size and pixel steps in

mm as given in Table 3.3 – and have greater metallic character at every point in the

depth-profiling spectral series. Due to this metallic character, analysis of the Fe k-edge

data from the -S samples was limited to spectral fingerprinting, as it was found in Section

3.3.1.2.1 that additional methods, such as fitting of the pre-edge region, is inappropriate

for a mixed metal-corrosion spectrum.

Depth profiling at the Fe k-edge is consistent with visual observations of the shot that

suggest minimal corrosion has occurred via the external surface of the shot. Instead,

severe structural degradation appears to have arisen from internal corrosion around

cracks and casting voids inside the artefact during object storage and display. One

aspect of the corrosion system that has yet to be explored is the role of the metal in the

corrosion reaction and how the metallic features – microstructure, alloy composition,

cracks, porosity – interacts with the environment to influence the corrosion process. To

investigate the relationship between cracks, corrosion and metal microstructure in

archaeological cast iron, a small fragment, Fig. 3.13, of the HWAS shot studied at the Cl

k-edge in Fig. 3.27 (shot ID: 81A6143) was taken for µ-CT to visualise the shot in 3D.
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3.3.3 3D: Tomographic visualisation

Cast iron that pre-dates the industrial revolution (Craddock, 2003; Tylecote, 1962;

Wagner, 2008), may be characterised as either white or grey, depending on the form of

carbon present in the metal. Which type forms is determined by the cooling rate and

composition of the melt. In a white cast iron, carbon is present as iron carbide (Fe 3C),

giving a hard, brittle metal, while in a grey cast iron the carbon forms graphite flakes,

creating a softer, more fluid alloy that may be readily cast into intricate shapes (Fontana,

1986). Typically, grey cast irons are produced using a slower cooling rate than white cast

irons, which allows graphite flakes to precipitate during the casting process. If a

temperature gradient occurs during cooling, carbon may present as both Fe 3C and

graphite, with differing ratios across the object. In cases where both graphite and Fe 3C

form, the alloy is referred to as a mottled cast iron.

Metallographic examination of one Mary Rose shot performed in 2002 (Starley and

Hildred, 2002), showed that the microstructure on the outer surface consists of ledeburite

Fig. 3.29 A reconstructed tomographic slice, with insets showing microstructure detail in the inner and

outer areas of the fragment.
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– pearlite (lamellar α-Fe and Fe3C) in a cementite (Fe3C) matrix – changing to a structure

of graphite flakes in a ledeburite matrix towards the centre of the casting. This

microstructure is consistent with a fast cooling rate on the outside and slower on the

inside (Hildred, 2011; Starley and Hildred, 2002), as expected for a quenched artefact.

This difference in cooling rate is also observed in the fragment of shot 81A6143, where

a variation in microstructure occurs between the inner and outer regions of the fragment,

Fig. 3.29 insets. In the tomographic slice shown in Fig. 3.29 differences in the greyscale

shade arise from the X-ray attenuation of the material, with complete attenuation giving

a white appearance – a value of 255 in 8-bit greyscale – and no attenuation a black

appearance – value 0 in 8-bit greyscale. In the shot fragment, the highest attenuation

comes from the metallic areas of the sample, giving a lighter shade (value ~160),

whereas less attenuation occurs from the iron oxide corrosion products, resulting in a

darker grey (value ~115) and the cracks appear darkest (value ~80) due to the absence

of material. In Fig. 3.29, moving from the outer surface of the fragment – identifiable by

the applied wax layer – towards the inside of the casting, the grain size increases, Fig.

3.29 insets, resulting in a structure that may be described as a white to mottled cast iron.

Alongside this increase in grain size, the corroded areas, which appear as dark grey,

circular spots, increase in radius deeper into the casting, Fig. 3.30. In total, 147 corrosion

spots were resolved by the area analysis method, as outlined in Fig. 3.30-a, which does

not represent all corrosion spots in the fragment. The 147 corrosion spots identified have

areas ranging from 0.010 to 0.152 mm2, with an average of 0.033 mm2 and standard

deviation 0.026 mm2. Examination of the corroded areas with an electron microscope,

Fig. 3.31, reveals that corrosion is related to the presence of graphite in the metal

microstructure. This is consistent with corrosion around kish graphite that has a larger

size towards the centre of the casting due to a slower cooling rate. The microstructure

on the outer, white cast iron, surface of the fragment consists only of ledeburite and no

graphite is present.
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Fig. 3.30 Change in corrosion spot area with depth into casting; a: outline of all corrosion spots included in

the analysis and b: change in area with distance from wax coating (green line = linear regression fit). P ink

and yellow arrows indicate spots removed from scatter plot due to not representing a corroded area. The

yellow arrow was used to determine the y co-ordinate of the wax layer. All distances are taken with

respect to this location.
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Correspondingly, across the whole tomographic series, Video 1,4 corrosion products

consistently do not appear until ~1.5 mm below the outer surface. 3D reconstruction of

the µ-CT data, Fig. 3.32 and Videos 2 and 3 show that as the sample progresses from

the wax coating (Fig. 3.32 top left) to the point that was once in contact with the remaining

core of the shot (Fig. 3.32 bottom right), corrosion products [dark brown spots] start to

appear with increasing frequency and volume. Interestingly, although cracks [black lines]

are present throughout the sample, corrosion products are not co-located with cracks.

4 Video files have been provided on the accompanying USB stick, but may also be found online
in the supplementary data of Simon et al 2019: https://doi.org/10.1016/j.corsci.2019.108132

Fig. 3.31 Backscattered scanning electron microscopy images of the corrosion spots at a: 50x and b: 200x

magnification, with graphite flakes visible throughout all corrosion spots. Light grey = metallic matrix

(pearlite + cementite), mid grey = corrosion and dark grey = graphite.

Fig. 3.32 3D reconstruction of tomography data, slicing through the sample (see Fig. 3.13-b) from the

applied wax coating (top left) to the edge of the sample which had once been in contact with the rest of

the object (bottom right). Light brown shade corresponds to the metallic areas of the sample, while dark

brown spots represent the corrosion products and cracks can be seen in black. Sample height ~8 mm, for

more see Video 3.
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Fig. 3.33 Volume segmentation of different features present in the 3D tomography data. The volumes of

interest are shown in a: across the whole sample, section 1 (outer region), section 2 (middle region) and

section 3 (internal region) with false colour for the metal (grey), cracks (pink), corrosion (blue) and wax

(green). The corresponding volume percentages of each feature are shown per region in b. Ticks indicate

estimated uncertainty in the segmentation procedure.



133

To investigate how each feature present in the sample varies spatially, a segmentation

procedure was developed that differentiates the metal (grey), cracks (pink), corrosion

(blue) and wax (green) volumes, Fig. 3.33-a based on their greyscale value. It should be

noted that the greyscale values of the cracks and corrosion features overlap – for

example in Fig. 3.30-a two crack areas were incorrectly identified as corrosion spots,

highlighted by pink arrows – making it challenging to fully differentiate the two features.

This uncertainty has been reflected in the volume analysis in Fig. 3.33-b by a larger error

associated with the cracks and corrosion than the metal and wax. Splitting the shot

fragment into 3 sections, representing the outer region, the middle region and the internal

region that was once in contact with the rest of the artefact, the percentage volume of

the metal decreases, while the cracks and corrosion volumes increase deeper into the

casting. This is consistent with the 2D analysis of the sample. Furthermore, comparison

of the segmented cracks and corrosion features show that, while both increase with

depth into the fragment, their locations are not directly associated with one another, but

rather the increase in corrosion leads to greater mechanical stresses and cracking,

resulting in a global increase in cracks. Instead of being associated with cracks, the

appearance of corroded areas is closely related to the presence of graphite in the metal

microstructure.

Selective corrosion around graphite in grey cast iron is a known form of dealloying

corrosion, commonly referred to as graphitic corrosion (ASM Handbook: Volume 13

Corrosion, 1992; Fontana, 1986; Freeman, 1999; Jones, 1992; Shepalev and Rudenko,

1978). It has been demonstrated that in an acidic solution – the environment commonly

observed inside a metal crevice – graphite acts as a net cathode (Turnbull, 1999) to

metal corrosion; oxidation of the α-Fe phase (3.1). The graphite itself is not reduced

during the reaction, but instead provides favourable oxygen reduction reaction (3.2)

kinetics (Coelho et al., 2018; Håkansson et al., 2017), resulting in a localised increase in

the corrosion rate. Graphite can further act as an electron conductor in the corrosion

process, providing an additional increase in the reaction kinetics.
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In the presence of graphite, stainless steel has been shown to corrode at double the rate

when compared to a system with no graphite present, and forms larger voids in the metal

(Sellers et al., 2014). The initially proposed model of graphitic iron corrosion suggested

that the process may only occur if a continuous network of graphite is present in the alloy

(ASM Handbook: Volume 13 Corrosion, 1992; Fontana, 1986) and would not be

observed if graphite forms isolated nodules or flakes. The graphite found in the Mary

Rose cannon shot investigated in this work does not form a continuous network and

occurs instead as isolated flakes. Yet preferential corrosion around graphite is still

observed, Fig. 3.31. This means a continuous graphite network is not necessary for

graphitic corrosion to occur. As a result, it may be concluded that the localised increase

of oxygen reduction kinetics on graphite plays a more important role in increasing the

overall corrosion rate than the global effect of increased conductivity from a graphite

network. However, this is a simplification as it does not consider the role of chlorine and

other salts present in the environment.

From the corrosion product characterisation performed earlier in the chapter, it has been

shown that SXPD of a -C powder sample from shot 81A6143, Fig. 3.18, supports the

metallographic analysis, where the predominant phase is Fe3C with some graphite in the

sample. The only corrosion product identified was the chlorinated iron oxyhydroxide,

akaganeite, β-FeO(OH, Cl). Akaganeite has a crystal structure stabilised by chloride 

(Ståhl et al., 2003), and can form only if chlorine (or fluorine) is present in the system

(Cornell and Schwertmann, 2003c). As a result, identification of β-FeO(OH, Cl) below 

the surface of the object means that chloride must have been available for reaction inside

the shot during corrosion. A discussion of the Cl k-edge XANES collected from an -S
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cross-section of shot 81A6143 (HWAS treated) is given in Section 3.3.2.1 and shown in

Fig. 3.27. The results suggest that the akaganeite found on shot 81A6143 did not go

through conservation treatment and likely formed after treatment, while the object was in

storage. For akaganeite to form inside the object post-conservation, Cl, oxygen and

water must have been available for reaction in internal areas of the shot, transported via

the crack network. This chlorine may either have originated from the tap water used to

prepare the treatment solutions, or from residual Cl not removed during conservation. As

a result, although the corrosion reaction is localised to graphite sites, it would not have

been able to proceed without the local environment created by the transport network of

the cracks.

3.3.4 Hydrogen reduction shot

As touched upon at the beginning of Section 3.3, the shot treated by hydrogen reduction

are unusual. They have a black appearance, Fig. 3.15, and their density is far below the

7.87 g cm-3 expected for iron, Table 3.4. From the perspective of a conservation

treatment that aims to preserve archaeological information and is reversible, the

technique would be considered a failure as neither has occurred. However, in the Cl XRF

maps, Fig. 3.24, little, if any, chlorine appears present in the H2R sample. As a result, if

considered in terms of the need for a successful desalination, the treatment can be

considered a success. These results correspond well with predictions about chloride

removal efficiency and changes to the metallurgical structure that were postulated by the

researchers who first introduced and developed the hydrogen reduction treatment

method (Arrhenius et al., 1973; North and Owens, 1981). Although it has long been

known that the methodology induces a change in the metallurgical structure, the

proposed descriptions of that change are based on theoretical arguments, rather than

an analytical study of an object after treatment (Tylecote and Black, 1980). In the

literature, no characterisation can be found of either the metal or corrosion products on

archaeological iron following hydrogen reduction treatment.
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Powder (-P) samples collected during cutting of cross-sections were analysed by Fe k-

edge XAS, Fig. 3.34. The EXAFS of all 3 H2R shot give a very similar spectrum to the

reference iron foil (α-Ferrite), but with a decreased amplitude, which could indicate a 

more amorphous character. A more amorphous material would result in a material with

a lower density. However, if the material is a more amorphous ferrite phase, diffraction

of the -P samples would be expected to give broad peaks. SXPD of the samples, Fig.

3.35, instead produces the opposite result: narrow, well defined peaks that are consistent

with a highly crystalline ferrite phase. The low angle peaks in the diffraction pattern are

consistent with SiO2, in the form of cristobalite (ISCD collection code: 75300), a

polymorph of quartz that likely formed in the highly reducing environment of the H2R

furnace from transformation of quartz present in the artefacts during burial in sediments.

Fig. 3.34 Fe k-edge XAS of -P samples from H2R plus reference Fe a: normalised µ(E) in energy space b:

EXAFS, χ(k), in k-space with a k-weighting of 2
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A closer examination of the XANES region of the XAS spectrum, Fig. 3.34-a inset,

reveals differences in the shape of the features from the H2R shot compared to the

reference foil. First, the initial rise of the edge at ~7110 eV is shallower and occurs at a

slightly lower energy for the H2R shot (blue spectra) than for the metal foil (grey).

Additionally, 2 ‘humps’ occur in the edge, at ~7115 and ~7125 eV. In the spectra from

the H2R shot, these humps occur with greater intensity and for shot 81A6167 and shot

79A0009, the second hump leads directly into the peak of the white line, which is broader

and less defined than the Fe foil. This points to deviations in the structure of the metal in

the H2R treated shot from a pure α-Fe. The lack of variation in the SXPD of the same 

samples implies that the variation is localised, rather than affecting the long-range crystal

structure.

Additionally, the spectrum from shot 81A0503 reaches a very broad peak at the top of

the rising edge (7125-7130 eV), which is not present in either the metal foil or the other

two H2R shot samples. A cross-section sample was cut from shot 81A0503 and

investigated by the combined XRF mapping/XAS depth profiling method used on the SS,

HW and HWAS shot in Section 3.3.2. The resulting XAS spectral series and Fe/S

elemental distribution maps are shown in Fig. 3.36. Moving from the external surface of

the shot (x = 297 px) to the internal region (x = 77 px), an increase in the relative amount

Fig. 3.35 SXPD of -P samples from H2R shot, with the database pattern for α-Fe shown in grey (ICSD 

53451), λ = 0.82578 Å 
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of iron can be seen in the Fe map. A sharp gradient occurs at approximately 100 px in

the x-axis. This sharp intensity change coincides with a sulfur-containing layer observed

in the S elemental map. Sulfated corrosion products have been observed in marine

archaeological iron from anaerobic sites, with formation of phases such as mackinawite,

FeS (Rémazeilles et al., 2009), greigite, Fe3S4 (Remazeilles et al., 2010), and in modern

steels, sulfated green rust, GR(SO4
2-) (Pineau et al., 2008). These sulfated products are

thought to arise form microbiologically-influenced corrosion, through the action of Sulfate

Reducing Bacteria (SRB) (Rémazeilles et al., 2009). At the Mary Rose burial site, a

number of SRB were identified in timbers from the ship (Preston et al., 2012), and the

products of reaction between Fe cations – Fe2+/Fe3+ – and sulfur anions – SO4
2-/S2- –

including FeS, FeS2, FeSO4 and Fe2(SO4)3 were found in Mary Rose timbers (Sandstrom

et al., 2005; Wetherall et al., 2008). Consequently, the layer of sulfur-containing products

is likely to have originated during burial of the shot, as a result of SRB. The localised

nature of the sulfur-species suggests that the layer may have been a surface colonised

by the bacteria, providing an indication of the location of the original surface, OS,

(Bertholon, 2001) of the artefact. Prior to undergoing the reduction treatment, the area

below the sulfur layer likely corresponded to uncorroded metal, while the material above

the sulfur layer may have been iron oxide corrosion products.

Fig. 3.36 Fe k-edge XANES of cross-section (-S) sample from H2R shot 82A0503 going from the outer,

external surface (green) to the inner region of the artefact (purple). Insets show the Fe and S XRF

elemental maps, with the location of the Fe XANES data acquisition indicated by white stars
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As a result, a possible explanation for the different XANES features observed in powder

from shot 81A0503 is that the shot was more severely corroded during burial and had a

thicker outer corrosion layer than the other two H2R shot. This means the material

observed on the artefact post-conservation comes from transformation of both metal and

iron oxides in the reduction furnace. This is supported by a slightly more pronounced

‘hump’ at 7125-7130 eV for the green spectra than for the purple spectra. A second

proposal for the origin of this hump is that it is related to the presence of an iron-sulfur

species in the cross section. However, this is less likely to be the case, as an attempt

was made to measure the S k-edge in a high [S] location on the cross-section, but the

signal was too low to acquire an XAS spectrum. This suggests that the concentration of

S is very small and there is not enough of this species present to influence the Fe k-edge

XANES.

To further investigate the local atomic structure of the H2R shot, an EXAFS model was

developed based on the α-Fe crystal structure, Fig. 3.37. 15 scattering paths were

included in the fit, including both single and multiple paths with up to 4 legs, Fig. 3.38-b.

Fig. 3.37 Structure of bcc α-Fe (ICSD 53451) showing the absorber to neighbouring Fe distances for the 5

Fe shells (Fe-1 to Fe-5) <5 Å from the central atom, used to model the EXAFS of the H2R shot.
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Fitting was performed on the Fourier transform of the data, with an R-range of 1.3-5 Å,

giving 18.84 independent points, evaluated based on the Nyquist criterion. The FEFF

(Rehr and Albers, 2000) model included scattering paths with half path length, R eff, up to

5 Å away from the absorbing atom. This corresponds to 5 shells of Fe atoms, referred to

as Fe-1 to Fe-5, with distances shown in Fig. 3.37. The structural parameter related to

the change (ΔR) in half path length distance was constrained by assuming symmetric

expansion/contraction of the cubic structure of the α-Fe crystal, through addition of a 

single multiplication term, α, applied to all paths. The change in variance (σ2) of the half

path length was constrained by calculating one σ2 value for each iron shell, Fe-1 to Fe-

5. σ2 for multiple scattering paths were modelled as a combination of these 5 calculated

values, with full details of each model path given in Appendix A.4. In the first iteration of

the model, changes in both E0 (edge energy) and S0
2 (amplitude reduction factor) were

monitored by allowing refinement of both. This was found to give a good fit to the metal

foil reference spectrum shown in Fig. 3.38-a. Modelling the -P samples using the same

procedure, a good fit was achieved based on an α-Fe structure, except for the amplitude 

term, S0
2, which was found to be around 0.2 to 0.25, rather than in the range 0.7-1.0,

which is considered appropriate for an EXAFS model (Calvin, 2013).

Fig. 3.38 EXAFS model of reference Fe foil, a: plot of the experimental data (solid lines) and fit (dashed

lines) for the imaginary (red), real (blue) and magnitude (brown) of the Fourier transform; b: scattering

paths included in the fit, with further details of each path available in Appendix A.4.1
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The Artemis software models the EXAFS signal amplitude by multiplying the S0
2 term by

the degeneracy of each path (Ravel and Newville, 2005). Consequently, this unusually

small amplitude factor may be interpreted as arising from a decrease in the degeneracy,

i.e: site occupation, of each Fe-site. To investigate this further, the archaeological

powders were modelled using a new approach, by fixing the value of S0
2 to the calculated

value for the Fe foil (0.74) and adding an additional multiplication term, N, which

corresponds to the fraction of occupied Fe sites in the sample. The results of this model

are given in Table 3.7, and an example fit shown in Fig. 3.39-a, with additional fits shown

in Appendix A.4.2.

Table 3.7 Calculated parameters in the EXAFS model of H2R powders. σ2 = variance in half path length

(mean square relative displacement), E0 = edge energy, S0
2 = amplitude factor (calculated for Fe foil and

fixed for Mary Rose samples), α = expansion/contraction term used to calculate ΔR (change in half path 

length) where ΔR = α * Reff with Reff determined from the crystal structure, N = fraction of occupied sites.

Number in brackets indicates the error in the best significant figure.

Powder
sample

R-
Factor

E0 (eV) S0
2 N α (Å) 

σ2 ( x10-3 Å2)

Fe-1 Fe-2 Fe-3 Fe-4 Fe-5

Fe Foil 0.006 7119.2(7) 0.74(5) - -0.003(1) 4.8(5) 7(1) 9(1) 6(1) 44(17)

79A0009-P1

Original 0.017 7118.2(11) 0.74 0.27(3) -0.004(3) 3.1(8) 6(2) 7(2) 6(2) 17(8)

Handprep 0.012 7118.1(8) 0.74 0.32(3) -0.005(2) 3.7(7) 7(2) 7(2) 6(1) 19(7)

Ballmill 0.008 7118.3(7) 0.74 0.48(4) -0.004(2) 3.9(6) 6(1) 8(2) 7(1) 20(6)

81A0503-P1

Original 0.029 7118.5(15) 0.74 0.29(5) -0.004(3) 3.0(11) 5(3) 6(3) 5(2) 26(19)

Handprep 0.031 7118.2(15) 0.74 0.29(5) -0.005(4) 2.7(11) 5(3) 6(3) 5(2) 25(17)

Ballmill 0.016 7118.8(10) 0.74 0.50(6) -0.004(2) 3.5(8) 6(2) 8(2) 6(1) 28(14)

81A6167-P1

Original 0.011 7118.2(9) 0.74 0.34(2) -0.005(2) 3.1(6) 5(1) 7(2) 6(1) 25(10)

Handprep 0.011 7117.9(9) 0.74 0.32(3) -0.006(2) 2.9(6) 4(1) 6(2) 5(1) 21(8)

Ballmill 0.010 7118.4(8) 0.74 0.44(4) -0.004(2) 3.7(7) 5(1) 8(2) 6(1) 25(9)

Based on this new model, the site occupancy is calculated to have decreased by a factor

of 0.27, 0.24 and 0.34 for the 3 H2R samples. This is a surprising and unusual result, as
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it suggests that there are less than a third of the expected atoms present in the crystal,

while still maintaining structural integrity. Though it seems implausible that 2/3 of the

atoms have been removed with no loss of volume, this result is consistent with the

unusually light weight of the artefacts, which are around 20% of the expected density of

iron. Consequently, it seems as if the conditions inside the hydrogen reduction furnace

have led to the formation of a light-weight ferrite structure.

Though the EXAFS results indicate <1/3 site occupancy of the crystal, this does not

mean atoms have been lost uniformly throughout the material. The EXAFS signal is an

average of all atoms within the beam footprint and, as a result, it is more likely that the

sample consists of small clusters of pure α-Fe, held together by a porous bonding 

network that incorporates hydrogen. This network would allow the overall structure of the

object to be retained, despite the metal clusters only occupying 1/3 of the space, while

also accounting for the diffraction results, which shows that the d-spacing and crystal

structure of the α-Fe is unaffected by the reduction process. To test this theory, the 3 

artefact powders were ground as fine as possible, first by hand, which would not be

expected to break the bonding network, and secondly by ball milling at 1800 rpm for 5

minutes, which would be expected to break the weak inter-cluster bonds between ferrite

Fig. 3.39 EXAFS model of H2R powder, a: example fit for original powder sample of 79A0009-P1

(additional fits given in Appendix A.4.2) and b: change in calculated fraction of occupied sites, N, for the

original, hand prepared and ball milled powders.
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crystals. EXAFS of the processed powders were collected and modelled in the same

way as the original powders and the results given in Table 3.7 and Fig. 3.39-b. The

results show that there is only a slight change with hand grinding, which is within the

error of the measurements, whereas for the ball milled samples, there is an increase in

N (fraction of occupied sites), indicating breakage of inter-cluster bonds and reformation

of Fe-Fe bonds to form a larger lattice network of α-Fe. Furthermore, considering the 

XANES region of the spectrum, Fig. 3.40, the ball milled samples (orange) appear to

have more metal-like features compared to the original and hand prepared powders.

This proposal of small regions of metallic α-Fe inside a matrix containing a large 

proportion of hydrogen is supported by electron microscopy images of the H2R cross-

sections, Fig. 3.41. Here, it can be seen that the metal droplets are on the order of 10 µm

diameter (blue arrows), inside a light-element matrix (dark grey). The matrix was found

to be highly sensitive to the electron beam, as demonstrated by the small hole formed in

under irradiation (pink arrow). Initial examination by Energy Dispersive Spectroscopy

(EDS) resulted in low weight percent totals, indicating the presence of lighter elements,

possibly hydrogen, that are beyond the detection of the SEM-EDS method.

Consequently, a full characterisation of the matrix structure has yet to be undertaken.

Future work should look to investigate the structure of the matrix species, possibly using

Fig. 3.40 Fe k-edge XANES for original (blue), hand prepared (green) and ball milled (orange) H2R

powders.
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a hydrogen-sensitive technique, such as neutron diffraction. Once the material is fully

characterised, possible applications for a magnetic, low-density ferrite material may be

explored.

3.4 Conclusions

This chapter has given an in-depth characterisation of the Mary Rose cast iron cannon

shot post-conservation, using visual observations, point-characterisation of corrosion

spots, 2D cross-sectional mapping and 3D tomographic reconstructions. A combination

of lab- and synchrotron-based analytical methods has been used to compare the

corrosion forms found on shot treated by four conservation approaches: long-term

passive storage in alkaline solution (pH 10, Na2CO3/NaHCO3) [SS shot]; neutral water

washing in Hostacor® IT:Water with [HWAS shot] or without [HW shot] an additional

chemical reduction treatment (pH 12-13 NaOH/Na2SO4); and finally high temperature

reduction at 800 °C in the presence of hydrogen gas [H2R shot]. The first 3 treatment

categories – SS, HW and HWAS – may be considered as representing different stages

in the same treatment series, as prior to undergoing active conservation, the HW and

HWAS shot were stored in the same passive storage environment as SS shot, and the

Fig. 3.41 Back-scattered electron micrographs of the H2R-treated shot 81A6167 at a: 200x and b: 2000x

magnification. Blue arrows indicate metal droplets (white) in a (dark grey) matrix of light-weight elements

with unknown composition. The pink arrow shows beam damage incurred to the matrix from the 20kV

electron beam. Orange arrows indicate examples of metal droplets deeper in the sample (light grey)
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HWAS treatment consists of the same procedure as HW, except for an additional

reduction applied after washing.

Based on non-destructive characterisation and visual observations, it was found that

mechanical damage to actively treated (HW/HWAS) artefacts – fracturing and cracking

– occurred from corrosion inside the object, rather than reaction of the outer surface with

the local environment. Further investigation of a small fragment of a HWAS shot by µ-

CT showed that the outer ~1.5 mm of the cannonball comprises of α-Fe and Fe3C, with

no corrosion phases present in this region of the casting. However, below 1.5 mm,

graphite is developed, and corrosion was observed to occur preferentially around

graphite, frequently causing exfoliation of the outer surface. This graphite is present as

isolated flakes, meaning the continuous graphite network assumed necessary in

previous corrosion models was not present. Consequently, this implies that graphite is

acting as a local, rather than a global cathode and, more broadly, the results demonstrate

that the corrosion process of a cast iron is dependent upon microstructure and phase

composition, which are controlled by the smelting conditions and elemental composition

of the alloy.

In contrast to the HW and HWAS shot, which displayed minimal surface corrosion, SS

shot were found to have thick overlying corrosion layers. Analysis of surface powders

from SS shot by XAS and SXPD showed that no chlorine, or chlorinated corrosion

products, are present on the surface of these artefacts. However, further investigation of

a cross-section sample revealed that sub-surface Cl can remain trapped below the

surface of the shot, in metal pores, in the form of the oxygen-sensitive Fe(II) phase β-

Fe2(OH)3Cl. Chemical analysis of the thin (<0.5 mm) surface corrosion products from

HW and HWAS shot indicates that chlorine is present on the surface all actively treated

shot, in the form of the chlorinated Fe(III) oxyhydroxide, akaganeite, β-FeO(OH, Cl). 
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Analysis of XANES spectra collected at the Cl k-edge shows that the β-FeO(OH, Cl) from 

the surface of a HW shot has been washed to remove surface chloride, Clsur. Prior to

undergoing active conservation, this HW shot was analogous to the SS shot, i.e: no

surface β-FeO(OH, Cl), but sub-surface β-Fe2(OH)3Cl trapped internally inside metal

pores. For loss of Clsur to have occurred in this artefact, the akaganeite phase must have

formed prior to, or in the early stages of active conservation. As a result, it is proposed

that akaganeite formed by oxidation of sub-surface β-Fe2(OH)3Cl during conservation

treatment, due to a combination of pH change and surface removal of protective layers

in tap water. This is thought to be one of several possible pathways for akaganeite

formation in archaeological iron.

A second route to akaganeite was observed through Cl k-edge analysis of β-FeO(OH, 

Cl) from the HWAS shot investigated by µ-CT. Presence of Clsur was found in the XANES

spectrum of akaganeite from this shot. Based on this observation, it is likely that

corrosion occurred after conservation, while the object was in storage. As β-FeO(OH, Cl) 

can only form in the presence of chlorine, it may be concluded that corrosive species

were transported to the interior of the artefact during or after treatment. This is likely to

have been primarily via the network of cracks present throughout the sample, causing

corrosion below the surface of the ball, leading to further cracking and eventual fracturing

of the object. To alleviate this, during conservation, care should be taken to avoid contact

with fluids such as tap water, which practitioners may not be aware has an intrinsic

concentration of chlorine.

Finally, measurements of 3 H2R shot show they are unusually light, with densities of

3.42, 1.43 and 1.26 g cm-3, far below the expected 7.87 g cm-3 of metallic iron.

Additionally, the shot have a dull, dark black appearance, yet diffraction of powders

collected from the shot give a structure consistent with highly crystalline α-Fe. This 

disagrees with EXAFS of the shot that has a profile similar to ferrite, but with a decreased

amplitude; indicating amorphous character. Computational fitting of the EXAFS signal
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demonstrates that the phase may be modelled as α-Fe, but with less than a third of the 

atom sites occupied. Hand grinding of the powders caused no significant change in the

site occupancy; however, ball milling of the powders led to an increase of site occupancy

from 1/3 to 1/2. Combining these results with SEM images of the H2R shot, it is proposed

that the Hydrogen Reduction treatment resulted in the formation of a light-weight ferrite,

with a structure consisting of ~10 µm α-Fe crystals bound by a light-element matrix 

incorporating hydrogen. The exact nature of the matrix material is currently unknown.

Nevertheless, this new, low density ferrite-based material presents exciting prospects for

future research and potential applications.
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Characterisation of the Mary Rose cast iron shot post-conservation, Chapter 3, revealed

that multi-decade immersion in sodium sesquicarbonate, (pH 10, Na2CO3/NaHCO3) can

completely remove chlorine from the surface of an artefact, a result with highly promising

implications for conservation. However, before recommending this approach, additional

investigations are required to fully characterise and understand the processes which

occur on archaeological iron during long-term storage in sesquicarbonate solution.

Table 4.1 [Cl-] in storage tanks for 11 Sodium Sesquicarbonate, SS, shot described in Chapter 3. Chloride

concentrations were measured with a selective chloride ion electrode, coupled to a Labquest2. (Vernier,

Oregon, USA) Reported concentrations have an accuracy ± 10%. (Vernier Software & Technology, n.d.)

Shot ID Tank [Cl] (mgL-1)

81A1527 770

81A2310 64

81A3470 735

81A3550 950

81A3839 15

82A2618 64

82A4365 739

82A4233 907

81A3461 735

81A6218 494

81A6219 277

Analysis of the sesquicarbonate storage solution from the immersion tanks shows that

they have high [Cl-], up to 950 ± 1 mg L-1, presumably due to chloride release from the

shot over time, Table 4.1. Although the aim of this conservation approach was to store

the shot in a passive, alkaline, aqueous environment; as discussed in Section 3.3.1.1,

when Na2CO3/NaHCO3 was initially introduced to conservation, it was intended as a

method of chloride removal (Oddy and Hughes, 1970; Plenderleith and Werner, 1971;

Scott, 1921). During passive storage in sodium sesquicarbonate, objects are fully

immersed in a solution tank, which is regularly refilled in the event of a leak or
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evaporation. Consequently, over time the storage solution is changed and may act as a

slow, aqueous washing treatment.

Multiple authors have reported that during a washing-based conservation treatment, loss

of chloride from the akaganeite crystal occurs by removal of Clsur, while internal Clstr is

unaffected (Kergourlay et al., 2011; Reguer et al., 2009; Ståhl et al., 2003). However,

these studies have focused on relatively short timescales, generally on the order of days

(Reguer et al., 2009) or months (Kergourlay et al., 2011). As a result, one possible

explanation for the observed absence of chlorine on the surface of SS shot and high [Cl-

] in the storage solutions, is a kinetically slow removal of Clstr, not observed in shorter-

term studies. Following this hypothesis, if left for long periods, Cl- would be washed out

of the akaganeite channels until a critical point where the crystal structure is no longer

stable, inducing a phase change with release of remaining structural Cl- into solution.

This would only be observable on long timescales, for example the multi-decade

immersed shot from the Mary Rose. Based on the identified corrosion phases reported

in Chapter 3, the most likely transformation would be to α-FeO(OH) and a spinel (Fe3O4

or γ-Fe2O3), a change which has been observed on geological timescales for an

akaganeite-containing Fe-Ni meteorite in Antarctica (Buchwald and Clarke Jr., 1989). To

test this hypothesis, and observe any changes that may occur to the corrosion products

and underlying metal during long-term immersion in high pH treatment solutions, a

unique long duration experiment has been developed to immerse samples of corroded

archaeological iron from a marine environment in various solutions for up to 2 years,

monitoring changes in the crystalline phases by Synchrotron X-ray Powder Diffraction

(SXPD).

4.1 Development of Long Duration Experiment

In 2017, the high resolution powder diffraction beamline at Diamond Light Source, I11,

opened a second experimental hutch designed for long duration experiments, lasting
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from 6 months up to 2 years (Murray et al., 2017). An application was successfully

submitted to conduct a long duration experiment looking at samples of corroded marine

archaeological iron during immersion in conservation treatment solution. In the initial

experiment design, a tilt-stage was proposed to keep samples immersed in solution

during storage and exposed for weekly analysis. A prototype tilt-cell was prepared, Fig.

4.1-a, with a window at both ends. However, during testing significant leakage of the

immersion solution occurred and a second cell was developed, Fig. 4.1-b, consisting of

resin-mounted samples secured in ‘swings’ that are lowered into wells of solution during

storage and raised for analysis.

The second design, the motorised lifting stage, was built by cutting a series of wells into

a block of Teflon.5 Samples were mounted in a chlorine-free, 2-part polyester resin

5 The work to build the cell and mount it on the beamline was undertaken by Mr Jonathan Potter

a b

Fig. 4.1 Cell design for experiment a: tilt-cell and b: motorised lifting cell

Fig. 4.2 The Mary Rose LDE sample cell, showing the configuration with samples raised for analysis, left,

and during storage with samples lowered into treatment solution, right
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(MetPrep, Coventry, UK), with only the bottom surface fixed in the resin to allow the

treatment solution to flow around the sides and top of the sample. The mounted samples

were secured in a 3D printed swing with a cover to prevent solution evaporation during

immersion. Fig 4.2 shows the final cell design, raised during analysis, left, and lowered

during sample immersion, right.

Four samples were prepared for the experiment, including two standards representing

the metal and corrosion portions of archaeological iron and two archaeological samples

to investigate the difference in reactivity between a freshly excavated artefact and an

artefact that has undergone a conservation treatment. The 4 samples were as follows:

 Sample 1 – Metal block (modern, α-Fe) from EURA Conservation (Telford, UK); 

to act as a standard for monitoring the reactivity of metallic iron.

 Sample 2 – Freshly excavated archaeological cast iron half cannonball from a

marine environment in Portsmouth Harbour, provided by Wessex Archaeology,

Fig. 4.3, sample ID BWL7_0009_8; to simulate archaeological material that has

not undergone any conservation treatment.

Fig. 4.3 Freshly excavated half of a cast iron cannon shot from Portsmouth Harbour, ID BWL7_0009_8, a:

pre-sampling with arrow showing the approximate location of the sample, which is removed in inset b.
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 Sample 3 – Mary Rose cannonball fragment from shot 83A0161, previously

treated by the Hostacor:Water conservation process, see Section 3.1 for full

details; to represent archaeological iron that has completed a conservation

treatment.

 Sample 4 – Synthesised akaganeite, β-FeO(OH, Cl), pressed pellet, prepared by 

heating 0.1 M FeCl3 (Sigma Aldrich) in a closed vessel at 70 °C for 48 hours and

compressing 0.2 g of the resulting powder in a pellet press at a pressure of 12 T

for 3 minutes; to provide a standard for the chlorinated corrosion phase most

commonly associated with archaeological iron.

The freshly excavated sample was kept stored in tap water from the time of excavation

until sample preparation. Samples representing archaeological cast iron (2 and 3) were

removed from the object by levering a small fragment from the bulk at a crack site, to

avoid contamination and loss of surface corrosion associated with cutting blades. Fig.

4.4 shows the 4 samples curing in resin (~1 hour cure time) in custom moulds engineered

to fit the swings on the motorised lifting stage. The resin was tested for 1 month prior to

the experiment start-date to ensure it would not react with the treatment solution. Each

Fig. 4.4 Samples curing in polyester resin using custom 3D printed mould. Samples from left to right: Mary

Rose fragment, akaganeite pellet, freshly excavated sample, metal block.
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sample well was filled with 7 mL of a 0.15 M solution of Na2CO3/NaHCO3 (pH 10) at room

temperature and pressure. Powder diffraction patterns from samples 1-3 were collected

in a reflection geometry set-up and for sample 4 in a transmission geometry. Data was

collected from 3 locations on each sample to allow for heterogeneity in the materials. 2D

Debye–Scherrer rings were imaged using a Pixum area detector, with an active area of

420x420 mm2 and a pixel size of 200 µm (Murray et al., 2017), calibrated with a CeO2

standard at each detector position. Incident X-rays with wavelengths in the range 0.493

to 0.496 Å were used during the 19 months of data collection, Appendix Table A.6.1.

4.1.1 Calibration protocol

Initial tests showed an offset in peak positions for the samples, Fig. 4.5-a, when using

an automated procedure to integrate the 2D image data. This offset arises from a

difference between the nominal sample-detector distance, z0, calculated using the CeO2

standard and the actual sample-detector position, z0 + Δz. To overcome this, each

measurement has been performed at 3 detector positions, placed at 50 mm intervals, to

allow a correction, Δz, to be calculated and applied to the sample-detector distance, via

a triangulation method, Fig. 4.6. This methodology has the additional benefit of being

able to account for any growth or shrinkage of the sample during the multi-year

experiment. The calibration procedure involves, first, co-integration of the 3x CeO2

standards from detector positions z1-z3, with a fixed wavelength in Dawn (Basham et al.,

2015), to calculate z0. All sample datasets are then integrated using z0, before the

triangulation procedure is applied using the custom-script written in Python 3.0, which is

given in Appendix A.3.2. The same peak is used to calculate Δz for each sample at all

timepoints: sample 1 = peak at ~24.2°; sample 2 = peak at ~25.3°; sample 3 = peak at

~24.8; and sample 4 = peak at ~20.6°. Following calculation of an individual Δz for each

sample location, loc1-3 on all samples, the calibration is updated with the new sample-

detector distance and all datasets integrated in DAWN using the calculated z0 + Δz. Fig.

4.5-b shows the results achieved using this calibration protocol.
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Fig. 4.5 a: Observed offset in peak positions at

detector positions z1-3 for the 3 locations on

samples 2-4 and b: removal of offset after

triangulation method and re-calibration of the data
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4.1.2 Data Analysis

Data collection began on 30/04/2018. On the first collection day, the samples were

measured dry before being immersed in solution. Throughout the first night, samples

were measured at 3-hour intervals providing data for hours 3, 6, 9 and 12. Since the first

night, data has been collected once a week, except during shut-downs. This work covers

the period up to December 2019, giving a total of 51 weekly collections and 55 timepoints

so far in the experiment. Each timepoint consists of 4 datasets comprising of 9 individual

diffraction patterns (3 sample locations, loc1-3, measured at 3 detector positions, z1-3),

giving a total of 36 patterns per timepoint. Following calibration, a Rietveld refinement

procedure was developed for samples 2-4.

4.1.2.1 Akaganeite pellet refinement: unit cell and Cl site fraction

A Rietveld refinement (Rietveld, 1969) methodology was developed for analysis of the

akaganeite pellet using the GSAS-II software package (Toby and Von Dreele, 2013).

Briefly, the procedure involves refinement of the unit cell parameters, atom positions,

Fig. 4.6 Triangulation method for calculating offset in sample-detector position, Δz compared to CeO2

calibration, using 2 detector positions, za and zb with their corresponding diffraction angles, θa and θb
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crystal size and microstrain, based on the previously published akaganeite crystal

structure (Post and Buchwald, 1991) (space group: I2/m). This was initially performed on

the 3-hour dataset, Fig. 4.7, prior to sequential refinement of the crystal structure for all

55 timepoints at each detector position and sample location; giving a total of 9 sequential

refinements for the akaganeite sample. Once the crystal structure was refined, the Cl

site fraction was calculated by sequential refinement. This procedure of first

characterising the crystal structure, then refining the Cl site fraction follows the analysis

performed in earlier studies (Reguer et al., 2009). The initial crystal cell parameters used

in the refinement (ICSD: 69606) were a 10.6 Å, b 3.0339 Å, c 10.513 Å, and a Cl site

fraction of 0.675. The 4 reported values – Cl site fraction, a, b and c unit cell length – are

taken as an average of the 3 detector positions and the experimental error estimated

from the standard deviation of the 3 detector positions. The residual weight percent, Rwp,

of the 3-hour dataset is given in Table 4.2.

Table 4.2 Residual weight percent of the Rietveld refinement models of the initial data used as a basis for

the 27 sequential refinement time series. Samples 4 and 3 used the 3-hour timepoint and Sample 2 used

the 168-hour time point as the initial data for refinement.

Sample Location
Rwp (%)

z1 z2 z3

Akaganeite pellet (Sample 4)

Loc 1 4.00 5.01 5.42

Loc 2 3.99 5.06 5.54

Loc 3 3.99 4.96 5.07

Mary Rose sample (Sample 3)

Loc 1 8.05 8.16 8.01

Loc 2 9.06 9.01 9.00

Loc 3 9.52 9.60 9.09

Freshly excavated sample (Sample 2)

Loc 1 12.79 13.06 14.28

Loc 2 24.99 26.41 28.06

Loc 3 21.29 21.54 20.86
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Table 4.3 Details of the crystalline phases identified on the 4 samples during the experiment. Metal: Metal

block, Fresh: Freshly excavated cannonball, MR: Mary Rose cannonball, Aka: Akaganeite pellet

Phase
Space
group

ICSD
collection

code

Sample locations:

/ observed - not observed

Metal Fresh MR Aka
L1 L2 L3 L1 L2 L3 L1 L2 L3 L1 L2 L3

Fe3C P n m a 99017 - - - / / / / / / - - -

α-Fe I m -3 m 53451 / / / - - - / - - - - -

FeCO3 R -3 c H 100678 - - - / - - - - - - - -

β-
Fe2(OH)3Cl

R -3 m H 155535 - - - - - - - / / - - -

GR1(Cl) R -3 m H 56286 - - - - - - - / / - - -

Fe3O4
F d -3 m

Z
26410 - - - / - - - / / - - -

α-FeO(OH) P b n m 245057 - - - / / / - / / - - - 

β-FeO(OH, 
Cl)

I 1 2/m 1 69606 - - - / / / / / / / / /

4.1.2.2 Freshly excavated and Mary Rose sample refinement: phase

composition

After calibration, the phases present at loc1-3 in samples 2 and 3 were identified in

QUALX2 (Altomare et al., 2015) at the beginning, middle and end of the time series.

Table 4.3 gives a list of the phases identified and the initial crystal data obtained from

the ICSD database. The intermediate phase GR1(Cl) was modelled using the database

Fig. 4.7 Rietveld refinement of the akaganeite pellet sample [Sample 4] at loc1, z1 and t = 3 hours

λ = 0.4936 Å 
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pattern for iowaite (Mg, Fe chlorite), which has been found to have an identical crystal

structure to GR1(Cl) (Refait et al., 1998; Trolard et al., 2007). To investigate how the

crystalline composition changes over time, the 3-hour data-set for sample 3 and 168-

hour data-set for sample 2 was modelled using the identified phases by Rietveld

refinement with the GSAS-II software package, Fig. 4.8. One consequence of using a

reflection geometry during data collection of samples 2 and 3, was an observed

preferential orientation of crystal phases in the dataset, particularly for the most abundant

phase, Fe3C. This was accounted for by addition of a spherical harmonic phase

preference model, with a harmonic order of 8. Once a reasonable fit was achieved to the

data, a sequential refinement was performed for all 55 timepoints at each detector

position and sample location; giving a total of 9 sequential fits for sample 2 and 9

sequential fits for sample 3. This was done in a 2-step process, first allowing refinement

of the unit cell parameters of all phases present, then refining the mass fraction, wi, of

each phase in the composition. The results are reported as an average of the 3 detector

positions and the experimental error estimated from the standard deviation of the 3

detector positions. The residual weight percent, Rwp, of the dataset used as a basis for

Fig. 4.8 Rietveld refinement of the Mary Rose sample [Sample 3] at loc2, z1 and t = 3 hours,  λ = 0.4936 Å
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the sequential refinement (3-hour timepoint for sample 3 and 168-hour timepoint for

sample 2) is given in Table 4.2.

Table 4.4 Solution changes for LDE samples, showing the total number of days since experiment start-

date and measured chlorine concentration and pH of extracted solutions. Error on least significant digit

given in brackets.

Date
removed
(D/M/Y)

No.
Days

[Cl-] (ppm) pH

Metal Fresh MR Aka Metal Fresh MR Aka

08/05/18 8 5(1) 7(1) 100(5) 100(5) 9.91(1) 9.95(1) 9.95(1) 9.95(1)

15/05/18 15 3(1) 3(1) 20(2) 10(2) 9.93(1) 9.95(1) 9.94(1) 9.94(1)

22/05/18 22 * * * * * * * *

26/06/18 57 6(1) 5(1) 20(2) 10(2) 10.10(1) 10.09(1) 10.11(1) 10.11(1)

07/08/18 99 4(1) 3(1) 20(2) 8(1) 10.11(1) 10.11(1) 10.13(1) 10.14(1)

09/10/18 162 6(1) 3(1) 10(2) 9(1) 10.11(1) 10.13(1) 10.16(1) 10.20(1)

04/12/18 218 4(1) 3(1) 20(2) 8(1) 10.13(1) 10.12(1) 10.16(1) 10.17(1)

26/02/19 302 4(1) 3(1) 20(2) 8(1) 10.14(1) 10.13(1) 10.20(1) 10.23(1)

07/05/19 372 6(1) 4(1) 50(3) 10(2) 10.16(1) 10.17(1) 10.17(1) 10.20(1)

23/07/19 449 5(1) 4(1) 40(3) 8(1) 10.17(1) 10.16(1) 10.19(1) 10.21(1)

06/11/19 555 7(1) 4(1) 20(3) 8(1) 10.11(1) 10.13(1) 10.18(1) 10.22(1)

* Measurement was performed 5 weeks after extraction, during which time a contamination

occurred invalidating the results for this solution

Metal: Metal block, Fresh: Freshly excavated cannonball, MR: Mary Rose cannonball, Aka:

Akaganeite pellet

4.1.3 Solution Changes

Alongside the sample measurements, solution changes were performed 11 times, with

increasing time intervals between changes. Immediately after being extracted from the

LDE cell, each solution was tested for [Cl-] and pH, Table 4.4, using a Orion Star A214

pH/ISE Benchtop Meter (Thermo Scientific) coupled with an Orion chloride combination

specific ion electrode (Thermo Scientific) and ROSS ultra glass refillable pH electrode

(Thermo Scientific) respectively. The chloride-specific ion electrode was calibrated using

0.1 M and 0.001 NaCl solutions (Sigma Aldrich) and the pH electrode using pH 4.01,
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7.00 and 10.01 standards (ROSS pH Buffer Kit,Thermo Scientific). One solution change

(extracted on 22/05/2018) was not measured immediately after removal, during which

time a contamination occurred, resulting in no data being available for this set of

solutions.

4.2 Results

The experimental procedure detailed in Section 4.1 was designed to best represent the

real-world conditions present during a conservation treatment, within the constraints of

a long-term diffraction experiment. Preparation of the samples in resin prevented

movement during the experiment, meaning the same location could be analysed each

collection day, without needing to clamp the sample. Immersion of only one surface in

resin enabled the treatment solution to flow around the sides and top of the sample, to

better simulate an object that is fully immersed in a washing treatment. Furthermore, the

two archaeological samples were prepared containing an outer corrosion layer overlying

the metal substrate. As a result, conclusions drawn from these samples may be

extrapolated to an entire object, where the same layout is observed. From the developed

sample set-up, a large amount of data has been collected in situ. For the first time, this

has allowed an investigation of how the crystalline composition of archaeological iron

changes in real-time, during immersion in an alkaline washing treatment on multi-year

timescales.

4.2.1 Standards: α-Fe Metal block and Akaganeite, β-FeO(OH, Cl), pellet 

Alongside the two archaeological samples, two standards were prepared, one consisting

of the metal (α-Fe) and the other the corrosion (β-FeO(OH, Cl)), to individually study the 

two main components of marine archaeological iron during long-term immersion in

alkaline solution. Comparing the metal diffraction pattern collected prior to immersion

and at day 574, Fig. 4.9, no corrosion has formed on the sample and the only phase

present is α-Fe. This result is consistent with the expected reactivity of metallic iron at 
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pH 10, as α-Fe is passivated above pH ~9 (Hjelm-Hansen et al., 1993). Consequently, it 

may be concluded that the metal is passive in Na2CO3/NaHCO3 solution and not actively

corroding. This confirms that Na2CO3/NaHCO3 can indeed provide a low-cost, stable and

non-corrosive environment for long-term storage of marine archaeological iron prior to

object drying, as previously assumed in conservation practice.

To characterise the akaganeite standard, a Rietveld refinement methodology was

developed to determine the Cl site-fraction (green) and unit cell parameters, a (blue), b

(purple) and c (orange), at each timepoint, Fig. 4.10. An initial, rapid loss of Cl occurred

in the first week, followed by constant Cl over the following months. This was

accompanied by a contraction along the a and c axes, with no change in the b axis. The

observed contraction of the a axis is remarkably similar to the unit cell changes observed

by Reguer et al (Reguer et al., 2009), where the a axis unit cell length was found to

decrease from 10.55 to 10.49 Å in 648 hours. Similarly, in the present experiment, the a

axis length decreased from 10.56 to 10.50 Å in 504 hours, Fig. 4.10 (blue). However,

the earlier study included 8 solution changes in the 648-hour period, whereas here, 3

solution changes were performed in the same time span. If it is assumed that this crystal

contraction occurs due to loss of chloride, a diffusion controlled process, (North, 1982;

Fig. 4.9 Diffraction of metal sample [Sample 1] dry and after 19 months of immersion, λ = 0.4944 and 

0.4957 Å respectively
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Selwyn et al., 2001) then the similarity of the two results suggests that the [Cl -] in the

wash solutions is not high enough to inhibit diffusion and, therefore, if the Cl-species

present on an artefact is β-FeO(OH, Cl), a high frequency of solution changes is not 

necessary during conservation.

Following the initial, rapid contraction, a downward trend continues to be observed for

the a and c axes. While the initial crystal change may be attributed to loss of chloride,

the decrease in the unit cell continues after stabilisation of the Cl-site fraction. This

suggests that a second, kinetically slow transformation is occurring, which may precede

the hypothesised reaction to goethite, α-FeO(OH), and a spinel (Fe3O4 or γ-Fe2O3).

Contraction along the a and c axis has been reported during thermal transformation of

akaganeite to hematite and is thought to arise from loss of OH-groups and filling of Fe

vacancies (Peterson et al., 2018). This transformation of akaganeite was found to involve

Fig. 4.10 Results of Rietveld refinement for akaganeite pellet sample [Sample 4], showing the change in Cl

site fraction, (green) and the variation a (blue), b (purple) and c (orange) unit cell parameters. Black stars

indicate time of solution change. Plotted points are an average of the 3 detector positions and the errorbar

calculated from the standard deviation.
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an increase of structural Clstr by migration during breakdown of the β-FeO(OH, Cl) 

crystal, however the experiment was performed in HCl, meaning aqueous chloride was

available during the reaction; unlike the environment inside the sample well of this

experiment. An additional 2 weekly datasets have been collected since the sequential

refinement analysis was performed, which were not included in the 55 refined time

points. In these, more recent data sets, the akaganeite sample shows the presence of a

new, amorphous species, Fig. 4.11. In alkaline solution, the transformation of akaganeite

Fig. 4.11 Comparison of the akaganeite pellet sample [Sample 4] at day 527, 574 and 581, showing

development an amorphous species between 5 and 10° 2θ at all 3 sample locations, λ = 0.4954-7 Å 
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is thought to occur via a dissolution/reprecipitation mechanism, with akaganeite

dissolution as the rate-limiting step (Cornell and Schwertmann, 2003d; Cornell and

Giovanoli, 1990). The reaction is not typically found to proceed via an amorphous phase.

However, the experiments undertaken by Cornell were performed in KOH solution, while

this work was conducted in Na2CO3/NaHCO3. Dissolution of iron oxyhydroxides can

result in the formation of amorphous ferric oxide, am-Fe(OH)3 (Baumgartner and Faivre,

2015; Schwertmann, 1966), in environments where organic compounds inhibit the

crystallisation process (Schwertmann, 1966). Consequently, the presence of CO3
2- in

solution may inhibit crystallisation, leading to the observed amorphous species. This

conclusion is supported by previous experiments of iron corrosion in

carbonate/bicarbonate solutions at 90 °C, where amorphous am-Fe(OH)3 formed

(Savoye et al., 2001) among the corrosion products.

Table 4.5 Initial phase composition of archaeological samples (fresh: freshly excavated cannonball, MR:

Mary Rose cannonball) prior to immersion in treatment solution at t = 0 hours. Values have been

calculated as an average of the 3 detector positions, z1-3, and the error on the least significant digit is

given in brackets, calculated as the standard deviation of z1-3.

- = phase not identified at sample location

Sam
Loc
No.

Phase composition, wi

Fe3C α-Fe FeCO3
β-Fe2

(OH)3Cl
GR1(Cl) Fe3O4

α-FeO 
(OH)

β-FeO 
(OH, Cl)

Fresh

1 0.71(2) - 0.10(1) - - 0.17(1) 0.012(1) 0.01(1)

2 0.99(3) - - - - - 0.00(1) 0.01(2)

3 0.996(3) - - - - - 0.004(4) 0.0002(5)

MR

1 0.982(5) 0.005(2) - - - - - 0.013(8)

2 0.70(1) - - 0.036(4) 0.004(5) 0.028(1) 0.004(2) 0.232(1)

3 0.49(6) - - 0.026(2) 0.006(4) 0.012(2) 0.013(4) 0.46(5)

- phase not identified at sample location
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4.2.2 Archaeological samples: Freshly excavated shot and previously treated

Mary Rose shot

Two archaeological samples were used to investigate the reactivity of a corrosion

product layer on an artefact following excavation compared to a sample which has been

through several stages of a washing-based conservation treatment. To study the two

samples in situ a reflection-geometry was used to collect the diffraction data. This led to

an observed preferential orientation of the crystals, which complicated data analysis. To

overcome this, a preferential orientation model was included in the refinement model,

using the generalised spherical harmonic method, an approach which has been

recommended over the alternative March model (Sitepu et al., 2005). Though this was

effective and improved the quality of the fit – Table 4.2 gives the Rwp of the initial fit – it

did not completely account for the observed differences in intensities compared to a

powdered sample, as seen by the difference plot in Fig. 4.8 (purple). However, as the

same 3 locations were measured on the sample each week, it may be assumed that the

phase preference is consistent across all timepoints. Therefore, although the absolute wi

reported by the refinement procedure may not be accurate, the trend and change in wi,

Δwi, may be considered an accurate representation of how the crystalline composition

of the samples vary over time. Consequently, the results reported in Figs. 4.12 and 4.14

give the refined phase composition as a Δwi value, with respect to the initial, dry, dataset

collected at timepoint 0 hours, Table 4.5.

The Mary Rose sample was investigated by performing a Rietveld refinement to

determine the wi of identified phases at each time point in the experiment. Fig. 4.12

shows the change in composition for each sample location. At all locations, akaganeite

was present at the start of the experiment and remains on the samples after 19 months.

Interestingly, 2 locations (loc2 and loc3) initially contained β-Fe2(OH)3Cl (purple), which,

by ~3,000 hours, transformed to magnetite, Fe3O4 (yellow) and goethite, α-FeO(OH) 

(dark green) via a GR1(Cl), [Fe3
IIFeIII(OH)8] [Cl·nH2O] , (olive) intermediate. This
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process can be seen in the low angle region of the diffraction patterns from the first 4,000

hours of the experiment, Fig. 4.13, where growth of peaks a [3.52° 2θ] and e [7.05° 2θ] 

occur alongside a decrease of peak b [5.05° 2θ], corresponding to the GR1(Cl) (003), 

GR1(Cl) (006) and β-Fe2(OH)3Cl (101) reflections respectively. Following this first

Fig. 4.12 Change in phase composition of Mary Rose sample [Sample 3] over 19 months for all 3 sample

locations. Green stars indicate dates of immersion solution change. Plotted points are an average of the 3

detector positions and the errorbar calculated from the standard deviation.
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reaction, formation of peaks c [5.81° 2θ] and d [6.70° 2θ] occur; which correspond to the 

magnetite (111) and goethite (101) reflections respectively.

This process can also be seen in the Δwi of these 4 phases over this time period, Fig.

4.14. An overall equation for the first step in the reaction, formation of GR1(Cl), is given

in equation (4.1),6 based on a mechanism of initial dissolution of β-Fe2(OH)3Cl, as

proposed by Kergourlay et. al (Kergourlay et al., 2018), followed by partial oxidation of

Fe2+ to Fe3+ and precipitation of the GR1(Cl) intermediate. Formation of GR1(Cl) from β-

6 Cathodic half-cell reaction in (4.1) and (4.2) assumed to be ½ H2O + ¼ O2 + e-  OH-

Fig. 4 13 Diffraction of the Mary Rose sample [Sample 3] locations loc2 and loc3 during the initital 3,900

hours in the low-angle region. Dotted grey lines show the difraction angle for a: GR1(Cl) (003), b: β-

Fe2(OH)3Cl (101), c: magnetite (111), d: goethite (101) and e: GR1(Cl) (006). The background of each

diffraction pattern was removed using a rolling-ball baseline correction (radius = 20) and normalised to give

a maximum peak intensity of 1, λ = 0.4933-7 Å. 
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Fe2(OH)3Cl in solutions with an excess of chloride and pH 3-6 has been found (Refait

and Genin, 1997) to occur in 2-4 hours. In contrast, in this work, GR1(Cl) wi reached a

maximum at ~1,000 hours. This slower rate of reaction has previously been observed on

β-Fe2(OH)3Cl from archaeological samples, where a significant quantity of GR1(Cl) did

not form until 24 hours into an alkaline washing (NaOH, pH 13.5) desalination treatment

(Kergourlay et al., 2018). This implies that the rate limiting step for the reaction when it

occurs in an artefact immersed in a high pH solution is different to a lab-prepared, weakly

acidic, aqueous solution. One possible explanation for this is that β-Fe2(OH)3Cl may be

found below surface of the object, in cracks and pores within the remaining metal; as

reported in Section 3.3.2. Within these pores, the pH is lower than the treatment solution,

and it has been shown that β-Fe2(OH)3Cl is only stable at pH 7 (Kergourlay et al., 2018).

Consequently, following immersion in the treatment solution, the pH inside the pores

increases, resulting in dissolution of β-Fe2(OH)3Cl, ion migration to the metal-corrosion

interface and oxidation and precipitation of GR1(Cl) via (4.1). The rate of reaction is,

therefore, likely to be diffusion-limited in an artefact. This is consistent with spatially

resolved studies of GR1(Cl) formation from β-Fe2(OH)3Cl on archaeological iron, where

GR1(Cl) formed at the metal-corrosion interface (Kergourlay et al., 2018).

Fig. 4.14 Change in weight fraction of the 4 phases magnetite (yellow), β-Fe2(OH)3Cl (purple), GR1(Cl)

(olive) and goethite (dark green) over 8,000 hours at sample positions loc2 and loc3 on the Mary Rose

sample [Sample 3]. Plotted points are an average of the 3 detector positions and the errorbar calculated

from the standard deviation.
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Previous studies of the transformation of β-Fe2(OH)3Cl during an alkaline washing

conservation treatment observed that reaction (4.1) proceeded via an intermediate

Fe(OH)2 phase (Kergourlay et al., 2018). If Fe(OH)2 was present on the Mary Rose

sample, in the range plotted in Fig. 4.13, it would be expected to give a peak at 6.3° 2θ 

[based on ICSD entry 53992 for λ = 0.4936 Å]. No peak appears at this 2θ value, meaning 

no Fe(OH)2 intermediate may be observed. However, the absence of Fe(OH)2 in the

results could be due to an insufficient time resolution, as the equilibrium between

Fe(OH)2 and GR1(Cl) is reached in <1 hour (Refait and Génin, 1993). The smallest Δt

used in this experiment was 3 hours, from t 0-12 hours. Consequently, though no

Fe(OH)2 intermediate was observed, the phase may have formed as a short-lived

intermediate, however this cannot be determined using the available data.

Green rusts are a common intermediate of iron corrosion. Once formed, they oxidise

further to give the reaction end-product, the nature of which is dependent on the reaction

conditions (Misawa et al., 1974). In near-neutral solutions (pH 4-6) with an excess of

chloride – [Cl-]/[OH-] ranging from 5 to 9 – a second, non-standard GR1(Cl) intermediate

forms, leading to either goethite or akaganeite (Refait and Genin, 1997). Under the same

conditions, but at lower [Cl-], lepidocrocite is produced instead (Refait and Génin, 1993).

During an NaOH, pH 13.5, conservation treatment, both Fe3O4 and α-FeO(OH) were 

observed in the final corrosion products (Kergourlay et al., 2018). This is consistent with

the results of this work, where magnetite and goethite formed from GR1(Cl). The overall

reaction is summarised in equation (4.2), though goethite is not thought to form directly

from the GR1(Cl) compound, but rather from oxidation of dissolved Fe2+ ions (Refait and

Genin, 1997).
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(4.2)
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II III II III

3 8 2 2 4 2

1
+ H O + O

2
[Fe Fe (OH) ] [Cl H O] + OH Fe Fe O + -FeO(OH) + ( 5)H O + Cl

  
 n n

Comparing the two sample locations, a different weight ratio of goethite:magnetite was

formed during oxidation of GR1(Cl); 1:2.5 at loc2 and 1:1 at loc3. Both GR1(Cl) and

magnetite are mixed Fe(II/III) species, while goethite is an Fe(III) compound.

Consequently, the different ratios observed arise from different oxidation rates of Fe2+ to

Fe3+. This most likely occurred due to variations in O2 availability at each analysis

location. This conclusion is in-line with the observations of Kergourlay et. al. (Kergourlay

et al., 2018), where, in de-aerated treatment solutions, only Fe3O4 formed, but with

oxygen present α-FeO(OH) was included in the reaction products. As a result, equation 

(4.2) is valid only in the case of a 1:1 goethite:magnetite molar ratio, where 3/4 Fe2+ ions

are oxidised to Fe3+. For incomplete oxidation of Fe2+, the reaction may be more

appropriately expressed as:

(4.3)
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Where a is the number of moles of GR1(Cl) and b the moles of O2

This gives a general ratio of goethite:magnetite of (12b – 5a):(3a – 4b). From this, the

relationship between the molar quantity of GR1(Cl) and O2 can be calculated at the two

locations on the Mary Rose shot. At loc3 the weight ratio of goethite:magnetite is 1:1,

which corresponds to a molar ratio of 2.5:1; while at loc2 the weight ratio of 1:2.5 gives

a molar ratio of 1:1. These two molar ratios result in a relationship of a = 1.76b for loc3

and a = 2b for loc2. This shows that small changes in the molar ratio of O2 and GR1(Cl)

can lead to large differences in the ratio of the final reaction products.
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Equations (4.1) and (4.2) reveal that Cl- loss is expected to occur at both stages of the

reaction. This theoretical chloride loss is supported by the ISE solution measurements

for the Mary Rose sample, Table 4.4, where measured concentrations of Cl- are

consistently higher for the Mary Rose sample than the others. This result has practical

implications for conservation, as the generally accepted method of monitoring a washing

treatment is to measure the [Cl-] released into solution and the end-point determined by

this value falling below 5 mg L-1 (North, 1987). It was assumed that this measurement

directly reflects the amount of surface-bound chloride lost from the akaganeite crystal

(North and Pearson, 1978). However, this work has shown that aqueous Cl- can also

arise from the transformation of β-Fe2(OH)3Cl and GR1(Cl). Therefore, if feasible, steps

should be taken to characterise the corrosion products alongside solution measurements

during conservation of iron artefacts, because otherwise practitioners risk mis-assigning

the reaction process occurring on the object. This could lead to an incorrect

determination of the treatment endpoint and, in turn, compromise judgement of the long-

term stability of an artefact. Characterisation of the corrosion layer through, for example,

X-ray Diffraction, would enable accurate conclusions to be drawn about which phases

are present, to determine which reactions are taking place, thereby allowing better-

informed decision-making process during treatment.

Since akaganeite was first identified on archaeological iron, it has been speculated that

it may not be present during burial and instead forms post-excavation (Gilberg and

Seeley, 1981; Turgoose, 1982). However, this process of formation has never been

directly observed on an artefact following excavation. Analysis of the freshly excavated

sample shows that, prior to being immersed in the treatment solution, no akageneite is

present in the diffraction data. Following immersion, over the course of the first night

(hours 3 – 12), akaganeite was found to form on the sample. This is illustrated in Fig.

4.15, and the insets which show a zoom-in of the akaganeite (101) peak at 3.7° 2θ (λ = 

0.494 Å). This result provides a direct observation in support of the conclusion that

akaganeite is a post-excavation phase. For akaganeite to form on the sample, chlorine
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must have been available for reaction in the system. Yet, no chlorine-containing species

was identified prior to akaganeite formation, Table 4.4. One possible explanation is that,

due to the reflection-geometry set-up, only a small region on the surface of the sample

is included in the beam footprint. In Chapter 3, it was demonstrated that Cl- may be found

in cracks and pores below the outer surface of archaeological iron. As a result, it is

proposed that the Cl-species involved in akaganeite formation originated from deeper in

Fig. 4.15 Overnight data for the freshly excavated sample [Sample 2] including an inset of the akaganeite

(101) peak growing over the first week for all 3 sample locations, λ = 0.4936-7 Å 
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the sample and migrated to the surface following immersion in the sesquicarbonate

treatment solution, where it oxidised and precipitated as akaganeite.

The change in akaganeite wi over 19 months is shown in Fig. 4.16-a (maroon), with

rapid growth in the first week, reaching a maximum at approximately 200 hours, followed

by a slower decrease, returning to 0 by around 2,000 hours. As the akaganeite wi

decreased back to 0, formation of goethite occurred, Fig. 4.16-a (green), reaching a

plateau at the same time as akaganeite, Fig. 4.16-b. From this, it can be concluded that

a transformation has occurred from β-FeO(OH, Cl) to α-FeO(OH). Transformation of 

akaganeite to goethite is known to occur in alkaline solution via a

Fig. 4.16 Change in phase composition (as weight fraction) of the freshly excavated sample [Sample 2],

showing a: all phases over 19 months and b: akaganeite and goethite in the first 4,000 hours at all 3

sample locations. Green stars indicate dates of immersion solution change. Plotted points are an average

of the 3 detector positions and the errorbar calculated from the standard deviation
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dissolution/reprecipitation mechanism (Cornell and Schwertmann, 2003d). The rate

limiting step of the reaction is akaganeite dissolution, which occurs at a faster rate at

greater [OH-] (Cornell and Giovanoli, 1990). In a comparable experiment, archaeological

cast iron was conserved by electrolytic reduction in 0.5 M NaOH (Gil et al., 2003). During

this process, akaganeite was found to transform to goethite within 2 months of treatment.

The sesquicarbonate immersion used in this experiment led to the same transformation

within 2,000 hours, corresponding to collection day 70 of the experiment. The timescales

of the two experiments are very similar, indicating that application of a cathodic potential

does not increase the rate of transformation and loss of akaganeite. As a result, the

lower-cost sesquicarbonate immersion method presents a more attractive treatment

option for a heritage institution.

Comparing the reactivity of the akaganeite formed on the freshly excavated sample to

the akaganeite present on Mary Rose sample at the start of the experiment, a difference

in behaviour is observed. Following its formation during treatment, β-FeO(OH, Cl) on the 

freshly excavated sample quickly transformed to α-FeO(OH). In contrast, akaganeite 

from the previously treated sample remains on the artefact after 19-months in solution.

The reactivity and kinetics of β-FeO(OH, Cl) transformation has been found to be 

dependent on crystal morphology (Cornell and Giovanoli, 1990), with dissolution

concentrated at the ends of the rod-shape crystal, which is typically elongated in the

[001] direction (Ståhl et al., 2003) and occurring at a slower rate with increasing

crystallinity. Akaganeite from the Mary Rose sample and pressed pellet standard were

both dry before the start of the experiment, whereas, β-FeO(OH, Cl) on the freshly 

excavated shot formed in situ while the sample was in solution, at pH 10. This is

unexpected, as it is thought that akaganeite cannot be prepared above pH 5 due to

competition with OH- for occupation of Cl- sites (Schwertmann and Cornell, 2000). This

indicates that poorly crystalline β-FeO(OH, Cl) may be forming in the lower pH 

environment found in cracks and pores below the surface of the sample, making it

susceptible to dissolution on exposure to the sesquicarbonate solution. Examination of
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the diffraction patterns in the low angle region (3-12° 2θ), Fig. 4.17, shows that the main

growth in the first 2,000 hours occurs for the akaganeite (101) reflection. Dissolution of

β-FeO(OH, Cl) is expected to occur at the end of the elongated-rod to give a pointed 

appearance (Cornell and Giovanoli, 1990), which would cause an increase the surface

area of a plane bisecting the [001] vector. The relationship between the [001] vector,

green arrows, and the (101), purple, and (200), pink, lattice planes is shown in Fig.

4.18. The (200) plane lies parallel to [001], while the (101) plane bisects it. As a result, if

dissolution occurs as the crystal is exposed to the treatment solution, creating a pointed

end in the [001] direction, no increase in diffraction intensity would be expected for the

(200) plane, however, an increase would be expected for the (101) plane, as observed

in the SXPD for the freshly excavated sample. This is fully consistent with the results

shown in Fig. 4.17, where at all 3 sample locations, in the first 1000 hours, growth of the

peak corresponding the (101) crystal plane occurs, but no change is observed for the

(200) crystal plane, indicating a process of dissolution resulting in a pointed-end crystal

along the [001] vector.

Fig. 4.17 Diffraction of the freshly excavated sample [Sample 2] at all 3 sample locations during the initital

2,400 hours in the low-angle region. Dotted grey lines show the difraction angles for the akaganeite (101),

(200), (310) and (211) crystal planes. The background of each diffraction pattern was removed using a

rolling-ball baseline correction (radius = 20) and normalised to give a maximum peak intensity of 1

λ = 0.4933-7 Å 



177

Both the previously treated and freshly excavated archaeological samples show

differences in their composition at the 3 locations, indicating heterogeneity in the

corrosion layer. At one location on the freshly excavated sample, loc1, magnetite and

siderite, FeCO3, were both observed at the start of the experiment, Table 4.5. FeCO3 is

thought to originate from the concretion layer during burial (North, 1976) and, as

discussed in Chapter 2, Fe3O4 forms on metallic iron during corrosion in a chlorinated

environment with oxygen present. As a result, it is likely that loc1 represents a location

on the fragment with an existing corrosion layer formed during marine burial, while loc2

and loc3 were free of adhering corrosion products prior to treatment. Over the first 6000

hours, the wi of FeCO3 decreased steadily to 0, Fig. 4.16-a (turquoise). Alongside this,

the Fe3O4 wi increased by 0.1 kg/kg, Fig. 4.16-a (yellow), and the α-FeO(OH) wi

increased by 0.08 kg/kg, Fig. 4.16-b (green), a much greater increase than observed at

loc2 or loc3 and too large to be accounted for by the transformation of akaganeite alone.

This suggests that dissolution of FeCO3 occurred, with subsequent oxidation of Fe2+ to

Fig. 4.18 Crystal structure of akaganeite showing the [001] vector (green arrows), (101) lattice plane

(purple) and (200) lattice plane (pink). Atom key: Fe = blue/green, O = grey, Cl = yellow.
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Fe3+, resulting in formation of Fe3O4 and α-FeO(OH), in a process similar to the reaction 

described by (4.2) and (4.3).

A study of the dissolution of siderite by O2 between pH 1.5 and 12, showed that

dissolution occurs at a faster rate for pH >10.3 (Duckworth and Martin, 2004). At neutral

or alkaline conditions, the first step occurs via a water hydrolysis reaction, (4.4):

(4.4)
2

3 2 3
FeCO + H O Fe + OH + HCO

  

This is followed by electron transfer, which, at pH > 10, is thought to be facilitated by

[FeIII(OH)4]- (Duckworth and Martin, 2004; Tang and Martin, 2011) before precipitation of

an Fe(III) oxide or oxyhydroxide species (Renard et al., 2017; Tang and Martin, 2011).

Duckworth and Martin identified 4-line ferrihydrite, Fe(OH)3, as the precipitate that forms

between pH 6 and 10.3. However, it has been demonstrated that trace amounts of Fe2+

adsorbed to the surface of ferrihydrite can catalyse transformation to goethite (Liu et al.,

2007). The presence of an Fe(II/III) species, Fe3O4, in the reaction products is evidence

that Fe2+ was present during the reaction, meaning the additional α-FeO(OH) observed 

at loc1 is likely to have formed through rapid transformation of ferrihydrite. A similar result

was observed by Renard et al. (Renard et al., 2017), where it was suggested that

precipitation of iron oxyhydroxide occurs directly on the siderite surface by

heterogeneous nucleation, following the simplified equation (4.5).

(4.5)
2

3 2 2

1
Fe + HCO + O + e FeO(OH) + CO

2

   

The increase in magnetite wi suggests that only partial oxidation of Fe2+ occurred. From

equation (4.5), it can be seen that formation of iron oxyhydroxide is dependent on O2

availability, indicating an insufficient oxygen supply at loc1. An oxygen-limited reaction
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also occurred on the Mary Rose sample, as discussed previously. This suggests that in

the present experiment, limited O2 is inherent to the environment formed inside the wells

of the lifting stage. Comparing the results obtained from the long-term experiment to the

post-conservation study in Chapter 3, by the end of 19 months, the corrosion

characteristics of the freshly excavated sample is strikingly similar to the typical

sesquicarbonate-stored shot at the Mary Rose Trust: α-FeO(OH) with some Fe3O4 and

no β-FeO(OH, Cl). As a result, the conditions inside the sample well can be considered 

a successful simulation of a real-world conservation environment and it is likely that the

reactions observed on the freshly excavated sample also took place in the Mary Rose

cannon shot during 30 years in aqueous alkaline storage.

4.3 Conclusions

A unique long-duration experiment was designed and developed to test the hypothesis

that β-FeO(OH, Cl) on marine archaeological iron undergoes a slow transformation to α-

FeO(OH) and Fe3O4 during multi-year immersion in alkaline solution. Four samples were

prepared, including 2 standards to represent the metal and β-FeO(OH, Cl) portions of a 

marine iron artefact and 2 archaeological samples, a fragment of a Mary Rose shot

previously conserved by a neutral pH washing treatment and a freshly excavated shot

Fig. 4.19 Summary of the transformations observed on the 4 samples during the long-duration experiment
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recovered from Portsmouth Harbour. Each sample was secured in resin and held in a

mechanical swing, which was lowered into a sample well filled with a solution of

Na2CO3/NaHCO3 (0.15 M, pH 10) during storage and raised out of solution during

analysis by Synchrotron X-ray Powder Diffraction (SXPD). The samples have been

analysed at 55 time-points, covering 19 months of immersion in alkaline solution. An

overview of the phases and reactions observed on the 4 samples throughout the

experiment is given in Fig. 4.19.

Prior to immersion in the sesquicarbonate solution, no β-FeO(OH, Cl) was present on 

the freshly excavated sample, but the phase was observed to form during the first week

in solution. After the first week, the newly formed akaganeite quickly transformed to α-

FeO(OH), reaching completion within 2,000 hours (~84 days). Alongside this, at one

sample location on the freshly excavated sample (loc1), FeCO3 and Fe3O4 were present

at the start of the experiment, originating from corrosion during burial. Over the first 6,000

hours (~254 days), FeCO3 slowly transformed to Fe3O4 and α-FeO(OH). These results 

conclusively demonstrate that akaganeite forms on archaeological iron post-excavation

and it was not present pre-conservation. Additionally, the freshly excavated sample

closely reflects the reactivity of the sesquicarbonate-stored Mary Rose shot and, by 19

months, displays the same corrosion characteristics as observed in Chapter 3. As a

result, it is likely that the reactions observed on the freshly excavated sample also

occurred on the sesquicarbonate shot during storage. This means the initial hypothesis

proposed at the start of Chapter 4 that β-FeO(OH, Cl) undergoes a kinetically slow 

transformation to FeO(OH) and Fe3O4 in alkaline solution is incorrect, and, instead, the

Fe3O4 and α-FeO(OH) observed on the sesquicarbonate-stored Mary Rose shot

primarily originated from a slow transformation of FeCO3, with a small proportion of α-

FeO(OH) arising from rapid transformation of β-FeO(OH, Cl) formed while the shot was 

in the immersion tanks.
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The behaviour of β-FeO(OH, Cl) on the previously conserved Mary Rose sample and

the akaganeite pellet was different to the freshly excavated sample. This variation is

thought to occur because β-FeO(OH, Cl) on the treated shot and akaganeite pellet were 

stable crystals, formed and dried prior to the start of the experiment. In contrast,

akaganeite on the freshly excavated sample was produced in situ from an unidentified

precursor located below the outer surface of the sample. Dissolution of the newly formed

crystals occurred in the [001] direction immediately on exposure to the high pH

sesquicarbonate solution. On the previously treated Mary Rose sample, no reactivity was

observed for akaganeite and the phase remains present on the sample after 19 months

of immersion. Changes to the crystal structure of β-FeO(OH, Cl) were, however, 

observed on the akaganeite standard. In the first week, a rapid loss of Cl occurred, before

reaching a constant Cl site occupancy in the following months. Loss of Cl was

accompanied by a contraction along the a and c axes of the crystal, with no change in

the b axis. A slow crystal contraction continued to occur over the next 10,000 hours,

(~400 days) suggesting a second, kinetically slower, mechanism may occur to transform

the β-FeO(OH, Cl) crystal. By day 574, an amorphous species appeared in the data, 

thought to develop due to the effect of CO3
2- in the treatment solution, which inhibited the

crystallisation process, which does not occur in hydroxide solutions. Additional data

collections will monitor how this species evolves over the following weeks.

At two locations on the previously treated Mary Rose sample (loc2 and loc3), β-

Fe2(OH)3Cl was present at the start of the experiment. Following immersion in the

treatment solution, β-Fe2(OH)3Cl transformed to GR1(Cl), reaching a maximum at 1,000

hours (~40 days), before formation of Fe3O4 and α-FeO(OH), a reaction that reached 

completion by 3000 hours (~125 days). A different ratio of goethite:magnetite was

produced at the two locations, revealing variations in O2 availability across the sample.

The molar ratio of goethite:magnetite may be described as a function of the molar

quantity of GR1(Cl), a, and the molar quantity of O2, b, by the general ratio (12b – 5a):(3a

– 4b). Both stages of the reaction are accompanied by release of Cl- into the treatment
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solutions. As a result, during a conservation treatment, it cannot be assumed that

measurements of the chloride-content of the treatment solution is providing information

about washing of akaganeite, as Cl-loss can occur from multiple phases present on

marine archaeological iron.

Finally, the metal standard did not react during the 19 months of the experiment, as

expected for an iron alloy passivated at pH 10. This result supports the use of sodium

sesquicarbonate as a low-cost immersion environment for marine archaeological iron

prior to drying, as it is evidence that any exposed alloy will not corrode while in solution.

Overall, the long-duration experiment has given a new understanding into the behaviour

of archaeological iron corrosion during long-term immersion in alkaline solution. The full

implications for conservation of the results described in this chapter will be discussed in

more depth in Chapter 5.
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At the beginning of this project, research into the conservation of archaeological iron was

predominantly focused on short-term treatments, with limited information available on

reaction intermediates and the kinetics that occur on archaeological objects during

treatment. Additionally, no examination had been performed of an iron artefact that

continued to corrode after conservation to investigate possible causes of treatment

failure or to characterise the sub-surface structure via destructive testing. Furthermore,

earlier studies comparing different treatment approaches either relied on modern metals,

which inadequately represent archaeological alloys, or artefacts from different

archaeological contexts, which restricted the extent to which the results could be

extrapolated to evaluate treatment efficacy. Throughout this thesis, these issues were

overcome by using a series of novel experimental and data analysis approaches to

investigate the unique collection of cast iron cannon shot from the Mary Rose shipwreck.

This has enabled conclusions to be drawn about the rate and mechanism of different

corrosion reactions, the role of metal microstructure in the reaction and the impact of

treatment approach on archaeological iron corrosion. An overview of the main

conclusions from each chapter is provided in Section 5.1, before the impact of these

results on the field of conservation is examined in Section 5.2, ending with a look to the

future in Section 5.3.

5.1 Summary of results

This project has examined the changing state of the Mary Rose cast iron cannon shot

over 450 years; from their manufacture and burial, through to their current condition and

the impact of conservation on metal corrosion. This was achieved through the

development of new experimental and data analysis protocols, combining laboratory-

and synchrotron-based methods to address specific research questions. An existing cell

for multimodal tomography was successfully adapted for use as a liquid-flow system,

allowing µ-XRD-CT to be applied to iron corrosion for the first time. A second

experimental cell was designed and built for a unique long-duration experiment that
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examined reactions that occur during a washing-based conservation treatment in situ

over 19 months. To analyse experimental data, several python scripts were written for

data processing steps, including peak fitting and data calibration. Using this suite of

techniques, new insights have been gained into the corrosion and conservation of marine

archaeological cast iron.

Characterisation of the metal microstructure (Section 2.2) shows variation in the alloys

across the 1200+ shot collection. Some shot present as a grey cast iron, α-Fe and Type 

A graphite flakes, and others as a white cast iron, ledeburite (lamellar α-Fe and Fe3C in

an Fe3C matrix) on the outer surface, with Type B graphite flakes developed below

1.5 mm. Corrosion of α-Fe from one shot in aerated 0.6 M NaCl resulted in the formation 

of magnetite, Fe3O4 with no observable intermediate (Section 2.3). On a 10 µm particle,

this reaction reached equilibrium in 2-3 hours, with the oxide evenly distributed across

the particle. No chlorinated phases were formed, meaning Cl- acts as a spectator ion

rather than being incorporated into the corrosion products. 3D visualisation of a fragment

from a second shot with a white cast iron microstructure post-conservation showed no

corrosion in the outer 1.5 mm of the sample. Instead, akaganeite, β-FeO(OH, Cl), was 

found to occur preferentially around graphite flakes in the microstructure (Section 3.3.3).

This graphite is present in the alloy as isolated flakes, meaning the continuous graphite

network assumed necessary in previous corrosion models was not present and the

graphite is thought to act as a local, rather than a global cathode during corrosion. Taken

together, the observations from these two samples demonstrates that corrosion of a cast

iron proceeds differently depending on the alloy composition and environmental

conditions present.

Examination of the Mary Rose shot post-conservation (Chapter 3) indicates that severe

structural degradation to artefacts (fracturing and cracking) arises from corrosion inside

the object, rather than interaction of the outer surface with the local environment. In total,

22 shot were investigated, representing 4 groups treated by different conservation and
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storage approaches: Sodium Sesquicarbonate, SS, long-term passive storage in alkaline

solution (pH 10, Na2CO3/NaHCO3), 11 shot; Hostacor:Water, HW, neutral pH tap water

washing with corrosion inhibitor Hostacor® IT, 4 shot; Hostacor:Water Alkaline sulphide,

HWAS, same as HW, with an additional chemical reduction treatment (pH 12-13

NaOH/Na2SO4), 4 shot; and Hydrogen Reduction, H2R, high temperature reduction at

800 °C in the presence of hydrogen gas, 3 shot. No chlorine, or chlorinated corrosion

products were present on the surface passively stored SS shot. However, sub-surface

Cl remained trapped in metal pores, in the form of the oxygen-sensitive phase β-

Fe2(OH)3Cl. In contrast, chlorine was observed in the surface products of the actively

conserved HW and HWAS shot, in the form of akageneite, β-FeO(OH, Cl). XANES 

spectra collected at the Cl k-edge showed that β-FeO(OH, Cl) from one HW shot was 

washed to remove surface-bound chloride, Clsur. To give this result, the akaganeite

phase must have formed prior to, or in the early stages of the HW conservation treatment.

However, before active treatment, the HW shot was analogous to the SS shot, i.e: no

surface β-FeO(OH, Cl), but internal, sub-surface β-Fe2(OH)3Cl trapped in pores.

Consequently, it is proposed that the akaganeite on the HW shot formed by oxidation of

sub-surface β-Fe2(OH)3Cl during treatment, due to a combination of pH change and

surface removal of protective layers in tap water. This is thought to be one of several

possible pathways for akaganeite formation in archaeological iron. For example,

additional Cl k-edge XANES of one HWAS shot showed presence of Clsur in the β-

FeO(OH, Cl) crystal, meaning corrosion may also occur after conservation, while the

object is in storage. Finally, characterisation of the final treatment approach – high

temperature hydrogen reduction – revealed that the methodology resulted in formation

of a novel, light-weight α-Fe based material. 

To directly observe the reactions that occur during long-term immersion in

sesquicarbonate solution, a long-duration experiment was performed, where 4 samples

(α-Fe block, freshly excavated shot from Portsmouth Harbour, HW treated Mary Rose

shot and an akaganeite pressed pellet) were immersed in Na2CO3/NaHCO3 (0.15 M, pH
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10) for 19 months and monitored by SXPD (Chapter 4). Prior to immersion, no β-

FeO(OH, Cl) was present on the freshly excavated sample, but the phase was observed

to form over the first week (~200 hours) of immersion, providing direct evidence that

akaganeite is a post-excavation corrosion product. Following formation, the akaganeite

transformed to goethite, α-FeO(OH) by day 84 (~2000 hours) of the treatment. A 

heterogeneity of corrosion species was observed across the two archaeological

samples; the freshly excavated and Mary Rose shot fragments. At one location on the

freshly excavated sample, siderite, FeCO3, was observed prior to immersion, originating

from the burial environment. Slowly, over 250 days (~6000 hours) of immersion, FeCO3

transformed to Fe3O4 and α-FeO(OH). At the start of the experiment, the HW treated 

Mary Rose sample contained both β-FeO(OH, Cl) and β-Fe2(OH)3Cl as corrosion

products. Over the next 19 months, the β-FeO(OH, Cl) remained unchanged, while β-

Fe2(OH)3Cl reacted to a mixture of to Fe3O4 and α-FeO(OH) via a chlorinated green rust 

1, GR1(Cl), intermediate. The first reaction step, formation of GR1(Cl), reached a

maximum at 40 days (~1000 hours) and the second and step, reaction of GR1(Cl) to

Fe3O4 and α-FeO(OH), reached completion by day 125 (~3000 hours) of the experiment. 

Both steps in the reaction were associated with release of Cl- into solution. At the two

analysis locations where this reaction was observed, a different ratio of

goethite:magnetite was formed, arising from variations in O2 availability across the

sample. The general molar ratio of the two phases may be expressed as (12b – 5a):(3a

– 4b), where a is the molar quantity of GR1(Cl) and b is the molar quantity of O2. Rietveld

refinement of the diffraction data collected from the akaganeite pellet sample shows that

a rapid loss of Cl occurred in the first week (~200 hours), before reaching a constant Cl

site occupancy. Loss of Cl was accompanied by contraction along the a and c crystal

axes, with no change in the b axis. An additional, slow crystal contraction took place over

the next 400 days, (~10000 hours) suggesting a second, kinetically slower

transformation mechanism may occur to β-FeO(OH, Cl) during long-term alkaline 

immersion. The metal sample did not react during the 19 month experiment, as expected

for an iron alloy passivated at pH 10.
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5.2 Consequences for conservation

This work is the first-time corrosion systems on archaeological iron have been

characterised after multiple decades of treatment and the conclusions have important

consequences for conservation. It has been shown that long-term storage in sodium

sesquicarbonate is able to completely remove surface chlorides from artefacts and there

is no sign of metal corrosion during immersion. Experimental monitoring of the treatment

process over 19 months has shown that akaganeite is a post-excavation corrosion

product. If the phase forms while the object is immersed in treatment solution, it reacts

within 3 months to goethite. However, if akaganeite is already present on an artefact that

has been allowed to dry out, this conversion to goethite does not occur and akaganeite

remains on the artefact beyond the 19-month window investigated in this work.

Furthermore, examination of the chloride loss from a pure akaganeite sample indicates

that the [Cl-] in the wash solutions is not high enough to inhibit diffusion of Cl- from β-

FeO(OH, Cl). Therefore, a high frequency of solution changes is not necessary during

conservation. Consequently, it is concluded that long-term storage in sodium

sesquicarbonate is a low-cost, low-labour and protective storage environment for marine

iron artefacts that are not intended for display. As a result, it could provide an attractive

alternative to expensive temperature and RH controlled storage.

However, this work has also shown that there are limitations with the current approach

to monitoring washing-based conservation treatments, where the treatment is

considered complete when the [Cl-] in solution falls below a threshold value, typically

5 ppm. Analysis of the reactions that occur during immersion has shown that if β-

Fe2(OH)3Cl is present among the corrosion products, it reacts to goethite and magnetite

via a GR1(Cl) intermediate in a 2-step reaction. Both stages of this transformation result

in loss of Cl- into solution. This means that measurements of chloride levels in solution

cannot be assumed to directly relate to the loss of Cl- from akaganeite, as other reactions
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may also lead to release of chloride. If feasible, conservation practitioners should take

steps to characterise the corrosion products – e.g. using XRD – alongside solution

measurements during treatment to avoid misinterpretation of chloride readings.

Additionally, if an object is passively stored in a high pH solution and is removed for

drying and active conservation, for example prior to going on display, removal of outer,

protective layers can result in exposure of previously blocked pores. This allows water,

salts and oxygen to enter the object, causing corrosion inside the artefact and

propagation of cracks that eventually lead to fragmentation. If rinsing is unavoidable, it

should be done in distilled water to minimise exposure to salts that are present in tap

water, e.g: chlorine.

More broadly, this study takes advantage of a rare opportunity to perform destructive

testing on artefacts following extensive conservation. It is understandable that most

institutions are hesitant to sacrifice an object that has had significant time, effort and

resources invested during conservation. But, as demonstrated in this thesis, an

extraordinary insight may be gained by looking back on why past treatments failed.

Particularly in complex, problematic cases like iron corrosion, analysis of artefacts post-

conservation, even years after treatment, has the potential to play an important role in

the future development of conservation.

5.3 Future work

One of the main limitations of research presented in this thesis is that the conclusions

drawn are based on a small number of artefacts. Due to time constraints, the multimodal

tomography results presented in Chapter 2 are based on a single metal particle,

meaning it is not clear whether the results are repeatable. Furthermore, in Chapter 3,

cross-section analyses were only performed on two samples of each treatment type (SS,

HW and HWAS). Differences were seen between the cross-section structures of the two
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SS shot, Section 3.3.2, where one contained β-Fe2(OH)3Cl below the surface and the

other did not. This, combined with the observed variability in metal microstructure

discussed in Section 2.2.1, means it is likely that there are other processes occurring on

archaeological iron which were not observed in this, more limited study. This issue could

be overcome by undertaking a wider investigation including a much larger number of

samples, however, such an approach would be time consuming, expensive and lead to

more archaeological artefacts being destructively tested. A second limitation of the work

is that the starting condition of the Mary Rose shot prior to treatment is unknown and lost

to time. Consequently, the conclusions presented in Chapter 3 about possible reaction

mechanisms are based on an observed end-product, known environmental conditions

and an extrapolated starting material. As a result, any mechanisms proposed in Chapter

3 should be viewed as hypothetical and different to the fully characterised reactions

which were observed in situ in Chapters 2 and 4.

Furthermore, one aspect of a marine artefacts’ lifetime which was not addressed in this

work is the role of the drying method on the corrosion reaction, and how the rate, method

and effectiveness of the procedure affects the porosity, cracks and corrosion while in

storage or on display. The different behaviour observed in Chapter 4 for akaganeite

crystals previously dried (akaganeite pellet and Mary Rose sample) compared to crystals

that formed in solution (freshly excavated sample), suggests that drying may also play a

role in the behaviour of akaganeite on an artefact post-treatment. One way these

processes could be addressed is through analysis of the final datasets collected during

the long-term experiment. Following the end of the period represented by the 55

timepoints presented in this thesis, no more solution changes were performed, and the

samples were allowed to dry out before the final weekly collection of diffraction data.

Examination and analysis of these diffraction patterns may give an insight into the impact

of air-drying on the crystalline composition of the samples.
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A second area of interest for future work is the novel material formed during the Hydrogen

Reduction conservation treatment. The initial characterisation performed in Chapter 3

suggests a remarkably light-weight material with an α-Fe-based structure. This could be 

a promising new material; however, development of potential applications will require a

full structural characterisation of the material, an investigation into minimal-cost

production methods and an analysis of the material properties.

Finally, the in situ long-term conservation experiment conducted in this project focused

on sodium sesquicarbonate at room temperature and pressure, based on the

conservation history of the Mary Rose shot collection. It is not clear what the role of the

carbonate ion is during treatment and what differences may occur by using NaOH as the

passive storage solution. To address this, future long-term experiments should look to

compare different variations of the alkaline washing protocol.
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A.1 Shot Conservation Details and Photographs

A.1.1 Table detailing shot conservation history and artefact images pre-sampling

† = Source: artefact record ‡ = Source: conservation record

Shot ID Conservation History Photo

81A1527

† excavation condition - fair,
“Ammonia: SV: 23/1/1984”

(photographed), ~10 years ago:
Na2CO3/NaHCO3

81A2310

† excavation condition - fair,
“Ammonia: SV: 13/1/1984”; 6/87 –

thin layer white concretion, ~10
years ago: Na2CO3/NaHCO3

81A3461
† excavation condition – fair, ~10

years ago: Na2CO3/NaHCO3

81A3470

† excavation condition – fair
(photographed), ~10 years ago:

Na2CO3/NaHCO3



221

81A3550
† excavation condition – fair. ~10

years ago: Na2CO3/NaHCO3

81A3839

† excavation condition – poor
(between M48/49 halfbeams),

“Caustic: woodgate: 1/12/1981”,
~10 years ago: Na2CO3/NaHCO3

81A6218

† excavation condition – fair,
associated with 81A6711, in 1987
“shot rusty with corrosion spots,

covered in thin white concretion”,
~10 years ago: Na2CO3/NaHCO3

81A6219

† excavation condition – fair, “5%
Caustic Soda: SV: 11/10/1984”,

(number mix-up see card above), in
1/84 “condition: poor,”, ~10 years

ago: Na2CO3/NaHCO3
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82A2618

† excavation condition – fair
(between M48/49 halfbeams [cube

lifted]), “5% Caustic: Turner:
9/7/1982”, ~10 years ago:

Na2CO3/NaHCO3

82A4233

† excavation condition – fair (raised
in cube), “Caustic Soda: Vallance:

10/11/1982”, associated with
MR8251173/1-2, heavily concreted,

~10 years ago: Na2CO3/NaHCO3

82A4365

† excavation condition – fair (on
deck of sleipner), “5% Caustic Soda:
Woodgate: 7/12/1982”, ~10 years

ago: Na2CO3/NaHCO3

81A3420

‡ Observations – “Condition: very
good. Seven pits located near
sprue. Slightly rough surface in

places. ‘H’ stamp at right-angle to
sprue. Not clearly defined.” 3/11/10:

surface mechanically cleaned of
corrosion, rinsed in tap water,

placed in 2% Hostacor IT in tap
water, 5 x washes (3/11/2010 -

15/11/2010). Cl levels in wash 3 =
72 ppm, wash 4 = 179 ppm, wash 5

(17/11/2010) chloride levels
deemed low enough to move to next

stage, hostacor was found to
interfere with accurate readings on

the ion meter. Dehydration in 2-
stage acetone treatment 17/11/2010

50:50 acetone: H2O, 19/11/2010
100% acetone. Microcrystalline wax
plus small amount graphite powder

22/11/2010.
Location: M2, context gallery, May

2013
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81A6102

‡ Observations – “Good condition,
raised surface of small [unclear

word] polar hemisphere. Context
gallery. Removed. Cracking.
Drawer.” 14/12/10: surface

mechanically cleaned of corrosion,
rinsed in tap water, placed in 2%

Hostacor IT in tap water, 4 x washes
(14/12/2010 - 4/1/2011). Cl levels in
final solution = 30 ppm. Dehydration

in 2-stage acetone treatment
4/1/2011 50:50 acetone: H2O,

5/1/2011 100% acetone.
Microcrystalline wax plus small

amount graphite powder 6/1/2011

83A0161

‡ Observations – “condition: good,
no stamps, pits located near sprue,
uneven surface.” 12/10/10: surface
mechanically cleaned of corrosion,
rinsed in tap water, placed in 1%

Hostacor IT in tap water, 4 x washes
(12-10/10/2010). Dehydration in 2-
stage acetone treatment 28/10/10
50:50 acetone: H2O, 1/11/2010

100% acetone. Microcrystalline wax
plus small amount graphite powder

2/11/2010

83A0446

‡ 17/11/10 “chloride levels deemed
to be low enough to move on to the

next stage. Hostacor fount to
interfere with accurate readings on
the ion metre. Condition: surface is

very good but shot is light. ‘H’ stamp
is deep but poorly defined. Pitting

near sprue. Marks from contact with
other shot are visible with evidence

of the netlon on some” 4/11/10:
surface mechanically cleaned of

corrosion, rinsed in tap water,
placed in 1% Hostacor IT in tap

water, 4 x washes (4-15/11/2010).
Dehydration in 2-stage acetone

treatment 17/11/10 50:50 acetone:
H2O, 19/11/2010 100% acetone.
Microcrystalline wax plus small

amount graphite powder 22/11/2010
3/2/11 “after deterioration of other
shot in the storage chamber this

shot was returned to conservation
as it is light-weight. It was

consolidated with 10% paraloid B48
w/v acetone. Placed into second
stage of consolidation using 20%
paraloid B48 w/v acetone. Cracks
adhered with HMG paraloid B72
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81A6143

‡ Observations – “condition: good,
polar ‘H’, marks from contact with
other shot visible, smooth surface”

13/12/10: surface mechanically
cleaned of corrosion, rinsed in tap
water, placed in 2% Hostacor IT in

tap water, 4 x washes (13-
7/12/2010). Dehydration in 2-stage

acetone treatment 4/1/11 50:50
acetone: H2O, 5/1/2011 100%

acetone. Microcrystalline wax plus
small amount graphite powder

6/1/2011
22/2/11 – “shot returned to

conservation after cracking occurred
in storage. Microcrystalline wax

removed in IMS. Placed in 2% v/v
hostacor:water wash. Cl

measurements. 6/11
microcrystalline wax removed in
boiling water, solution heated to

45°C. Completed treatment 11/12.
Rinsed in water, dried at 50°C,

coated in 15%paraloid B72 (HMG)

81A0177

‡ 11/1/10: surface mechanically
cleaned of corrosion, rinsed in tap
water, placed in 2% Hostacor IT in

tap water, 5 x washes (11/1-
16/3/2010). 09/11 recorded 5 ppm

Cl
22/6/11 – “water washing found to

be ineffectual. Shot placed in a
0.1:0.05 M solution of alkaline

sulphite and heated to 45°C, 22/7/11
Cl measurement 7 ppm, down to
0.153 ppm 10/11. Removed from

alkaline sulphite and placed in
deionised water. Once conductivity

levels were low enough the shot
was place in paraloid B48 15% w/v

acetone. 26/4/12 removed from
consolidant

81A2798

‡ Observations – “Condition: Fair,
no stamp, misshapen (not

spherical), rough surface, cracking
and spalling in one location”

27/1/2010: surface mechanically
cleaned of corrosion, rinsed in tap
water, placed in 2% Hostacor IT in
tap water, 4 x washes (27/1/2010 -

21/2/2010). Cl levels in final solution
= 40 ppm. Dehydration in 2-stage

acetone treatment 21/2/2010 50:50
acetone: H2O, 23/2/2010 100%

acetone. Microcrystalline wax plus
small amount graphite powder

25/2/2010.
4/2/2011 – Shot returned to

conservation lab when cracking
occurred in storage. Microcrystalline
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wax removed in acetone. Placed in
2% v/v hostacor:water wash. Cl
measurements: 21/2/2011 – 41

ppm; 9/3/2011 – 34 ppm; 8/4/2011 –
31 ppm

June 2011 – residual wax removed
in boiling water. 22/6/2011 – shot
placed in 0.1:0.005 M solution of
alkaline sulphite and heated to

45°C. 22/7/2011 – chloride
measurements: 5 ppm; 13/9/2011: 3

ppm.
Removed from solution and placed

in deionised water to rinse.
Conductivity measurements were

taken until levels reached c. 10-20.
The shot was dried in acetone and
then consolidated in a bath of 15%

paraloid B48 w/v acetone.
Completed: 14/2/2012

Location: 1734 metals store, July
2013.

Final weight after drying – 2.13 kg
9/1/2012

83A0189

‡ Observations – “Condition: Fair,
no stamp, spalling has occurred in

two locations, tiny pits present,
rough surface” 19/10/10: surface

mechanically cleaned of corrosion,
rinsed in tap water, placed in 1%

Hostacor IT in tap water, 4 x washes
(19/10/2010 - 1/11/2010). Cl levels

in final solution = 25 ppm.
Dehydration in 2-stage acetone

treatment 1/11/2010 50:50 acetone:
H2O, 3/11/2010 100% acetone.
Microcrystalline wax plus small

amount graphite powder 4/11/2010.
4/2/2011: cracking in storage,

removed microcrystalline wax in
acetone, placed in 2% v/v Hostacor:
water wash, Cl decreased to 1140
pm in 6/11. Residual wax removed
in boiling water, placed in 0.1: 0.05

M alkaline sulphite 45°. 9/11:
removed from alkaline sulphite due
to poor condition and placed in 2%

hostacor v/v water. Down to 64 ppm
6/12. Treatment complete 10/12,

rinsed in H2O, dried at 50°C,
coated in 15% paraloid B48 w/v

acetone
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79A0009

‡ PART = Whole of shot
MATERIAL:CONDITION =

Iron:concreted
TREATMENT:MATERIALS USED =

Concretion removed, soaked in
dilute NaOH solution for 2 weeks.
Hydrogen reduction consolidation

(thermosetting resin). Surface
coated in microcrystalline wax.

Dated 9/12/1980

81A0503 No record found, see shot 79A0009
for approximate treatment approach

81A6167 No record found, see shot 79A0009
for approximate treatment approach
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A.2 Synthesis of Standards

A.2.1 β-Fe2(OH)3Cl

β-Fe2(OH)3Cl was prepared based on the methodology of Refait et al. (Refait and Genin,

1997; Refait and Génin, 1993) Solutions of FeCl2 (50 mL, 0.13 M) and NaOH (50 mL,

1 M) were deaerated by purging with Ar for 2 hours before being transferred to a

glovebox. The two solutions were combined while stirring vigorously at room

temperature. Ion concentrations inside the reaction vessel were as follows: [Cl -] = 1.3 M,

[Fe2+] = 0.65 M, [OH-] = 0.5 M. The resulting white suspension was aged for 24 hours,

collected by filtering under gravity and allowed to air-dry before being . transferred to a

glass vial for storage in the glovebox.

A.2.1.1  Characterisation of synthesised β-Fe2(OH)3Cl

Fe k-edge XANES of a prepared β-Fe2(OH)3Cl compared to synthesised akaganeite from

this work and b published spectra of the two phases from (Réguer et al., 2007) *Note:

spectral labels in literature reference are incorrect, akaganeite is given in grey and β-

Fe2(OH)3Cl in black, as Fe(II) white line should be at lower energy than Fe(III)*
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A.2.2 Siderite, FeCO3

Siderite was prepared based on the methodologies of Vidyasagar and Gotor. (Gotor et

al., 2000; Vidyasagar et al., 1984) A solution of NaHCO3 (50 mL, 1 M) was heated to

80 °C and a solution of FeSO4 (100 mL, 0.5 M) added dropwise from a burette while

stirring, with CO2 passing continuously through the solution (total time: 1 hour). The

resulting black precipitate was collected by Buchner filtration, washed and dried.

A.2.2.1 Characterisation of synthesised FeCO3

X-ray powder diffraction of synthesised FeCO3 measured using a Bruker D8

diffractometer, with a Cu anode (λ = 1.54 Å). ICSD database phase number 100678 

shown for phase identification.

A.2.3 Goethite, α-FeO(OH) 

Goethite prepared based on the methodology of Cornell and Schwertmann (Cornell and

Schwertmann, 2003b) KOH (90 mL, 5 M) was added to a solution of Fe(NO 3)3 (50 mL,

1 M) while stirring. The resulting solution and red-brown precipitate were diluted to 1 mL

with dH2O and sealed in a polyethylene flask, which was held at 70 °C for 60 hours. The

yellow-brown crystals formed were collected by Buchner filtration, washed and dried in

an oven at 50 °C.



229

A.2.3.1 Characterisation of synthesised α-FeO(OH)

Synchrotron X-ray powder diffraction of synthesised α-FeO(OH) measured on Diamond 

Light Source beamline I11-1 (λ = 0.4944798 Å). Main axes show the raw data, and the 

inset shows the data with background subtraction and ICSD database phase number

245057 plotted for phase identification.

A.2.4 Lepidocrocite, γ-FeO(OH) 

Lepidocrocite was prepared based on the methodology of Cornell and Schwertmann

(Cornell and Schwertmann, 2003b) A solution of NaOH (100 mL, 1 M) was added

dropwise from a burette to a solution of FeCl2 (150 mL, 0.2 M) to bring the solution to pH

6.81. Oxygen was bubbled through the solution for 2 hours. The resulting reddish-brown

precipitate was collected by Buchner filtration, washed and air-dried.

A.2.4.1 Characterisation of synthesised γ-FeO(OH)

X-ray powder diffraction of synthesised γ-FeO(OH) measured using a Bruker D8 

diffractometer, with a Cu anode (λ = 1.54 Å). ICSD database phase number 93948 shown 

for phase identification.
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A.2.5 Maghemite, γ-Fe2O3 

Maghemite was prepared based on the methodology of Cornell and Schwertmann

(Cornell and Schwertmann, 2003b, 2000). 1.5 g magnetite was heated in an open

aluminium crucible in an oven for 5 hours at 250 °C. During this time, the powder

changed colour from black to dark red/brown.

A.2.5.1 Characterisation of synthesised γ-Fe2O3

X-ray powder diffraction of synthesised γ-Fe2O3 measured using a Bruker D8

diffractometer, with a Cu anode (λ = 1.54 Å). ICSD database phase number 250541 

shown for phase identification.
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A.3 Python Source Codes for Data Analysis

A.3.1 3-peak model fitting of Cl XANES data

This script has been adapted from an earlier version written by Dr Giannantonio Cibin.

import numpy as np
import matplotlib.pyplot as plt
#import math
import pandas as pd

def gaussian(x, p):
A, sigma, mu = p
return A*np.exp(-(x - mu)**2 / (2*sigma**2))

def lorentz(x, p):
I, gamma, x0 = p
return I * gamma**2 / ((x - x0)**2 + gamma**2)

def jump(x,p):
I, gamma, x0 = p
return I * (np.pi/2.+(np.arctan((x - x0)/gamma)))/np.pi

def func3(params,x,rangexpre,rangexpost,ret_comps=False):

#limit arctan to amplitude=1, 1st 2 peaks same gamma
#limit peak2 position to 2.821 removing x02b, peak3 limited to

2.830
y0,I1, gamma1, x01,I2, x02,I2b, gamma2b, x02b, gamma3, x03 =

params

comp1=y0+x*0 #baseline
comp2=lorentz(x,(I1,gamma1,2821)) #peak1
comp3=gaussian(x,(I2,gamma1,x02)) #peak2
comp4=gaussian(x,(I2b,gamma2b,2830)) #peak3
comp5=jump(x,(1,gamma3,x03)) #background

f=comp1+comp2+comp3+comp4+comp5 #final fit
if(ret_comps):

#returns result and components for plotting
return f,comp1,comp2,comp3,comp4,comp5

else:
return f

def metric3(params,x,y0,rangexpre,rangexpost): #calculates metric for
minimisation from chosen data range, fitting parameters and data-
reference difference

y2=func3(params,x,rangexpre,rangexpost)
diff=(y2-y0)
wxpre=np.where((x>rangexpre[0])&(x<rangexpre[1]))
wxpost=np.where((x>rangexpost[0])&(x<rangexpost[1]))
wxtot=np.append(wxpre[0],wxpost[0]) # combined range for pre and

post edge
diff2=diff[wxtot]
metric=sum(diff2**2.)
#print('params:',params ,'metric:', metric)
return metric

from scipy.optimize import minimize
def pkfit(x,y0,startpars,rangexpre,rangexpost,ret_comps=False):
#adjusts normalisation and removes linear background
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# linear one
params=startpars
#print 'Minimization running.................................'
result=minimize(metric3,params,(x,y0,rangexpre,rangexpost))
#print('result:',result)
#print 'Minimization done.................................'

return result.x,func3(result.x,x,rangexpre,rangexpost,ret_comps)

def fitit(x,y,ret_comps=False):
rangexpre=[2800,2825]
rangexpost=[2825,2840] #just to keep 2 regions 2838

base=0
I0=0.2
s0=1
x0=2821
I1=1
s1=5
x1=2826
I1b=1
s1b=1
x1b=2830
I2=1.1
s2=2
x2=2835
startpars=np.array([base,I0,s0,x0,I1,x1,I1b,s1b,x1b,s2,x2])

res,resdat=pkfit(x,y0,startpars,rangexpre,rangexpost,ret_comps)
return res,resdat

f1 = 'XAS_plots/Cl_flourescence_series.nor' #XANES data normalised in
Athena
df = pd.read_csv(f1, sep='\s+', header=17, index_col='energy')
data=np.genfromtxt(f1)
x = data[1:,0]

names = df.columns.values.tolist()
new_names = []
m,n = data.shape

res_list=[]

j=0
i = 1

peak_1 = pd.DataFrame()
peak_2 = pd.DataFrame()
peak_3 = pd.DataFrame()

for i in range(1,n):

print('fitting ', names[j])

y0 = data[1:,i]

res,resdat=fitit(x,y0,ret_comps=True)
full_name = names[j]
name = full_name[5:]
new_names.append(name)
plt.plot(x,y0)
plt.plot(x,resdat[0])
plt.plot(x,resdat[1])
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plt.plot(x,resdat[2])
plt.plot(x,resdat[3])
plt.plot(x,resdat[4])
plt.plot(x,resdat[5])
res_list.append(res)
peak_1[full_name] = resdat[2]
peak_2[full_name] = resdat[3]
peak_3[full_name] = resdat[4]
leg = plt.legend(['Data', 'Fit', 'Baseline','Peak 1','Peak

2','Peak 3','Arctan Background'])
leg.get_frame().set_alpha(0)
plt.xlim((2800,2860))
plt.ylim((-0.2,2))
plt.xlabel('Energy (eV)')
plt.ylabel('Normalised $\mu$(E)')
plt.savefig('Peak_fitting/Final/3peaks_pre_lorentz_%s.png'

%names[j], transparent=True, dpi = 300)
plt.close()
i = i +1
j = j+1
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A.3.2 Calculation of offsets in Long Duration Experiment data

'''
Offset Calculator For Mary Rose LDE data

Calculation of dz: dz = ((z2z1(tan(th2)-tan(th1)))/(z1tan(th1)-
z2tan(th2)))

Data requirements:
Calibration peak in dataset - use to find peak the offset value
From DAWN powder calibration - z distance for CeO2 calibration
3 sample spots at 3 detector positions (9 scans per sample, 36

total scans)

Best results found when using a higher angle peak to calibrate the
data

Example shown for 'Week 28'

To change collection week, edit:
data_path (\Week_n)
imported dictionary (WeeknDic)
sample dictionary import (samx = WeeknDic.scan_details_samx)
calibrated CeO2 position (z1, z2, z3 = ?, ?, ?)
exported csv filename (Sams.to_csv('Week-n_offsets.csv'))

'''

import numpy as np
import pandas as pd

import glob

data_path = r'C:\LDE_initial\Calibration\Triangulation\Week_28'
files = glob.glob(data_path + '/*.dat')

import Week28Dic

sam1, sam2, sam3, sam4 = Week28Dic.scan_details_sam1,
Week28Dic.scan_details_sam2, Week28Dic.scan_details_sam3,
Week28Dic.scan_details_sam4

### Input filename and detector position of the sample scans at 3
detector positions

def get_scan(mydict,val):
return(list(mydict.keys())[list(mydict.values()).index(val)])

def get_filename(scan):
import os
base = os.path.basename(scan)
filename = os.path.splitext(base)[0]
return filename

def create_df(files, sample, dic):
frame = pd.DataFrame()
SAM_z1 = get_scan(dic, sample + ' z1')
SAM_z2 = get_scan(dic, sample + ' z2')
SAM_z3 = get_scan(dic, sample + ' z3')

for f in files:
scannumber = get_filename(f)
if scannumber == SAM_z1:
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df = pd.read_csv(f, sep='\t', header=None)
frame['z1_tth'] = df[0]
frame['z1'] = df[1]

elif scannumber == SAM_z2:
df = pd.read_csv(f, sep='\t', header=None)
frame['z2_tth'] = df[0]
frame['z2'] = df[1]

elif scannumber == SAM_z3:
df = pd.read_csv(f, sep='\t', header=None)
frame['z3_tth'] = df[0]
frame['z3'] = df[1]

return frame

### Define peak ROI for offset calculation

def find_tth(data, scan, mn, mx):
x = scan + '_tth'
z_df = data[[scan, x]]
z_df = z_df.set_index(x)

ROI = z_df[mn:mx]
max_value = ROI[scan].idxmax()

return max_value

### Calculate 1 offset from 2 detector positions (a and b)

def calculate_offset(data, a, b, z_a, z_b, mn, mx):
import math
tth_a, tth_b = find_tth(data, a, mn, mx), find_tth(data, b, mn,

mx)
th_a, th_b = math.radians(tth_a), math.radians(tth_b)
dz = ( (z_b*z_a) * (math.tan(th_b) - math.tan(th_a)) ) / ( (z_a *

math.tan(th_a)) - (z_b * math.tan(th_b) ))
return dz

### Calculate offset for ALL sample spots (4 samples x 3 spots = 12
offsets)

def multi_calculate(files, sample, dic):
frame = pd.DataFrame()
for i in range(0,4):

points = [sample[i] + '-1,', sample[i] + '-2,', sample[i] + '-
3,']

for point in points:
df = create_df(files, point, dic[i])

if sample[i] == 'Sample 1':
mn, mx = 24.2,25.2

if sample[i] == 'Sample 2':
mn, mx = 25.1,25.5

if sample[i] == 'Sample 3':
mn, mx = 24.7,25.0

elif sample[i] == 'Sample 4':
mn, mx = 20.5,21.0

dz_12 = calculate_offset(df, 'z1', 'z2', z1, z2, mn, mx)
dz_13 = calculate_offset(df, 'z1', 'z3', z1, z3, mn, mx)
dz_23 = calculate_offset(df, 'z2', 'z3', z2, z3, mn, mx)

print(point)

dz = (dz_12 + dz_13 + dz_23) / 3
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err = np.std([dz_12, dz_13, dz_23])

new_z1 = z1 + dz
new_z2 = z2 + dz
new_z3 = z3 + dz

frame[point] = [dz, err, new_z1, new_z2, new_z3]

print(dz)
print(err)

return(frame)

### Original detector positions calculated by DAWN CeO2 calibration

z1 = 285.47
z2 = 335.47
z3 = 385.47

### Call multi calculate function and save output frame

Sams = multi_calculate(files, ['Sample 1','Sample 2','Sample
3','Sample 4'], [sam1,sam2,sam3,sam4])

Sams.to_csv('Week-28_offsets.csv')
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A.4 Details of EXAFS Modelling

A.4.1 Scattering paths (single and multiple) used to model the EXAFS signal of

hydrogen reduction shot, based on a the α-Fe crystal structure 

Images show a scheme of the path of the photoelectron, which does not account for

the scattering angle. The absorbing atom is shown in blue and the scattering atom(s)

in green. The distance of each leg in the path is provided beneath the image. For all

paths, ΔR was calculated as α * Reff, assuming symmetric expansion of the cubic 

structure of the α-Fe crystal. 

Scattering

atoms
Scattering Type σ2 Model

Reff

(Å)

Scattering

Angle (°)

Fe-1

Single Scattering (2 legs)

a = 2.482

σ2
Fe1 2.482 180

Fe-2

Single Scattering (2 legs)

a = 2.867

σ2
Fe2 2.867 180

Fe-1 (x2)

Double Scattering (3 legs)

a = c = 2.482, b = 2.867

σ2
Fe1 +

(σ2
Fe2 /2)

3.916

125.3,

125.3,

109.5
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Fe-1, Fe-2

Double Scattering (3 legs)

a = b = 2.482, c = 2.867

σ2
Fe1 +

(σ2
Fe2 /2)

3.916

109.5,

125.3,

125.3

Fe-3

Single Scattering (2 legs)

a = 4.054

σ2
Fe3 4.054 180

Fe-1 (x2)

Double Scattering (3 legs)

a = c = 2.482, b = 4.054

σ2
Fe1 +

(σ2
Fe3 /2)

4.509

144.7,

144.7,

70.5

Fe-1, Fe-3

Double Scattering (3 legs)

a = b = 2.482, c = 4.054

σ2
Fe1 +

(σ2
Fe3 /2)

4.509

70.5,

144.7,

144.7,

Fe-4

Single Scattering (2 legs)

a = 4.574

σ2
Fe4 4.754 180
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Fe-2 (x2)

Double Scattering (3 legs)

a = c = 2.867, b = 4.054

σ2
Fe2 +

(σ2
Fe3 /2)

4.893

135,

135,

90

Fe-2, Fe-3

Double Scattering (3 legs)

a = b = 2.867, c = 4.054

σ2
Fe2 +

(σ2
Fe3/2)

4.893

90,

135,

135

Fe-5

Single Scattering (2 legs)

a = 4.965

σ2
Fe5 4.965 180

Fe-1 (x2)

Non-forward linear (3 legs)

a = c = 2.482, b = 4.965

σ2
Fe1 +

(σ2
Fe5 /2)

4.956

180,

180,

0

Fe-1, Fe-5

Forward Scattering (3 legs)

a = b = 2.482, c = 4.965

σ2
Fe1 +

(σ2
Fe5 /2)

4.956

0,

180,

180
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Fe-1

Forward through absorber (4 legs)

a = 2.482

(σ2
Fe1) * 2 4.956 180

Fe-1, Fe-5

Double forward scattering (4 legs)

a = 2.482

(σ2
Fe1) * 2 4.956 180
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A.4.2 EXAFS model fits of H2R shot
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A.5 Additional Data Plots

A.5.1 Fe k-edge XAS standards library
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A.5.2 LCA fits

A.5.2.1 Sodium Sesquicarbonate fits and Table of Goodness of Fit for all

shot samples

Sample ID R-factor (x10-3)

81A1527-C1 0.8

81A1527-C2 1.9

81A2310-C1 1.0

81A2310-C2 0.6

81A3461-C1 0.8

81A3461-C2 0.7

81A3470-C1 0.4

81A3470-C2 0.9

81A3839-C1 1.0

81A3839-C2 0.5

81A3839-C3 0.8

81A6218-C1 1.8

81A6219-C1 1.6

82A2618-C1 0.7

82A2618-C2 0.4

82A2618-C3 0.5

82A2618-C4 0.8

82A4233-C1 1.4

82A4233-C2 0.9

82A4365-C1 2.2

81A3420-P1 8.0

81A6102-P1 2.1

81A6102-P2 1.8

83A0161-C1 1.6

83A0446-C1 0.8

81A0177-C1 1.8

81A2798-P1 2.8

81A2798-P2 0.9

81A6143-C1 5.6

83A0189-C1 1.3
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A.5.2.2 Hostacor:Water fits
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A.5.2.3 Hostacor:Water Alkaline Sulfide fits
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A.5.3 XAS LCA and SXPD comparison plots (Figs. 3.20 and 3.21) plotted with

metallic (α-Fe and Fe3C) phases

A.5.3.1 Phase proportion of iron corrosion products calculated by XAS LCA

and SXPD

A.5.3.2 Comparison of XAS and SXPD iron corrosion product compositions

for SS, HW and HWAS
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A.5.4 3-peak pre-edge fit for sample powders

A.5.4.1 Sodium Sesquicarbonate fits
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A.5.4.2 Hostacor:Water fits

A.5.4.3 Hostacor:Water Alkaline Sulfide fits
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A.5.5 Additional XRF Cl element maps (see Fig. 3.24)
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A.5.6 Additional Cl XANES peak fit results
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A.6 Long Duration Experiment Supplementary Information

A.6.1 Wavelength and nominal sample-detector distance, z0, determined for each

time point in the Long Duration Experiment based on integration of CeO2

standard at 3 detector positions (z1, z2 and z3) with constant wavelength using

the DAWN software package

Days since LDE
start

Wavelength (Å)
z0 (mm)

z1 z2 z3

0 [dry] 0.4944 284.83 334.83 384.83

0 [3 hr] 0.4936 285.50 335.50 385.50

0 [6 hr] 0.4936 285.50 335.50 385.50

0 [9 hr] 0.4937 285.49 335.49 385.49

0 [12 hr] 0.4937 285.50 335.50 385.50

7 0.4937 285.39 335.39 385.39

14 0.4936 285.52 335.52 385.52

21 0.4936 285.50 335.50 385.50

56 0.4937 285.42 335.42 385.42

63 0.4936 285.51 335.51 385.51

70 0.4936 285.50 335.50 385.50

84 0.4935 285.50 335.50 385.50

91 0.4935 285.50 335.50 385.50

98 0.4935 285.51 335.51 385.51

133 0.4935 285.49 335.49 385.49

140 0.4935 285.49 335.49 385.49

147 0.4935 285.51 335.51 385.51

154 0.4935 285.49 335.49 385.49

161 0.4935 285.46 335.46 385.46

168 0.4935 285.49 335.49 385.49

175 0.4935 285.48 335.48 385.48

205 0.4933 285.48 335.48 385.48

210 0.4933 285.48 335.48 385.48

217 0.4934 285.45 335.45 385.45

224 0.4933 285.48 335.48 385.48

231 0.4933 285.48 335.48 385.48

254 0.4933 285.49 335.49 385.49
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259 0.4933 285.50 335.50 385.50

266 0.4933 285.48 335.48 385.48

273 0.4933 285.47 335.47 385.47

280 0.4933 285.48 335.48 385.48

287 0.4933 285.47 335.47 385.47

294 0.4933 285.48 335.48 385.48

301 0.4933 285.48 335.48 385.48

308 0.4933 285.49 335.49 385.49

343 0.4933 285.45 335.45 385.45

350 0.4933 285.49 335.49 385.49

357 0.4933 285.48 335.48 385.48

364 0.4934 285.39 335.39 385.39

371 0.4933 285.47 335.47 385.47

378 0.4933 285.49 335.49 385.49

383 0.4933 285.46 335.46 385.46

427 0.4957 285.48 335.48 385.48

441 0.4956 285.47 335.47 385.47

448 0.4956 285.48 335.48 385.48

455 0.4955 285.50 335.50 385.50

462 0.4956 285.49 335.49 385.49

492 0.4954 285.50 335.50 385.50

497 0.4954 285.49 335.49 385.49

504 0.4955 285.48 335.48 385.48

511 0.4955 285.49 335.49 385.49

518 0.4954 285.48 335.48 385.48

527 0.4954 285.51 335.51 385.51

532 0.4954 285.49 335.49 385.49

539 0.4954 285.51 335.51 385.51

*574 0.4957 285.45 335.45 385.45

*581 0.4956 285.53 335.53 385.53

* Datasets not included in sequential refinement procedure due to collection after
analysis was performed.
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