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Abstract
Iron objects are among the most abundant type of metal artefacts in the archaeological record and help to deepen our under-
standing of past societies and their technologies. However, sampling of them is often problematic due to the destructive character
of most analytical methods. In this study, iron and oxygen isotope compositions of iron artefacts from marine and water under-
saturated oxidising environments were analysed in a first attempt to gather artefact information from the corrosion layer without
sampling the object directly. No Fe isotope fractionation between artefact and its corrosion products was recognised for both
environments but cannot be excluded for marine environments. Hence, the artefact’s Fe isotope composition can be determined
from the corrosion layer. This allows the characterisation of artefacts which cannot be sampled directly. Because the available
data precluded a clear identification of the underlying processes, possible fractionation mechanisms resulting in this situation are
presented. Furthermore, the results of this study indicate that corrosion products have the same oxygen isotope composition as
their source water. As for marine corrosion, general absence of oxygen isotope fractionation could not be manifested here,
because only a small sample size was available for the present study. However, a complex interplay of many parameters governs
the oxygen isotope compositions of corrosion products on metallic iron. Especially oxidising environments above the water table
have a strong impact on the oxygen isotope composition of the corrosion layer. The first-order controlling mechanisms, such as
evaporation, are set by the local environment and cannot be reconstructed. Therefore, the oxygen isotope composition of
corrosion products seems to bear no valuable potential for archaeometallurgical research.
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Introduction

Iron objects constitute one of the most frequently recovered
types of metal artefacts and, therefore, have been extensively

investigated analytically to gain information about past socie-
ties (e.g. Baron et al. 2011; Dillmann et al. 2017; Joosten et al.
1998; Pleiner 2000). Several scientific approaches were devel-
oped to trace the ore provenance of the objects (Charlton 2015),
most promising among them is trace element analysis of slag
inclusions (Blakelock et al. 2009; Coustures et al. 2003;
Desaulty et al. 2009; Dillmann and L’Héritier 2007; Leroy
et al. 2012; L’Héritier et al. 2016) and osmium isotopes
(Brauns et al. 2013; Brauns et al. 2020; Dillmann et al. 2017).
Recently, iron isotopes were suggested as an additional tool
(Milot et al. 2016; Rose et al. 2019). All of these methods
require destructive sampling. However, destructive sampling
of these artefacts, even only on themicro-scale, is often unwant-
ed or limited due to the partially unique character of the objects.
This difficulty could be overcome if valuable information about
the provenance could be extracted from the corrosion layer as it
is already done in metallography by studying remnant struc-
tures to gain information about the carbon content and the pro-
duction process (e.g. Notis 2002; Stepanov et al. 2018). In
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combination with the high abundance and large number of iron
artefacts in the archaeological record, this would allow large-
scale studies without damaging the objects directly.

Corrosion of iron objects

The basic principle of iron corrosion is the formation of a
galvanic cell, as soon as iron gets in contact with water.
Simultaneous oxidation of iron to aqueous Fe(II) (Eq. 1) and
reduction of dissolved molecular oxygen (DMO) in water to
hydroxide ions (Eq. 2) lead to the formation of relatively un-
stable ferrous hydroxides (Eq. 3) (Selwyn et al. 1999; Park
and Dempsey 2005):

Fe⇆Fe2þ þ 2e− ð1Þ
1

2
O2 þ H2Oþ 2e−⇆2OH− ð2Þ

Fe2þ þ 2OH−⇆Fe OHð Þ2 ð3Þ

In marine environments at low oxygen levels, this relative-
ly unstable compoundmay precipitate and can undergo partial
oxidation to Fe(II)–Fe(III) compounds (green rust), which fi-
nally will transform to magnetite. At high DMO levels and pH
> 6, ferrous iron will be completely oxidised to ferric hydrox-
ide produced according to Eq. 3, which will precipitate and
slowly transform into goethite. During the transformation to
magnetite and goethite, a part of the water is released. At high
DMO levels and low pH, Fe(II) ions remain in the solution.
The resulting corrosion layer grows with time and spatially
separates both reactions, limiting the diffusion of DMO to the
metal surface (Selwyn et al. 1999).

In marine environments, corrosion carries on because the
magnetite layer allows the transfer of electrons from the an-
odic reaction site at the metal-magnetite interface to the ca-
thodic reaction site at the sediment/water-magnetite interface
(Selwyn et al. 1999). The water at the anodic reaction site
turns into a local electrolyte with (strongly) reduced concen-
trations of DMO and higher concentrations of anions. Among
them, chlorides are the most abundant and can easily diffuse
into the electrolyte due to their high mobility. They balance
the charges in all further reactions proceeding in the electro-
lyte and therefore catalyse the corrosion process (Gerwin and
Baumhauer 2000; Bellot-Gurlet et al. 2009; Selwyn and
Argyropoulos 2013). Hydrolysis of aqueous Fe(II) in the elec-
trolyte leads to the production of Fe(OH)+ and H+ ions. The
latter lower the pH of the electrolyte and promote further hy-
drolysis of water. Due to the low pH, Fe(II) ions cannot pre-
cipitate and corrosion would continue until all iron is convert-
ed into corrosion products. However, these reactions are con-
trolled by the reduction of DMO at the magnetite-sediment/
water interface, which consumes the electrons released during
the oxidation of iron. The hydroxide ions will react with the

magnetite layer or any dissolved iron compound in it to non-
conductive goethite, preventing any further interaction be-
tween DMO and the magnetite. This reaction and the burial
environment are highly likely to strongly reduce the corrosion
rate (Selwyn et al. 1999; Memet 2007; Saheb et al. 2010).

Between the magnetite layer and the metal surface
akaganeite (β-FeOOH) might grow in marine environments
(Selwyn et al. 1999; Réguer et al. 2007; Rémazeilles and
Refait 2007). Growth of akaganeite requires high concentra-
tions of both Fe(II) and chloride ions (Rémazeilles and Refait
2007). Due to the shielding effect of the magnetite layer, high
concentrations of both kinds of ions can be reached at the
magnetite-metal interface. Rémazeilles and Refait (2007) also
showed that the growth rate of akaganeite but not growth per se
depends on the DMO concentration in the electrolyte.
Akaganeite crystals always grow from the metal surface to-
wards the magnetite layer and their volume is significantly larg-
er than that of the metallic iron. As a consequence, they will
build up pressure on the magnetite layer and overlying corro-
sion products to an extent that it will crack and even spall
(Selwyn et al. 1999).

In non-permanently water-logged environments, usually
high levels of DMO prevail and goethite is formed as a cor-
rosion product. In contrast to magnetite, goethite is non-
conductive but porous and DMO can easily diffuse through
it until the pores are cemented with goethite. As soon as the
corrosion layer dries, the dissolved iron compounds in the
electrolyte start to crystallise, especially the iron chlorides
(Réguer et al. 2006, 2007). Due to their bigger volume, cracks
will evolve in the corrosion layer. Molecular oxygen can now
diffuse again into the corrosion layers and to the metal surface.
It will rapidly oxidise any aqueous ferrous to ferric hydroxide,
which will precipitate and convert to goethite. This reaction
lowers the pH of the remaining solution and thus promotes
further corrosion of the iron object even after all aqueous
Fe(II) has been oxidised (Selwyn et al. 1999).

The resulting corrosion layers can be subdivided into four
different sub-layers according to the model proposed by Neff
et al. (2004, 2005) for terrestrially buried iron objects: The
innermost layer is the metallic substrate, which represents
the uncorroded material. This is covered by the “dense prod-
uct layer” (DPL). The DPL consists of corrosion products like
Fe (hydr)oxides, carbonates, or chlorides. This zone may con-
tain internal markers of the metal, such as slag inclusions. The
composition of the DPL depends on the environment. In
oxidised environments, it consists of goethite with veins of
magnetite or maghemite. Cracks are often filled with Fe phos-
phates or carbonates and mostly occur parallel to the original
surface of the object. The DPL in water-logged environments
is characterised by a thick siderite and a thin magnetite layer
(Matthiesen et al. 2013; Michelin et al. 2013). Due to the well-
crystallised corrosion products, the DPL is more compact than
the subsequent zone. This next layer, called “transformed
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medium” (TM), is the transition zone between DPL and the
soil. It consists of Fe (hydr)oxides, which were dissolved in
the DPL by soil water and precipitated here due to the more
oxidising conditions. Thus, its crystallinity is rather low and
the sublayer is a mixture of corrosion products and soil
markers, such as quartz grains. The interface between the
DPL and the TM is regarded as the original surface of the
metal, but its actual position can shift during corrosion (Neff
et al. 2005). The outermost zone is soil, unaffected by the
corrosion process (Neff et al. 2004, 2005).

Potential of isotope fractionation during corrosion

Iron isotopes were recently proposed as a new tool in
archaeometallurgy (Milot 2016; Milot et al. 2016). The deter-
mination of O isotope compositions of artefacts seems prom-
ising as they are widely used as climate proxy and the corro-
sion layer might record climatic information similar to bog
iron ores (Yapp 1987; Poage et al. 2000; Sjostrom et al. 2004).

Iron isotopes

So far, studies about the behaviour of Fe isotopes during cor-
rosion of iron artefacts are lacking. But consideration of sim-
ilar processes like Fe dissolution during weathering of Fe
minerals and precipitation of Fe (hydr)oxides in bog iron ores
allow a first estimate. According to a thermodynamic model
of the corrosion process developed by Neff et al. (2006), Fe
will not be significantly lost during long-term corrosion under
oxidising conditions. This might be different during the initial
phase of the corrosion process.

Iron isotope fractionation in soils is governed by a complex
mixture of processes, most notably complexation with organic
compounds and the uptake of complexed iron by plants
(Fantle and DePaolo 2004; Wiederhold et al. 2007), loss of
dissolved Fe into deeper soil horizons or laterally (Wiederhold
et al. 2007), and changes in the redox environment (Schuth
et al. 2015). Under reducing conditions, Fe isotope fraction-
ation during dissolution of Fe in soils rich in ferrihydrite and
organic material is strongly affected by changes in the redox
environment, while it does not seem to have a significant
impact on Fe isotope fractionation in goethite rich soils
(Schuth et al. 2015), most likely because of the much smaller
mobility of Fe(III) compared with that of Fe(II). The latter
observation corresponds well with the overall higher solubil-
ity of Fe during the corrosion of iron objects in reducing soil
environments (Neff et al. 2006).

Although it is very difficult to rule out the impact of each
single process on the observed Fe isotope fractionation in
natural systems, there are indications that the dissolution of
Fe (Eq. 1) might not fractionate Fe isotopes. Li et al. (2017)
report a very limited fractionation of Fe isotopes for the dis-
solution of Fe during laterite formation. Their data shows a

shift towards heavier isotope compositions in the remaining
material but a certain influence by loss of isotopically light Fe
to organic complexes cannot be ruled out. Yesavage et al.
(2012) suggested two models for the dissolution, transport,
and precipitation of Fe during the weathering of shale on a
hill slope, with fractionation of Fe isotopes during dissolution
or precipitation, respectively. The best agreement with their
data was achieved when Fe isotopes did not fractionate during
the dissolution. Hence, it might well be that the dissolution of
Fe does not fractionate Fe isotopes but that the dissolved Fe
immediately interacts with the soil components and its iso-
topes get fractionated.

Immediate interaction of the object or iron dissolved from it
with the soil might be important during the initial stages of the
corrosion process. However, as soon as the dissolution of Fe
from the object is separated from the soil environment by an
insoluble layer of corrosion products, Fe isotope fractionation
during dissolution of Fe from the metal should only be influ-
enced by the dissolution reaction itself and thus is probably
negligible. Consequently, the Fe isotopic composition of an
artefact might not be affected by alteration in the long term.
During the initial stages of the corrosion process, only the
surface of the iron object might have a Fe isotope composition
different to the bulk metal.

Precipitation of Fe (hydr)oxides and formation of goethite
from Fe(III) might fractionate Fe isotopes, as the lighter iso-
topes are enriched in the goethite (Skulan et al. 2002;
Wiederhold et al. 2007; Kiczka et al. 2011). However, a con-
stant exchange between small crystals of goethite (< 500 nm)
and dissolved Fe develops by the dissolution of preferentially
lighter Fe isotopes from goethite (Jang et al. 2008; Poulson
et al. 2005) and absorption of reduced Fe(II) (Hansel et al.
2005), balancing the isotopic composition of both over time
(Handler et al. 2009; Reddy et al. 2015; Wu et al. 2011). This
effect was questioned for larger crystals, which might preserve
their initial isotopic composition (Handler et al. 2014). If there
is no Fe isotope fractionation during dissolution of Fe and the
dissolved Fe quantitatively reacts to goethite, the Fe isotope
composition of the corrosion products becomes identical to
the dissolved iron’s one, which again is identical with the Fe
isotope concentration of the metal. For purely goethite-
containing corrosion products, this would result in identical
Fe isotope compositions of the already present corrosion prod-
ucts and the new corrosion products precipitated in their cracks
and pores, i.e. isotopic homogeneity within the corrosion layer.
Only in a subsequent stage the remaining dissolved Fe will be
transported to the outer surface of the corrosion products (Neff
et al. 2005, 2006). Here, it most likely will become isotopically
fractionated during the interaction with the soil (Fantle and
DePaolo 2004; Schuth et al. 2015; Wiederhold et al. 2007) or
because the concentration of dissolved Fe in the pore fluid of
the soil is too unstable to achieve the above-mentioned balance
between dissolved Fe and goethite.
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Little is known about the precipitation of magnetite. If it is
precipitated in a Fe(II) ion-bearing solution from ferrihydrite,
magnetite becomes enriched in the heavier isotopes compared
with aqueous Fe(II), and isotopic equilibrium is nearly
reached within 14 days (Frierdich et al. 2014b). Isotopic equi-
librium between magnetite and aqueous Fe(II) is reached after
about 10 days and magnetite becomes enriched in the heavier
isotopes compared to aqueous Fe(II) (Gorski et al. 2012;
Frierdich et al. 2014b). The fractionation factor of this reaction
seems to be strongly influenced by the stoichiometry of the
magnetite (Frierdich et al. 2014b).

There are no studies published to date on the Fe isotope
fractionation involving akaganeite.

Oxygen isotopes

Oxygen in the corrosion products has two different origins
(see Eqs. 2 and 3): DMO and water. Atmospheric oxygen
represents a source for DMO. Molecular oxygen in the air

has δ18OAir−O2 = +23.88‰ relative to V-SMOW (Brand
et al. 2014). The O isotope composition of DMO is enriched
in the heavier isotope by around 0.7‰ in equilibrium with
atmospheric oxygen (Benson and Krause 1984; Knox et al.
1992; Hendricks et al. 2005; Li et al. 2019). This would result
in δ18ODMO ~ +24.6‰ and hence an enrichment of the heavier
O isotope in DMO by 24.6‰ compared with seawater. The
salinitiy of the water has no effect on this fractionation
(Kroopnick and Craig 1972; Benson and Krause 1984).
Besides dissolution from atmospheric molecular oxygen,
DMO can also be the product of photosynthesis from water
molecules within the water body. Photosynthesis or, more
precisely, photolysis does not fractionate O isotopes, generat-
ing DMOwith the same O isotopic composition like the water
body (Benson and Krause 1984; Guy et al. 1993). DMO orig-
inating from both sources is mixed, and the resultingO isotope
composition depends on the contributions from both origins.
At the same time, respiration consumes DMO. Organisms
preferentially take up the lighter isotopes, leading to a heavier
isotopic composition in the remaining DMO. Inorganic respi-
ration has the same effect but fractionates O isotopes to a
much smaller extent (Aggarwal and Dillon 1998; Angert
et al. 2001). With depth, the contribution by respiration be-
comes more important, leading to an overall heavier O isotope
composition of DMO with increasing depth in seawater
(Hendricks et al. 2005).

Moreover, the isotopic composition of DMO in groundwa-
ter and soils is affected by additional parameters. For oxygen
to dissolve in groundwater, it has to diffuse from the atmo-
sphere into the soil gas first. Due to its lighter mass, 16O
diffuses significantly faster than 18O and the O isotope com-
position of the soil gas becomes lighter up to 14‰, increasing
with increasing depth (Aggarwal and Dillon 1998). A high

porosity and big pores enhance the diffusivity of oxygen,
shifting the O isotopic composition towards lighter values.
Evaporation of the pore water after irrigation also enhances
the diffusion of oxygen in the soil, leading to a rising oxygen
concentration and lighter O isotopic composition the more
time passed since the last irrigation (Angert et al. 2001). As
a result, the isotopic composition of the DMO finally reaching
the metal object and being used in Eq. 2 can hardly be recon-
structed but should be measured directly.

According to Eq. 2, the O isotope compositions of water
and DMO contribute equally to the O isotope composition of
the hydroxide ions.

The hydroxide ions will then combine with aqueous Fe(II)
(Eq. 3). Unfortunately, no experiments starting from metallic
iron are reported in the literature yet for this reaction.
Experimental oxidation of aqueous Fe(II) deriving from fer-
rous sulphate by DMO revealed an enrichment of the lighter
isotope in the ferrous hydroxides by 7.3 to 10.3‰ in neutral
and 4.5 to 11.6‰ in acidic solutions (Oba and Poulson 2009).
Although the results of these experiments cannot be directly
transferred to most of the corrosion environments, the ob-
served enrichment of the lighter isotopes in the Fe(II) ions will
presumably also occur here.

As was shown above, the further development of the
corrosion products depends on the pH and the concen-
tration of DMO. First, all or only a part of the ferrous
hydroxides will be oxidised to ferric hydroxide by in-
corporating another hydroxide ion derived from Eq. 1.
Subsequently, part of the oxygen will be released as
water during the crystallisation of magnetite, akaganeite,
and goethite. However, experiments targeting isotopic
fractionation associated with these processes were not
reported yet.

However, all these reactions take place in water as a medi-
um. Should oxygen isotope equilibrium between water and
the reaction product finally be attained, the oxygen isotopic
composition of the water could finally be reconstructed if the
alteration temperature and the temperature dependence of the
equilibrium oxygen isotope fractionation between water and
the reaction product were known.

Temperature curves for the O isotope fractionation be-
tween magnetite and water have so far only been established
for the high-temperature ranges. All of these suggest an en-
richment of 16O in magnetite but they scatter over nearly 12‰
at 25 °C (Yapp 1990; Mandernack et al. 1999).

Oxygen isotope fractionation factors between akaganeite
and water were reported by two studies. The heavier isotopes
seem to be enriched in the akaganeite but their values differ by
more than 4‰ at 25°C, with the smaller fractionation reported
as 1.0‰ (Bao and Koch 1999) and the larger one as ~5.5‰
(Xu et al. 2002). Furthermore, Bao and Koch (1999) state that
evaporation of the remaining water during sample preparation
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seems to have a significant effect on the measured O isotope
fractionation factors.

Several studies investigated the O isotope fractionation be-
tween water and goethite during the precipitation of goethite
(e.g. Bao and Koch 1999; Yapp 1990; Frierdich et al. 2015),
mostly with the aim to reconstruct palaeotemperatures (e.g.
Sjostrom et al. 2004; Yapp 1987, 2008). In all the synthesis
experiments, goethite was directly precipitated fromFe(III) ions
due to the much faster reaction compared with natural process-
es. Most experiments were conducted at pH 2 or 14 (Yapp
2001). Both circumstances limit their applicability to the corro-
sion process. Moreover, fractionation factors reported in the
literature scatter over 8‰ at 25°C (Frierdich et al. 2015).

Analysis of goethite in bog ores and their associated
groundwaters revealed a small or even negligible enrichment
of the heavier isotope in the goethite (Bao and Koch 1999;
Frierdich et al. 2015). Isotopic equilibrium is rapidly
approached (Frierdich et al. 2015) and fully crystallised goe-
thite does not exchange O isotopes with the solution (Bao and
Koch 1999). Consequently, goethite might reflect the O iso-
tope composition of its source water.

With respect to bog iron ores, Bao et al. (2000) came to the
conclusion that not the groundwater should be analysed but the
soil water from which they precipitated. This necessitates to
consider evaporation. Evaporation experiments show that after
evaporation of 75% of the initial amount of water at 10 °C, the
remaining water was enriched in 18O by 37.58‰ (Luz et al.
2009). Unfortunately, the soil water is difficult to reconstruct,
rendering palaeotemperature reconstructions nearly impossible
(Bao et al. 2000; Yapp 2008). Further parameters like particle
size (Frierdich et al. 2015), pH and chloride (e.g. Yapp 2007),
andAl concentration (e.g. Yapp 2012) in goethite will also have
some influence on the extent of the fractionation. But they will
not be taken into account in this study, because suitable data are
lacking for the sample material and because they seem to have
only a minor effect with regard to the strong fractionation ex-
pected trough evaporation (Bao et al. 2000).

The O isotope fractionation between haematite and water is
nearly identical to that for goethite–water. The observed en-
richment of the heavier isotope in the haematite during its
formation from goethite can be explained by evaporation
(Bao et al. 2000; Blanchard et al. 2015).

Aim of the study

This study investigates for the first time the stable Fe and O
isotope composition of iron corrosion products on iron arte-
facts. The aim is to investigate to what extent fractionation of
Fe and O isotopes occur during corrosion. Analysed speci-
mens were collected from marine environments and water
under-saturated oxidising environments. Based on the results,
an attempt is made to identify potential trends and suggest
possible applications of Fe isotope analysis and O isotope

analysis of Fe corrosion layers. Due to the small sample size,
results from this study can only be regarded as preliminary
and hopefully stimulate further research.

Sample material

Four different Fe-bearing items were investigated for this
study (Fig. 1 and 2). The steel profile MG-Fe (Fig. 1) was
originally installed in the lower part of an open composter in
Munich, Germany (Fig. 3), around 20 years ago. The outside
was partly exposed to the atmosphere and partly covered by
wooden laths while the inner surface was in contact with hu-
mus and decaying organic material. It is heavily corroded and
almost no metallic core is preserved. The dark red–blackish
corrosion products formed platelets with varying thickness
parallel to the original surface. XRD analysis and subsequent
Rietveld refinement with GSAS II (Toby and von Dreele
2013) gave a mineralogical composition of ~ 30% goethite
and 70%magnetite or maghemite (diffraction patterns of both
were indistinguishable). Samples along two profiles were tak-
en for iron isotope analysis: one set of samples along a profile
from the surface in contact with the compost towards the core
(MG-Fe-1.1 to 1.5) and another from the surface in contact
with the atmosphere to the core (MG-Fe-2.1 to 2.3). In the
latter profile, the metallic core is well preserved (MG-Fe-2.3).
For O isotope analysis, a profile from the metallic core (MG-
Fe-O2) to the interior surface (MG-Fe-O5) was sampled. MG-
Fe was generously provided by M. Girotto.

The object KS-Fe (Fig. 1) was found in 2009 in the vicinity
of the Klause near Kastel-Staadt, Germany. It was located in
the poorly plant-covered sandy topsoil of the slope of the Saar
valley (Fig. 3a) at ~ 10 cm depth. Based on the shape and
preserved ornamentation, it was the leg of an Art Nouveau
cast-iron stove, dating between 1880 and 1910. The corrosion
products consist of an outer porous orange-brown layer and an
inner dark red-greyish layer with an overall thickness of ~
2 mm. The interface between both layers seems to indicate
the original surface of the object. Additionally, blistered areas
of corrosion products are scattered over the surface. Material
sampled by XRD consists of goethite and mostly soil (~ 80%
quartz and felspar). For iron isotope analysis, all of these
products and the metallic core were sampled. KS-Fe1 repre-
sents material from a blistered structure, whereas KS-Fe2 con-
tains material from the outer and KS-Fe3 from the inner cor-
rosion layer. KS-Fe4 was taken from the metallic core. For O
isotope analysis, samples were taken from the outer (KS-Fe-
O1) and the inner corrosion layer (KS-Fe-O2), respectively.

The semi-product SM9.99.242 (Fig. 1) is part of the cargo
from the Roman ship SM9, which sunk in the Gulf of Lion
near Les-Saintes-Maries-de-la-Mer (Bouches-du-Rhône,
France; Fig. 3c) and dates between 14 and 50 CE (Long
et al. 2002; Pagès 2008; Pagès et al. 2008). The specimen

Archaeol Anthropol Sci          (2020) 12:113 Page 5 of 18   113 



was recovered from a depth of 12 to 13m (Long et al. 2002). It
belongs to the type 1C, is more than half a metre long with a
rectangular cross-section of 4.0 cm × 1.9 cm, and weighs
about 2.4 kg (Long, pers. comm., 2018). It was graciously
provided by L. Long (Marseille) and is an example of marine
corrosion. Two types of corrosion products were identified:
comparatively hard and dark-grey rust, which is firmly con-
nected to the metallic core and partially covered with dark-
orange crumbly material, and detached small bright orange
particles. The dark-grey rust with the crumbly particles con-
sists entirely of akaganeite according to XRD analysis.
Samples for iron isotope analysis were taken from a detached
particle of black rust (SM9.99.242.Fe1), black rust connected
to the semi-product (SM9.99.242.Fe2), the loose orange ma-
te r ia l (SM9.99 .242 .Fe3) , and the meta l l i c i ron
(SM9.99.242.Fe4). For O isotope analysis, black rust from
two different spots was analysed.

The iron ore specimen of the Lahn-Dill type ore-W (Fig. 2)
was collected from an ore heap in a forest about 5 km south-
west of Wetzlar, Germany (Fig. 3b), an area extensively
mined for iron ore from the eighteenth century until the

twentieth century. It consists mostly of haematite and is inten-
sively crossed by quartz veins. Its exposed surface indicates
prolonged weathering due to the typical orange-brown colour
of iron (hydr)oxides. Initially part of another study (ore-W1 to
4) (Rose et al. 2019), this surface was additionally sampled for
iron isotope analysis (ore-W5 & 6) as a comparison for the
weathering of exposed surfaces.

Methods

Fe isotope analysis

Sample preparation

The use of steel tools was reduced to a minimum to avoid
contamination. Most of the samples were drilled from each
specimen with diamond-sputtered steel drills of 1.2 mm in
diameter and a Dremel 4000. The drills were cautiously ex-
amined under a stereomicroscope after cleaning for remnants
of sample material or any damages to the drill. Differing from

Fig. 1 Photographs of the objects
with the location of the sampling
spots. For MG-Fe and KS-Fe
additional microphotographs are
shown. For MG-Fe, it shows the
layered structure of the corrosion
product in a detached fragment.
The microphotograph from KS-
Fe was taken from a cut. Its
position and the direction of view
are indicated by the white ellipsis
and the arrow
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this, the Profile MG-Fe-1 was sampled by detaching small
areas of already partially loosened lamellae with a lancet.

Analytical work was carried out in a clean lab under a
laminar flow box at the Institut für Geowissenschaften,
Goethe Universität Frankfurt. Millipore® water with a resis-
tivity of 18.2 MΩ·cm, double-distilled acids, and PTFE bea-
kers were used throughout the analytical process. The amount
of each sample used for the analysis is given in Table 1. All
samples except the ore samples were completely dissolved in
1 ml of each, 6MHCl and 6MHNO3, heated on a hot plate to
90°C until complete dissolution was achieved (several hours).
The ore samples were dissolved in ~ 2 ml 30 M HF + 6 M

HNO3 and heated to the same temperature overnight. All sam-
ples were dried down at 90°C, re-dissolved in 1 ml 6 M HCl,
and dried down again before they were taken up in 0.5 ml 6M
HCl for ion-exchange chromatography.

The ion-exchange chromatography protocol of Sossi et al.
(2015) for columns of 70 mm length and an inner diameter of
4 mm was adapted for the resin AG1-X8 (100 to 200 mesh).
Several samples were split prior to ion-exchange chromatog-
raphy to check for ion-exchange chromatography induced Fe
isotope fractionation, which was demonstrated to be absent.
Samples were dried down at ~ 70°C after ion exchange chro-
matography, re-dissolved in 1 ml 6 M HNO3, and evaporated
to dryness to remove remnants of the resin.

Mass spectrometry

Iron isotope analysis was carried out with the multi-collector
plasma mass spectrometer ThermoFisher NeptunePlus of the
Laboratoire de Géologie de Lyon, École Normale Supérieure
de Lyon. It was operated in a high-resolution mode (Weyer
and Schwieters 2003) and equipped with Ni cones, a quartz
glass cyclonic spray chamber and a Glass Expansion
MicroMist nebuliser. Samples were dissolved on site in 2%
HNO3 and further diluted with 0.05 N HNO3. Mass bias and
instrumental drift were corrected by doping with 1 μg/g Ni
(Maréchal et al. 1999; Poitrasson et al. 2005) prepared from
the Alfa-Aesar Specpure® Ni plasma standard solution and
standard-sample-bracketing with the international reference

Fig. 3 Location of the collected
specimens and the position of the
Roman shipwreck SM2 (maps:
openstreetmap.org)

Fig. 2 Photograph of the hydrothermally altered haematite ore specimen
ore-W with the location of the different sampling spots
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material IRMM-014 (Taylor et al. 1992; Craddock and
Dauphas 2011). Samples and standards were taken up for
50 s. Blanks were measured before each analysis. A total of
1 μg/g of IRMM-014 yielded an intensity of ~ 10 V on 56Fe.

δ56Fe values were calculated in a spreadsheet after online
mass bias correction according to the equation:

δ56Fe ‰½ � ¼
56 Fe
54 Fe

� �
smp

56 Fe
54 Fe

� �
IRMM−014

−1

2
64

3
75⋅1000

Here, the index smp denotes the ratio 56Fe/54Fe of the sam-
ple and the index IRMM-014 denotes the ratio of the interna-
tional reference material. The δ57Fe values are calculated
accordingly.

Each sample was run twice as duplicates and some
samples were repeatedly measured in different sessions
to check for inter-run stability. Data were further proc-
essed with R (R Core Team 2017) in RStudio®. If amu-

normalised δ values within one measurement differed by
more than the instrumental reproducibility of 0.045‰/u,
this measurement was identified as an outlier and not
regarded further. All other values were averaged and
resulted in the reported values. Procedural blanks
yielded intensities more than 10,000 times lower than
sample intensities. The external reproducibility (2σ) of
the analyses is < 0.05‰/u, which is comparable with
that of previous studies (Albarède et al. 2011; Balter
et al. 2013).

Oxygen isotope analysis

Samples were extracted with a lancet or tweezers and placed
in a vacuum drying oven at 100°C and 2.5 kPa overnight to
evaporate free water in the sample. Before sampling, all spec-
imens were cautiously examined under a stereomicroscope to
exclude the presence of organic material. Despite its big tun-
nels, akaganeite does not incorporate water in the crystal lat-
tice (Ståhl et al. 2003).

The O isotope analysis was carried out at the Joint
Stable Isotope Lab of Goethe University Frankfurt and
the Senckenberg Biodiversity and Climate Research
Centre BiK-F. The amount of each sample used for
the analysis is given in Table 2. Oxide oxygen was
quantitatively extracted as molecular oxygen using CO2

laser fluorination and purified fluorine as a reagent.
Isotopic composi t ions were determined with a
ThermoFinnigan MAT253. An in-house quartz standard
(L1, δ18O = − 18.2‰) and UWG 2 (δ18O = − 5.9‰
(Valley et al. 1995)) were analysed along with the sam-
ples to monitor the accuracy and precision of oxygen
extraction. δ18O values are reported relative to the inter-
national standard V-SMOW (IAEA 2017). External re-
producibility is < 0.2‰ (1σ).

Table 1 Mass and Fe isotope compositions of the analysed samples.
Analytical precision for all samples is 0.09‰ for δ56Fe and 0.14‰ for
δ57Fe. The last column gives the number of analyses (n) per sample

Sample Mass [mg] δ56Fe [‰] δ57Fe [‰] n

Kastel-Staadt, oven leg

KS-Fe1 11.4 0.04 0.03 4

KS-Fe2 1.4 0.26 0.40 4

KS-Fe3 4.6 − 0.03 0.02 1

KS-Fe4 0.6 − 0.04 − 0.02 2

Munich, steel profile

MG-Fe-1.1 1.3 0.18 0.26 2

MG-Fe-1.2 2.4 0.28 0.37 2

MG-Fe-1.3 1.4 0.27 0.39 1

MG-Fe-1.4 3.0 0.21 0.30 2

MG-Fe-1.5 1.4 0.19 0.36 2

MG-Fe-2.1 1.3 0.20 0.31 2

MG-Fe-2.2 1.9 0.19 0.34 1

MG-Fe-2.3 0.8 0.18 0.24 1

Les Saintes-Maries-de-la-Mer, Roman semi product

SM9.99.242.Fe1 10.5 − 0.35 − 0.49 4

SM9.99.242.Fe2 3.9 − 0.47 − 0.73 2

SM9.99.242.Fe3 3.3 − 0.30 − 0.47 2

SM9.99.242.Fe4 2.8 − 0.31 − 0.48 2

Near Wetzlar, haematite ore

Ore-W1 (Rose et al. 2019) 1.3 0.76 1.12 2

Ore-W2 (Rose et al. 2019) 1.4 1.00 1.48 1

Ore-W3 (Rose et al. 2019) 2.7 0.69 1.03 1

Ore-W4 (Rose et al. 2019) 0.9 0.49 0.71 2

Ore-W5 2.7 0.03 0.02 5

Ore-W6 6.8 − 0.10 − 0.11 4

Table 2 Mass and O isotope compositions of the analysed samples.
Analytical precision for all samples is 0.02‰

Sample Mass [mg] δ18O [‰]

Kastel-Staadt, oven leg

KS-Fe-O1 2.222 8.5

KS-Fe-O2 2.409 9.5

Munich, steel profile

MG-Fe-O2 1.911 − 2.0
MG-Fe-O3 1.966 − 2.0
MG-Fe-O4 1.613 − 2.6
MG-Fe-O5 1.820 − 1.7

Les Saintes-Maries-de-la-Mer, Roman semi product

SM9-99.242.1 1.858 1.1

SM9-99.242.2 1.814 1.3
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Results

Iron isotope compositions for all samples are given in Table 1.
In all three iron objects, samples were isotopically indistin-
guishable (Fig. 4). For KS-Fe, three of four analyses show
δ56Fe values close to 0.00‰. Only KS-Fe2 yielded a value
of δ56Fe = + 0.26‰ and thus is isotopically significantly
heavier than the other samples. Isotopic compositions for
MG-Fe vary between + 0.18 and + 0.28‰. In the Roman
semi-product SM9.99.242, only the sample SM9.99.242.Fe2
displays a slight apparent enrichment of the lighter isotopes,
but within analytical precision. All other samples possess
δ56Fe values close to + 0.32‰.

In the ore specimen, a considerable enrichment of the lighter
isotopes on the surface (Ore-W5 and 6) compared with the
interior was observed (δ56Fesurface−interior = − 0.76‰). The iso-
topic composition of the interior is quite heterogeneous (Fig. 4).

Oxygen isotope data are given in Table 2 and are plotted in
Fig. 5. The two samples from the Roman semi-product
SM9.99.242 yielded an identical isotopic composition of
δ18O ~ + 1.2‰. In MG-Fe, one sample shows with a δ18O
value of − 2.6‰ an enrichment of the lighter isotopes com-
pared with the other samples, which vary between − 2.0 and −
1.7‰. The outer corrosion layer of KS-Fe yielded an O iso-
tope composition of δ18O = + 8.5‰, while the inner corrosion
layer yielded δ18O = +9.5‰.

Discussion

Marine corrosion

Iron isotopes

Samples from SM9.99.242 yielded indistinguishable Fe isotope
values. Milot et al. (2016) reports a sample of marine corrosion
from the same shipwreck, which has a lighter isotopic composi-
tion than the uncorroded metal (SM9-99-K46). His two isotope
dates for the metal as well as the isotopic composition of the
marine corrosion lies within the spread of the data derived from
SM9.99.242. The analytical precision of the δ56Fe value and of

the δ57Fe value shows a considerably higher variation than the
other data of his data set resulting in overlapping data of metal
and marine corrosion products within their standard errors for
δ56Fe but not for δ57Fe (Milot 2016, p. 208). For a semi-
product from a different shipwreck (SM2) located nearby (Fig.
3c), he reports an isotopically slightly heavier composition of the
corrosion layer compared with the metallic core, which is the
opposite trend compared with SM9-99-K46. Unfortunately,
Milot et al. (2016) does not report any information about the
phase composition of the corrosion products.

Marine corrosion under stable conditions results in a pro-
tective layer of magnetite, which strongly decelerates corro-
sion (Memet 2007). Once the protective layer was formed, an
exchange between the electrolyte and the ocean water is
strongly reduced and prevents Fe ions from being washed out.

Fe isotope fractionation between water and akaganeite dur-
ing the growth of akaganeite was not investigated so far.
Although Fe isotope fractionation must be expected to some
extent as it has the same chemical composition as goethite and
they share some similarities in their crystal structures, indis-
tinguishable Fe isotope data of the corrosion layer and the
metal shows the absence of fractionation between the two.
This can only be achieved by the precipitation of all aqueous
Fe(II) in the corrosion products, i.e. negligible loss of aqueous
Fe(II) into the seawater. Such a negligible loss was proven for
terrestrial corrosion (Neff et al. 2006) and the shielding effect
by the initial magnetite layer gives no reason to assume a
different situation in marine corrosion.

A possible explanation for such a quantitative precipitation
of aqueous Fe(II) in the electrolyte is the removal of chloride
ions out of the electrolyte as one of the major strategies in iron
conservation. To reach this aim, the objects are stored for a
prolonged time in a solution, which is regularly changed
(North and Pearson 1978; Rimmer et al. 2013; Selwyn and
Argyropoulos 2013). Among them, a deoxygenated NaOH
solution seems to be the most efficient (Rimmer et al. 2013;
Selwyn and Argyropoulos 2013). This treatment removes not
only the chloride but also rises the pH of the electrolyte,
allowing quantitative precipitation of the aqueous Fe(II) in
the pore space of the corrosion products. There are indications
for terrestrial oxidising conditions that dissolution of Fe does
not fractionate Fe isotopes (Li et al. 2017; Yesavage et al.
2012). It must remain unclear if this holds true for metallic

KS−Fe

MG−Fe

SM9.99.242.

ore−W

−0.5 0.0 0.5 1.0

δ56Fe [‰]

Fig. 4 Fe isotope compositions of the analysed objects. The squares
denote the Fe isotope composition of the metallic cores

KS−Fe

MG−Fe

SM9.99.242.

−2.5 0.0 2.5 5.0 7.5 10.0

δ18O [‰]

Fig. 5 Oxygen isotope data of the analysed objects
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iron and marine conditions, but if it does, the dissolved Fe has
the same isotopic composition as the metal. As a consequence,
quantitative precipitation of the dissolved Fe results in corro-
sion products with the same isotopic bulk composition as the
original metal. Within the corrosion layer, differences in the
isotopic composition between the precipitate and the corro-
sion products cannot be excluded. The treatment does not
affect the akaganeite and the chloride ions stabilising its crys-
tal structure (Ståhl et al. 2003). However, the decreased

concentration of free chloride ions will prevent the formation
of new akaganeite and the Fe ions will precipitates as other
phases. But this seems not to be the case, as XRD analyses
gave no indication for the presence of another phase (Fig. 6),
rendering the desalination treatment as a reason for uniform Fe
isotopic compositions unlikely.

It seems more convincing that the aqueous Fe(II) quantita-
tively precipitated before the semi-product was recovered
from the shipwreck. Like in the first scenario, the shielding
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Maghemite
(amcsd code: 0020518)

Magnetite
(amcsd code: 0002400)

Siderite
(amcsd code: 0017561)

Ferrihydrite
(amcsd code: 0015440)

Lepidocrocite
(amcsd code: 0020690)

Goethite
(amcsd code: 0010471)

Akaganeite
(amcsd code: 0003079)

Fig. 6 Diffraction pattern of
SM9.99.242 compared with
various iron corrosion phases.
The observed data are represented
as blue +, the calculated pattern of
each phase as a continuous green
line, and the background fit as a
red line. On top of the refined
diagram, the plot (observed −
calculated difference)/(estimated
standard deviation) (Δ/σ) for
akaganeite is shown. Phases for
comparison were downloaded
from the American Mineralogist
Crystal Structure Database
(Downs and Hall-Wallace 2003)
and calculated without any
refinement on the background fit
of the refined diagram
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effect of the magnetite layer causes concentrations of chloride
and Fe(II) ions in the electrolyte high enough to allow the
growth of akaganeite and negligible Fe isotope fractionation
occurs during the dissolution of the metallic iron. Over time,
akaganeite crystals filled the entire space between the metal
surface and the magnetite layer, leaving only minor amounts
of the electrolyte behind. The compactness of the layer might
indicate low levels of DMO and a slow, well-ordered
crystallisation. This slow crystallisation might have been en-
hanced by a strongly slowed down exchange between aque-
ous Fe(II) and Fe(III) due to the high chloride content (Welch
et al. 2003). The strong Fe isotope fractionation reported by
Welch et al. (2003) for this exchange reaction (Δ56FeFe(II)–
Fe(III) ~ 2.8‰ at 22°C) might have been balanced by a similar
exchange mechanism between akaganeite and dissolved Fe as
it was identified for goethite, where it leads to an identical Fe
isotope composition of goethite and dissolved Fe (Frierdich
et al. 2015; Jang et al. 2008; Reddy et al. 2015). Because small
amounts of the electrolyte are sufficient to keep the corrosion
reaction proceeding, growth of akaganeite continued and fi-
nally resulted in the spalling of the overlying corrosion prod-
ucts (cf. Selwyn et al. 1999). In this scenario, the amount of
precipitated iron phases from desalination would have been at
least negligible with respect to XRD analysis, leading to the
observation of a mono-phase corrosion layer with the same Fe
isotope composition as the metal. Likewise to the interactions
in the soil, the Fe isotope composition of the corrosion layer’s
outer surface might be altered due to dissolution and isotope
exchange processes between corrosion and seawater.

Nevertheless, this model fails to explain the slight enrich-
ment of the heavier Fe isotopes in the corrosion layer of the
semi-product from shipwreck SM2 compared with its metal,
which is reported by Milot et al. (2016). The observed frac-
tionation would be in accordance with the results of equilibra-
tion experiments with magnetite in aqueous Fe(II)-containing
solution (Gorski et al. 2012; Frierdich et al. 2014b).
Unfortunately, the mineralogical composition of the corrosion
products was not reported. In addition, the shipwreck is locat-
ed nearly 11 km west of SM9 (Fig. 3c), which might be suf-
ficient to establish different local conditions. Hence, this ob-
servation cannot be further discussed.

Similarly, the corrosion data from semi-product SM9-99-
K46 reported by Milot et al. (2016) cannot be further
discussed because no information about the mineralogical
composition is given and its δ56Fe and δ57Fe values give
unclear indications about the relation to the preserved metal.

Oxygen isotopes

The corrosion products of SM9.99.242 and the water from the
Mediterranean Sea in this region have virtually the same O
isotope composition (δ18Oseawater = + 1.12‰ (de Montety
et al. 2008)). The depth from which the water sample was taken

is unknown, but according to depth profiles from other areas of
the Mediterranean Sea and especially from the Gulf of Lion
(Pierre 1999), depth-dependent variation is negligible within
50 m below the surface. Despite its location in the Rhône river
delta about 2 km away from the modern-day coast, a mixture of
seawater and Rhône river water seems very unlikely: the site of
SM9 lies in between the plumes of two tributaries (Gangloff
et al. 2017; Many et al. 2018) and the aquifer becomes saline
several kilometres onshore (de Montety et al. 2008).

Two possibilities exist to reach an O isotope composition
of corrosion products equal to the O isotope composition of
the seawater: One is when the equilibrium between water and
the reaction product is not attained, and another, where the
contrary is the case. The first possibility requires high photo-
synthetic activity with negligible respiration. This will result
in DMO derived almost entirely from photosynthesis.
Because O isotopes are not fractionated by photosynthesis
(Guy et al. 1993), the DMO and the water will have the
same O isotope composition and so will the corrosion
products. This scenario would also require that the ox-
idation of water to hydroxide does not go along with
any significant oxygen isotope fractionation.

Admittedly, this scenario seems unlikely, as there must be
also considerable respiration, when photosynthetic activity is
high. Additionally, DMO from the dissolution of atmospheric
oxygen into the seawater has to be taken into account. As soon
as respiration contributes to the O isotope composition of
DMO, it will be enriched in the lighter isotope compared with
seawater (Hendricks et al. 2005) and hence photosynthetically
derived DMO. Dissolution of atmospheric oxygen in the sea-
water will shift the O isotope composition of DMO in the
same direction (Wassenaar and Hendry 2007; Mader et al.
2017). Therefore, at some point during the corrosion process,
oxygen isotopes in the Fe hydroxides or in akaganeite must be
fractionated and this fractionation results in the same O isoto-
pic composition than the seawater has.

Xu et al. (2002) report an enrichment of about 5.5‰ at
25°C of the heavier isotope in akaganeite compared with wa-
ter in isotopic equilibrium. However, it is difficult to avoid O
isotope fractionation during sample preparation, e.g. through
evaporation (Bao and Koch 1999; Frierdich et al. 2015). The
fractionation factor of about 1.0‰ at 25 °C reported by Bao
and Koch (1999) seems more reliable. On the one hand, they
are aware of these difficulties and admit that even their ob-
served fractionation might be altered by these processes. On
the other hand, such a small fractionation fits well with the
very small fractionation factor observed between the structur-
ally similar goethite and water (Bao and Koch 1999; Frierdich
et al. 2015). Additionally, an increasing chloride content
seems to decrease the O isotope fractionation between
akaganeite and water (Yapp 2007). Thus, it seems plausible
that akaganeite has the same O isotope composition once iso-
topic equilibrium is (mostly) attained.
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If it is accepted that akaganeite behaves similarly to goe-
thite concerning O isotope fractionation with water, isotopic
equilibrium between both phases should be attained similarly
fast (Frierdich et al. 2015) and no fractionation should occur
after full crystallisation (Bao and Koch 1999). For this equi-
librium scenario, it could then be assumed that the akaganeite
bears the O isotope composition of the water it crystallised in.
As this is only one object, this is far from being conclusive.
Further studies will have to show, if this holds true for e.g.
magnetite as corrosion product.

Terrestrial corrosion

Iron isotopes

The ore specimen shows a heterogeneous composition within
the ore and a significant enrichment of the lighter isotopes on its
surface. The heterogeneous composition of the ore might be
induced by postgenetic hydrothermal fluids cross-cutting the
ore (Markl et al. 2006), as indicated by veins filled with gangue
minerals (Fig. 2) (Rose et al. 2019). This phenomenon will not
be discussed here, as it is unrelated to surface processes.

The enrichment of the lighter isotopes on the surface of the
ore specimen must be regarded as direct consequence of
weathering processes. The presence of isotopically lighter Fe
(hydr)oxides, such as goethite, as precipitation products is in
accordance with results reported in the literature (Skulan et al.
2002; Wiederhold et al. 2007; Kiczka et al. 2011). Two pos-
sibilities for the preceding surficial dissolution of Fe oxides
from the ore exist: the preferential dissolution of isotopically
light Fe, and the dissolution of Fe oxides without isotope
fractionation followed by the precipitation of isotopically ligh-
ter Fe (hydr)oxides and loss of the isotopically heavier dis-
solved Fe. Based on mass balance calculations, Yesavage
et al. (2012) concluded that Fe isotope fractionation occurring
during weathering of shale can be explained best with a neg-
ligible Fe isotope fractionation during dissolution and the pre-
cipitation of isotopically lighter Fe (hydr)oxides. This model
corresponds to the latter of the two outlined scenarios for the
data of the ore specimen. Li et al. (2017) came to the same
result concerning the dissolution of iron, since they observed
significant Fe loss but only very limited fractionation during
laterite formation. Additionally, it cannot be ruled out that the
small fractionation observed by them was induced by interac-
tion with organic matter. As a result, it is concluded that sim-
ilar to the model presented by Yesavage et al. (2012), Fe
isotope fractionation during the dissolution of Fe from the
ore seems negligibly small and that the isotopically heavier
dissolved Fe is lost to the soil water.

For the two analysed iron objects, Fe isotope fractionation
seems to be absent during corrosion under oxidising conditions.
Only one sample of KS-Fe, taken from the blistered corrosion,
displays a heavier isotope composition compared with the other

samples of this specimen. Such an enrichment in heavier iso-
topes can be explained by the presence of organic material, on
which isotopically heavy Fe preferentially adsorbs (Brantley
et al. 2001; Beard et al. 2010; Ilina et al. 2013; Lotfi-
Kalahroodi et al. 2019; Rose et al. 2019). Additional to our
objects, Milot et al. (2016) analysed atmospheric corrosion
products from one semi-product and report Fe isotope compo-
sitions indistinguishable from the metallic core. However, this
object will not be included in the discussion as it represents
atmospheric corrosion on an object from a marine burial envi-
ronment and the corrosion most likely occurred in direct inter-
action with the atmosphere after its recovery.

These observations are substantiated by current knowledge
about Fe isotope fractionation, which can occur at two different
steps during corrosion: dissolution of the Fe from the metal and
precipitation of the corrosion products. As was shown above,
dissolution of Fe phases seems not to cause isotope fraction-
ation (Li et al. 2017; Yesavage et al. 2012) but fractionation
might occur afterwards by complexation with e.g. organic mat-
ter and loss of dissolved Fe (Fantle and DePaolo 2004;
Wiederhold et al. 2007). Because in both cases the presence
of goethite indicate a sufficiently oxidising atmosphere, chang-
es in the redox conditions should have negligible impact on the
fractionation of Fe isotopes during the dissolution of Fe (Schuth
et al. 2015). Although the solubility of Fe (hydr)oxides is suf-
ficiently high to expect loss of Fe into soil water as in the case of
the ore specimen, no significant loss of Fe seems to occur after
dissolution during corrosion of iron objects (Neff et al. 2006).
Consequently, the Fe isotopic composition of the corrosion
product will be consistent with that of the initial metal, which
is in agreement with all present analytical data.

No insight could be gained from the available data for Fe
isotope fractionation processes on the micro- or nano-scale.
During Fe corrosion, dissolved Fe ions move away from the
metal-electrolyte interface. As soon as oxidising conditions are
reached, they rapidly precipitate as Fe (hydr)oxides in pores and
fractures of existing corrosion products (Neff et al. 2005, 2006).
During these reactions, Fe isotope fractionation occurs. For
instance, the corrosion products of MG-Fe are goethite and
magnetite/maghemite. While goethite preferentially incorpo-
rates the lighter isotopes (Skulan et al. 2002; Wiederhold
et al. 2007; Kiczka et al. 2011) and might later have the same
isotopic composition like the dissolved Fe due to a complex
exchange mechanism (Frierdich et al. 2015; Jang et al. 2008;
Reddy et al. 2015), magnetite becomes enriched in the heavier
isotopes compared to aqueous Fe(II) (Frierdich et al. 2014a).
For maghemite, respective studies are lacking. The presence of
goethite indicates oxidising conditions, whereas the presence of
magnetite/maghemite indicates lower levels of oxygen. They
might result from the removal of molecular oxygen by the
decay of organic material in the compost bin but also from
the limited diffusion of molecular oxygen from the atmosphere
through the overlying corrosion products. Goethite and
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magnetite show opposite Fe isotope fractionation trends during
their formation; hence, heterogeneous Fe isotope compositions
within the corrosion layer are expected. Cracking and flaking,
emerging from drying and the growth of the corrosion products,
locally change the availability of molecular oxygen and water
within the corrosion layer. The result is a complex growth pat-
tern of both phases and hence an equally complex pattern of
different Fe isotope compositions.

Oxygen isotopes

The O isotope compositions of the corrosion products from
MG-Fe andKS-Fe show a strong enrichment of 18O compared
with the local precipitation and groundwater. Like the Fe iso-
tope data of MG-Fe, the O isotope data displays a mixture of
goethite and magnetite/maghemite. MG-Fe is approximately
8‰ heavier in its O isotopic composition compared with
Munich groundwater (− 11.5 to − 10.5‰ (Förstel and
Hützen 1983)) and Munich rain (− 10.6 to − 10.0‰ (Tütken
et al. 2004)), whereas KS-Fe shows a much bigger offset of
around 17‰ (groundwater − 7.5 to − 8.5‰ (Förstel and
Hützen 1983), rain − 7.5 to − 8.1‰ (Tütken et al. 2004)).

The O isotope composition of the water interacting with the
artefacts is significantly altered by evaporation outside of
water-logged environments, resulting in a shift towards less
negative δ18O-values (Bao et al. 2000; Yapp 2008). For both
artefacts, the burial location was favourable for evaporation;
hence, the water interacting with the artefacts can be assumed
to be isotopically heavier than the precipitation. Oxygenmight
be further isotopically fractionated during its incorporation
from the water into the corrosion products. The difference
between goethite and the coexisting water seems to be negli-
gibly small (Bao et al. 2000; Frierdich et al. 2015). As was
shown for marine corrosion, the formation of magnetite
should enrich 16O in the corrosion product. Studies investigat-
ing O isotope fractionation of maghemite are lacking.

Beside water, DMO is the other source of oxygen for cor-
rosion products and its isotopic composition in the soil gas is
controlled by a complex interplay between diffusion and res-
piration (Aggarwal and Dillon 1998; Angert et al. 2001). The
dissolution of DMO from the soil gas into the soil water re-
sults in a slight enrichment of the heavier isotope in the soil
fluid’s DMO (Mader et al. 2017). And finally, a possible de-
pletion of 16O in the DMO during the oxidation of Fe hydrox-
ides must be taken into account (Oba and Poulson 2009).

All these processes were proceeding during the corrosion of
the artefacts. For some, like the isotope fractionation between
water and the corrosion products, differences between both sites
can be regarded as negligible to the large overall fractionation
between the reservoirs and the corrosion products. Evaporation
and respiration seem to be the major causes of the observed O
isotope fractionations. Although their relative contribution to
the observed overall O isotope fractionation cannot be

quantified with the available data, differences between them
most likely cause the difference in the O isotope fractionation
on both sites. Evaporation alone is easy to fractionate the O
isotopes of the soil water sufficiently (Luz et al. 2009). It will
have had a more pronounced effect on KS-Fe than on MG-Fe.
KS-Fe was shallowly buried in a well-drained sand soil with
nearly no vegetation. The sun was able to shine directly on it for
a prolonged period. In contrast to this, MG-Fe was located in
contact with a humus-rich soil/compost amid high grass plants
under a walnut tree, hence with significantly reduced evapora-
tion compared with KS-Fe. Additionally, respiration might
have had a much stronger effect on the DMO’s O isotopic
composition at KS-Fe than on the one at MG-Fe as the latter
was in close contact with the atmosphere. This would have led
to a rapid exchange between the isotopically heavier respirated
soil gas and unrespirated oxygen. As a result, the DMO
interacting with KS-Fe might have had a heavier O isotope
composition than the DMO at MG-Fe.

A possible explanation for the difference in the O isotope
composition of KS-Fe between the heavier inner layer and the
lighter outer layer might be the depletion of the lighter O
isotopes during the diffusion of DMO trough the corrosion
layer. DMO diffusing into the corrosion layer will react with
dissolved Fe hydroxides diffusing outward (Neff et al. 2005,
2006) and as this reaction might preferentially remove the
lighter O isotope from the DMO (Oba and Poulson 2009), it
becomes increasingly isotopically heavy until it reaches the
inner layer.

Potential applications in archaeometallurgy

Despite the limited number of objects analysed and the re-
stricted data on Fe and O isotope fractionation during iron
corrosion, some preliminary suggestions for applications in
archaeometallurgy can be provided. The small or even absent
alteration of the O isotope composition by natural processes
after precipitation of Fe (hydr)oxides (Yapp 1997; Poage et al.
2000; Sjostrom et al. 2004; Frierdich et al. 2015) may lead one
to expect some kind of temperature or time record within the
corrosion products. However, the data presented here show no
or only little potential for the application of the O isotope
signatures to iron corrosion products. Generally spoken, it
seems that corrosion products show the O isotope composition
of the source water. Most of the processes which determine
the O isotope composition of the source water are controlled
by the local environmental conditions, particularly evapora-
tion and respiration. Quantification of the contribution of the
various processes to the overall isotope signature is extremely
difficult if not impossible.

In marine environments, the source water usually is seawa-
ter, in which the artefact is submerged. But so far, this was
shown for only one example, so that there is the need for larger
and specifically designed studies.
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In contrast to O isotopes, the behaviour of Fe isotopes bears
some potential. Bulk isotope analysis of the corrosion layer
allows the determination of the Fe isotopic composition of an
object. Admittedly, variations of the Fe isotope compositions
within the corrosion layers might be present on the micro-scale
and due to dissolution processes, the outer surface of the corro-
sionmight have a different isotopic composition compared with
the bulk of the sample. But the only hint to such isotopic het-
erogeneities is sample KS-Fe2, which is likely to be affected by
a high content of organic carbon (see above). In all other cases,
around 1mg of sample was enough to yield the same Fe isotope
composition like the metal. Consequently, direct sampling and
thus damaging of the object might be avoidable, which in turn
might strongly facilitate access to iron artefacts for analysis and
opens up the possibility for large-scale studies of iron objects
once applications of Fe isotopes in archaeometallurgy are ad-
vanced (Milot 2016; Milot et al. 2016; Rose et al. 2019).
Although the discriminatory power of Fe isotopes seems to be
low for provenance studies and the number of analysed ore
deposits is small, it was shown that certain types of deposits
might be discriminated with Fe isotopes. Although the infor-
mation obtained from Fe isotopes might tell little about the
object, this might still be worthwhile if the object is otherwise
inaccessible at all.

Admittedly, the conclusions concerning Fe isotope appli-
cations cannot be transferred directly from oxidising soil en-
vironments to acidic or anoxic soils. Corrosion products in
these environments are similar to marine corrosion, as they
might lead to the formation of a protective corrosion layer of
magnetite or siderite (Saheb et al. 2010; Michelin et al. 2013).
Solubility of Fe is much higher in acidic and anoxic soils and
can result in significant loss of Fe (Gerwin and Baumhauer
2000) before such a protective layer is established.
Consequently, it might not be possible to establish a direct
relationship between the Fe isotopic composition of the metal
and the corrosion products in those cases. Likewise, it must
remain open at this point what happens when the burial con-
ditions change dramatically.

Conclusions

This study determined the Fe and O isotope compositions of
the corrosion layer of iron artefacts and constitutes a first
attempt to extract information about the artefact from the cor-
rosion layer, i.e. without sampling the artefact itself. Two ar-
tefacts from oxidising environments above the water table and
one artefact from a submerged Roman shipwreck as an exam-
ple for marine corrosion were analysed.

O isotope fractionation among the corrosion products and
the reservoirs of molecular oxygen and water was successfully
traced for all artefacts, but it cannot be assigned to specific
parameters. In all objects, the corrosion products seem to bear

the O isotope composition of their source water. But too many
parameters influence the O isotope composition of the source
water in oxidising environments above the water table, with
the most important of them controlled by the local environ-
ment. In marine environments, the source water is the sur-
rounding water and further studies are needed to support the
observations made on a single object in this study. At the
present state, it seems unlikely that O isotope signatures of
c o r r o s i o n p r o d u c t s w i l l b e o f r e l e v a n c e f o r
archaeometallurgical research.

No Fe isotope fractionation was observed in the metal ob-
jects. This either indicates that no loss of dissolved Fe oc-
curred during corrosion in oxidizing environments or that all
involved processes in the end isotopically balances losses and
gains of Fe during interaction with the environment. Based on
the present data, neither the one nor the other can be excluded.
Comparison with literature data for objects buried in seawater
revealed a possible influence of the concentration of dissolved
molecular oxygen in the water on the Fe isotope composition
of the corrosion products. Consequently, Fe isotope composi-
tion of iron objects, which were deposited in oxidising envi-
ronments, can be determined in the corrosion layer by bulk
sampling (~ 1 mg). Thus, they represent a similarity of Fe
isotope composition with the original and uncorroded iron
metal without any need for invasive sampling. This opens
up the possibility for Fe isotope analysis of precious artefacts
unavailable for direct sampling. Future studies have to address
to what extent this holds true for reducing conditions, such as
in marine environments or anoxic soils, and for dramatic
changes in the burial environment. At the same time, isotopic
homogeneity in the corrosion layer might not be present on the
micro-scale and might offer information about the burial con-
ditions and their changes over time.
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