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A metallographic study of two pre-roman Iberian arms, affected by a cremation process, revealed the presence of
an outer magnetite layer, providing highly protective properties. This layer is extraordinarily tenacious and of very
homogeneous thickness, indicating an intentional manufacturing process rather than an accidental formation
during the severe heating/cooling cycles the artefact suffered. Up to date, the intentional production of these types
of layers has been attributed to a welding process of three different metallic sheets, here an alternative model is
proposed, allowing, as could be simulated in the laboratory, the virtually exclusive formation of a magnetite
coating.

Iberian armoury; Early iron; SEM; Falcate; Artificial magnetite layer; Archacometallurgy.

Evidencias de un recubrimiento de magnetita artificial en el armamento ibero

Resumen

Se presenta un estudio metalograficos de dos armas prerromanas afectadas por un proceso de cremacién. Las armas
poseen un recubrimiento exterior de magnetita que las confieren unas altas propiedades de proteccién frente a la
corrosion. Esta capa es extraordinariamente tenaz y posee un espesor muy homogéneo, indicando que son producto
de un proceso de fabricacién intencionado mds que una formacién accidental durante los varios ciclos de calenta-
miento/enfriamiento que han sufrido los objetos. Hasta la fecha, la produccién intencional de este tipo de recubri-
mientos ha sido atribuida a un proceso de soldadura de tres ldminas metélicas diferentes. En este trabajo se propone
un modelo alternativo de formacién, el cual permite una simulacién en el laboratorio en la que se forma exclusiva-

mente una capa de magnetita.

Palabras clave

1. INTRODUCTION

The Iberian culture basically covered the eastern
and southern coasts of the Iberian Peninsula, in
between the 5™ and 1% century B.C., reaching as
northern limit the river Herault in Francel! V2l The
term “iberians” is thus associated with people living
during Iron Age Il in Andalusia and the Mediterranean
coastal zone of Spain. The origin of their name is
possibly due to the river Iber or Iberus, today identified
as Ebro, though first historical reference to the Iberians
settling at the coast of Huelva were already made be
Greek colonists. Intense trading contacts with the

Armamento ibérico; Edad del hierro; MEB; Falcate; Capa de magnetita artificial; Arqueometalurgia.

Phoenicians, Greeks, and Carthaginians could be
verified. Finally, when the Roman Republic
subsequently conquered the Iberian Peninsula, they
nearly completely absorbed the local culture and
languages of the Iberian communities.

These tribes practised nearly exclusively cremation
burials, where the body was burned together with
personal belongings such as weapons or endowment
objects. Consequently, in a warriors grave from an
Iberian necropolis, it is frequent to discover, remains
of the incinerated body and objects used by the
individual in life. The most characteristic Iberian
weapons were defensive arms like shields, greaves
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or helmets combined with offensive ones such as
falcatas, lances, and different types of javelins, as
pilum or soliferreum-),

These weapons were recognised and documented
by the roman armies as quite sophisticated and
powerful due to its elevated steel quality and
propertiesl®1! during the conquest of the Iberian
Peninsula, in turn causing reinforcement of the
standard equipment of roman legions.

For manufacturing of the steel, raw steel plates
were buried up to three years where weakened parts
of the metal corroded, the remains were used for
forging of the falcata. The blade was usually then
made of three laminas of the obtained material in a
bloomery, which is a furnace operated at low
temperature where carbon monoxide resulting from
incomplete combustion of charcoal reduces iron
oxides to metallic iron without melting the material.
The material was forged above its recrystallization
temperature, followed by a normalised cooling at air.
In case the blade used fullers, these were also hot
forged. When inlets were foreseen, engraving was
carried out at room temperature using a burin, the
relieves were after completion of the workpiece filled
with precious metals, silver, gold or bronze. Finally,
the artificial magnetite layer was created!!2-18],

On many of those weapons recovered from
archaeological sites up to date, a superficial magnetite
layer can be distinguished!!*-23]. As this oxide layer
provides excellent anticorrosive properties, many
iron specimens have remained in excellent conditions
of conservation. Whether these layers were produced
intentionally on a large scale is currently topic of
scientific discussions, but relatively few references
can be found in the specialised literature. This may

be partly due to that, during classical interventions
of excavation and restoration, these layers were
often mistaken as natural oxide formed by habitual
corrosion processes in irons of archaeological origin.
An incorrect interpretation of the presence of
magnetite thus not only affects the perception we
have regarding early Iberian metallurgy, but also
compromises the intervention strategy to be chosen
for restoration and conservation of such artefacts.
Taking into account the quantity of similar
archaeological findings belonging to the pre-roman
period of the Iberian Peninsula, it seems quite likely
that most of Iberian and Celt Iberian arms may have
once been coated with a black magnetite patinal?4],
upon which often inlay work was carried out in silver.
Generally, these type of weapons are found in
necropolis, but numerous artefacts were also recovered
from a different archaeological context. Those
presenting a worse degree of conservation are usually
suffered cremation processes and were later on buried
in a geochemically aggressive environment.

In the present work the metallographic
investigation on two typical Iberian arms is presented,
a falcata from the Museum of Armory in Alava,
Spain, (Fig. 1) and a pilum from the Copper Museum
in Cerro Muriano, Cérdoba, Spain, (Fig. 2).

Both have, though in different grades of
conservation, the presence of a magnetite layer of
faint black colour. The chronology of the samples
oscillates between the 5™ and 2™ century B.C.

Up to date, the intentional production of these
types of layers has been attributed to a welding
process of three different metallic sheets!?4) here
an alternative model is proposed. The objective is
to contribute to the development of an adequate

Figure 1. Iberian falcate, belonging to the collection of the Museum of
Armory in Vitoria, Alava. The site where the sample was extracted is

highlighted.

Figura 1. Falcata ibérica, perteneciente a la coleccion del Museo de la
armeria de Vitoria, Alava. Se sefiala en la imagen el lugar donde se ha

extraido la muestra.

102 Rev. metal. 47 (2), MARZO-ABRIL, 101-111, 2011, ISSN: 0034-8570, elSSN: 1988-4222, doi: 10.3989/revmetalmadrid.0933



EVIDENCE FOR ARTIFICIAL MAGNETITE COATING ON IBERIAN ARMOURY
EVIDENCIAS DE UN RECUBRIMIENTO DE MAGNETITA ARTIFICIAL EN EL ARMAMENTO IBERO

Figure 2. Iberian Pilum, Copper Museum in Cerro Muriano (Cérdoba,
Spain). The site where the sample was extracted is highlighted.

Figura 2. Pilum ibérico, depositado en el Museo del Cobre de Cerro
Muriano (Cordoba, Espafia). Se senala en la imagen el lugar donde

se ha extraido la muestra.

methodology for characterisation of the morphology
of natural and artificial magnetite layers and to
investigate which procedures and techniques could
have been applied by Iberian craftsman in order to
obtain this type of surface protection. The techniques
employed for this purpose were Scanning Electron
Microscopy (SEM), conventional optical microscopy
and Electron Probe Micro Analysis (EPMA).
Subsequently, the production process was simulated
under slightly oxidising conditions with the aim to
obtain a uniform, tenacious and adherent magnetite
layer similar to those present on the archaeological
samples.

2. EXPERIMENTAL

The studied samples were taken from different,
representative zones distributed over the weapons
under investigation (Figs. 1 and 2). With the pillum
it would have been necessary to sample at the tip,
the only zone where the magnetite layer was still
unaltered, but this would have caused irreversible
damage to this valuable archaeological sample and
had to be therefore discarded. For metallographic
observation they were embedded in polyester resin
and conventionally grinded and polished (from o
(0.3 pm) to y (0.03 pm, Buehler). The sample surface
was then etched with a 4 % (m/V) ethanolic solution
of nitric acid for 15 s. For examination of the metallic
structure using SEM, the ancient steel samples
were additionally gold sputtered because they were
embedded in resin. The SEM was coupled with an
Energy Dispersive X-ray (EDX) detector, providing

additional information on chemical composition.
For EPMA analysis the embedded specimen were
used without sputtering.

In order to prove the viability of an intentional
formation of a protective magnetite layer, a laboratory
simulation of this process was carried out. Boronoxide
(B,0O;) was used as fluxard, applying furnace
temperatures between 800 and 1100 °C at different
times. For the study of iron oxide formation (wiistite,
hematite, magnetite), a steel likewise to those
available during pre-roman times in the Iberian
Peninsula has been used, in particular a DIN 17210
material with a carbon content (mass percentage)
ranging from 0.12 % to 0.18 %.

3. RESULTS AND DISCUSSION

Macroscopic surface observation by optical and
scanning electron microscopy proves that both
Iberian samples, the falcata and the pilum, were
covered by a magnetite layer. In the first case, this
magnetite layer can be easily distinguished and
remains almost intact over the whole surface of the
original item (Figs. 3, 4 y 6), in the second, this
layer survived intact only in the zone round the
spearhead. Possibly the cremation temperatures
were considerably different and in the case of the
pilum were that high, that most of the artificial
surface layer was braking off, with exception of a
zone close to the top point.

The magnetite layer was attributed to an
intentional creation rather than to the presence of
an evolution surface corrosion consisting in arbitrary
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Figure 3. Detail of the artificial magnetite layer
of the Iberian falcata, obtained by optical
microscopy.

Figura 3. Detalle de la capa de magnetita artifi-
cial de la falcata ibérica. Imagen obtenida por
microscopia optica.

changes in morphology and composition caused by
physical-chemical variations of the surrounding
soil. Artificial magnetite layers show strong adherence
and impermeability against compounds of atmospheric
or geochemical origin, further they possess a tenacity
nearly equal to that of the base steel. These properties
provide a notable protection against corrosion,
including during long term burial. The presence of
these type of coatings in archaeological findings
may be further characterised by:

— A black or dark gray colour with bluish shade.
It can be finished in matt colour by polishing,
acquiring an intense brilliancy with metallic
tint.

— Composed by a very homogeneous magnetite
(Fe;O,) layer, though other iron oxides
directly superposed on the basis steel may be
detected. These are result of electrochemical
corrosion due to penetration of electrolytes
present in the surrounding soil in which the
item was buried, because the outer layer,
though providing efficient protection, may
present pores to some extent.

— An external coating, similar to a covering
skin or membrane, perfectly reproducing
designs or relieves worked onto the basis
steel surface.

— Very uniform thickness in cross sections,
though found values may vary from 50 - 100
micrometers. Nevertheless, a post depositional
process of fluid accumulation beneath the
surface, or in one or more cavities is likely

Figure 4. SEM image of the Iberian falcata.
The sample belongs to the cutting edge close
to the point, the continuous, homogeneous
and compact magnetite layer can be seen.

Figura 4. Imagen SEM de la falcate ibérica. La
muestra pertenece al filo cerca de la punta. Se
aprecia la capa de magnetita continua, homo-
génea y compacta.

to take place, causing higher thickness. This
in turn may cause descaling of the material.

— Its crystallographic microstructure is regular
and uniform, developing a growth from the
nucleus in radial or column shaped structural
components.

— Shows good adherence, tenacity and thermal
dilatation coefficients similar to those of
iron (Pilling-Bedworth ratio between 1 and
2 value) figure 5. During magnetite formation
its volume is virtually equal to that of the
substrate. This prevents fissures and
detachment of the outer layer.

— A direct relation in between the degree of
corrosion of the basis steel and the fracture
and/or deformation of the outer magnetite
layer (and the accumulation of external
corrosion products) can be observed.

— The material is hard and tenacious, not easy
to graze or to chafe and capable to support
moderately intense impacts.

Unintentional magnetite formation during the
cremation process could also been excluded, first
because temperature and chemical conditions during
the process do not favour the formation of a compact
and homogeneous magnetite layer formation and
second, because the conditions during cooling
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Figure 5. Scheme relating the formation of different oxides with its corrosion protector
behaviour as the ratio Pilling-Bedworth classifies them.

Figura 5. Esquema representando la formacion de distintos tipos de dxidos y su caracter pro-
tector de la corrosion segun se clasifica con la relacion Pilling-Bedworth.

would have produced a quite different grain size
distribution in the outer layer.

Assuming the before mentioned points, we believe
that it is possible to establish a sequential typology
of variations in topography by characterising
morphostructural changes in the evolution surface.
This in turn could provide a powerful tool in order
to identify the presence of artificial magnetite layers,
including at rather corroded metallic remains.

In spite of being rather continuous, homogeneous
and compact, the magnetite layer possesses certain
porosity, as can be seen in figure 6 a). Through these
pores electrolytes may penetrate from the soil in
which the burial was carried out, producing corrosion
of the metallic nucleus underneath the protective
layer!25and 261 Thys effect can be observed in figure 1A-
6 d), where the oxidation occurred over millennia,
though not severe due to the protective properties of
the magnetite layer, in some areas has produced
corrosion which in turn caused detaching of the
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magnetite layer from the nucleus. Here, the tenacity
of the artificial magnetite successfully prevented
fracture of the layer in spite of suffering enhanced
interstitial pressure caused by the higher volume of
oxidation products. Nevertheless, a cremation process
may cause partial or complete detachment of this
layer.

The metallic nucleus of both pieces have, with
slight differences, rather similar structures. They
exhibit an idiomorphic needles of iron carbide
structure type Widmanstitten, which is typical after
cremation, though with higher quantity in the pilum
than in the falcata (Figs. 7 y 8). Upper temperature
limits achieved during a cremation process can be
very high, reaching about 950-1000 °C, as proven
by investigations on incinerated bones, melted
bronze, etc.[273 found in cremation burials. The
structure type indicates that the cooling of the
weapons occurred using severe temperature gradients,
leaving at room temperature carbon saturated
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Tihym

Figure 6. Detail from figure 4, the magnified zone is close to the cutting edge of the falcata (Fig. 6 a));
Further amplification of Fig. 6 a) showing the porosity of the magnetite in contact with the metallic
zone of the edge (Fig. 6 b)); Identical to Fig. 6 b), but obtained in backscattered mode, which results
in image contrast as a function of composition. Porosity of the magnetite layer can be clearly
observed (Fig. 6 c)); SEM image of a zone which suffers detachment of the artificial magnetite layer
from the metallic nucleus due to formation of corrosion products (iron oxides) (Fig. 6 d)).

Figura 6. Detalle de la figura 4, se muestra una zona cercana al filo de la falcate (Fig. 6 a));
Detalle aumentado de la Fig. 6 a) mostrando la porosidad de la magnetita que esta en con-
tacto con el nucleo metalico del filo Fig. (6 b)), La misma imagen que la Fig. 6 b) pero obtenida
con electrones retrodispersados, lo cuales proporcionan un contraste en funcién de la compo-
sicion. Se puede observar la porosidad de la capa de magnetita (Fig. 6 c)); Imagen MEB de la
zona que ha sufrido un desprendimiento del recubrimiento de magnetita artificial debido a la
formacion de productos de corrosion (6xidos de hierro) entre el nucleo metalico y el recubri-
miento (Fig. 6 d)).

quenched ferrite. The solubility of carbon in steel at
ambient temperature is only 0.008 % in weight, this
fact provokes, over thousands of years, precipitation
in these typical structures?3l. The nature of these
precipitates was subject of discussion over the last
decades, being the most accepted hypotheses an
iron carbide or nitride. Some researches, e.g.
Piaskowski and Broker et al postulated iron nitride

compounds, due to either the nitrogen content of
the proteins forming part of the incinerated body or
to that the object has been heated in contact with
combustion material containing ammonia, such as
animal dung. In 1984, a team from Lehigh and
Pennsylvania Universityl®3l, making use of
Transmission Electron Microscopy (TEM), established
that in fact these precipitates are iron carbide. This
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Figure 7. SEM image of the iberian pilum, a massive iron carbide precipitate in a ferrite grain
matriz with Widmannstatten type structure can be seen (7 a left)); detail from Fig. 7 a);
idiomorphic iron carbide morphology and presence of cementite at the ferrite grain boundaries
can be distinguished (7 b right)).

Figura 7. Imagen MEB del pilum ibérico, se observa un precipitado masivo de carburos de hie-
rro en la los granos ferriticos de la matriz. El precipitado muestra una estructura del tipo
Widmannstétten (Fig. 7 a izquierda)); detalle de la Fig 7 a); Se puede distinguir la presencia
de carburos de hierro ideomoficos y también presencia de cementita en los limite de grano
ferriticos (7 b derecha)).

30pm

Figure 8. The structure of the metallic core of the falcata. A fine grained precipitate of iron
carbide in a ferritic matrix of varying particle size is shown (Fig. 8 a)); detail from Fig. 8 a),
idiomorphic iron carbide with Widmannstéatten structure in the interior of ferrite grains are
shown, as well as continuous cementite precipitation at the grain boundary (Fig. 8 b)).

Figura 8. Estructura del nucleo metalico de la falacata. Se aprecia un fino precipitado de car-
buros de hierro en la matriz ferritica. Se observa una variacion en el tamafio de particula del
precipitado (Fig. 8 a)); detalle de la Fig. 8 a). Se observan carburos de hierro idiomdrficos con
estructura Widmannstétten en el interior de los granos ferriticos, asi como un precipitado de
cementita continuo en el limite de grano (Fig. 8 b)).

finding is in-line with the results of EPMA analysis armoury, though only in the case of the metallic
carried out within the present study (Fig. 9). structure belonging to the falcate sample.

Another interesting fact which could be detected Observing the SEM images shown in figures 10
is related to the process of artificial magnetite and 11 at low magnification, it can be clearly seen
formation, as mentioned above abundant in Iberian that the grain size of the ferrite crystals is much greater
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Figure 9. SEM images and corresponding results of EPMA. The fact that the analytical profile
shows an increase of carbon combined with a decrease of iron when analyse the crystals with
Widmannstétten structure indicates presence of iron carbide. The upper image corresponds

to the pilum and the downer to the falcata.

Figura 9. Imagenes MEB correspondientes al resultado del EPMA. El hecho de que el perfil de
analisis muestre un incremento de carbono combinado con un decrecimiento de hierro cuando
se analizan los cristales con estructura Widmannstétten indica la presencia de carburo de hie-
rro. La imagen superior corresponde al pilum y la inferior a la falcata.

at the outer than in the inner zone. The areas suffering
more intense deformation after the process of hot
forging of the blade were the external ones, which is
generally happening in plastic deformation of steels
and metalsP4. If a metal is exposed to elevated
temperatures, recrystalisation accompanied by excessive
grain growth occurs in those areas which are more
intensively deformed. This is the case of the Iberian
falcate, where recrystalisation and intense grain
growth are due to heat exposure subsequent to the
forging process, applying high temperatures and
elevated time with the objective of obtaining a highly
tenacious, temperature stable magnetite layer of
appropriate thickness. In order to obtain a such
protective and adherent layer, the work piece has to
be covered with a fluxard based on refractory clay,

thus preventing an excessive oxygen content which
would bias the reaction towards Fe,O, formation, a
porous and less adherent material®® and%].

As Criado, Juez-Lorenzo and Kolarik say in
previous works not only oxidation of iron to its
corresponding oxides takes place, but also reduction
processes due to partial decarburation of the basis
steelBO391 At high temperatures, the equilibrium
between Fe,O; and Fe;O, within the Fe-FeO-Fe,O,-
Fe,O;, system, is shifted towards the latter, due to
reduction of Fe,O; by means of CO, which is forming
when carbon dissolved in the basis steel diffuses to
the surface during the decarburation process.

Results of experiments carried out in a temperature
chamber X-ray diffractometer to understand the
formation of oxides in steels®%3! can be summed up
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Figure 10. Image of a cross section of the falcata
sample obtained by optical microscopy. The
elevated grain size in the outer zone versus
the small grains in the interior can be clearly
distinguished.

Figura 10. Imagen de la seccion de la muestra
de la falcata en microscopio dptico. Se distingue
el gran tamafio de los granos en la zona externa
frente al tamafio de los granos en el interior.

T 300pm 1

Figure 11. SEM image of the falcata sample.
The elevated grain size in the outer zone versus
the small grains in the interior can be clearly
distinguished.

Figura 11. Imagen MEB de la muestra de la fal-
cata. Se distingue el gran tamafio de granos
en la zona externa frente al tamanio de grano
internos.

in these terms: Low oxygen pressures enhance the
formation of Fe;O, and prevent the formation of
Fe,O;. At normal oxygen condition, does not start

the formation of Fe,O; during the evolution of Fe;O,
since 570 °C but only appears in minimal quantities.
It is only from 800 °C when Fe,O; when starts its
formation in significative manner.

The analysis of archaeological samples detect
magnetite, as well as in the laboratory simulation
using boronoxide as a fluxard, therefore it is
presumable that a sort of clay was used to prevent
the massive diffusivity of oxygen when the magnetite
coating was manufactured in the archaeological
objects.

Nearly exclusive magnetite formation in the
simulation was obtained at retention times between
15 and 30 min, exceeding this period, growth of a
Fe,O; occurred. Optimum conditions for magnetite
formation were found to be a temperature of 950
°C and a retention time of 15 min. After polishing,
the outer layer presented a matt black colour with
metallic lustre. Once cooled down, its adherence
to the basis steel was strong enough to sustain
moderate strokes with a forging hammer.

As shown in figure 12, highly adherent and
tenacious magnetite layers of different thicknesses
were obtained. Magnetite possesses a dilatation
coefficient similar to that of iron, this facilitates good
adherence properties. In spite of having suffered a
cremation, the magnetite layer of the falcata is basically
intact and has lost adherence only in a small

T T 1

Figure 12. SEM image of the artificially created
magnetite layer. The furnace was operated
under oxidising atmosphere over 10 min applying
boron oxide as fluxard.

Figura 12. Imagen MEB de la capa de magne-
tita artificial reproducida hoy dia. El horno se uti-
lizé en condiciones oxidantes normales durante
10 min aproximadamente. Se utilizé oxido de
boro como fundente.
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proportion, the latter most possibly not by impact of
heat but by subsequent corrosion processes during
the 2.000 years the artefact was buried.

When observing the falcate sample the
decarburation of the surface suffered is clearly shown.
[t is distinguish because appears different quantities
of iron carbide between the core and the external
zone. This is due to the gradual diffusion of the
process.

4. CONCLUSIONS

— Macroscopic observation of the artefacts
determines that both falcata and pilum, were
covered by an artificial magnetite layer.

— This finding suggests the hypothesis that the
majority of similar pre-roman Iberian weapons
may have been treated in the same manner,
producing a protective superficial layer. Cases
in which the presence of this layer could not be
confirmed may be due to that their degree of
conservation was not adequate or that remains
of the layer were removed during previous
restoration campaigns, when the presence of an
intentional magnetite layer was still not under
study. This hypothesis will need further research
and systematic study of more Iberian armours
to be confirmed.

— The recrystalisation behaviour of the falcata
suggests that the artificial magnetite layer has
been formed by heating at high temperatures,
applying a fluxard based on refractory clay in
order to control oxygen uptake and to assure a
tenacious and thoroughly attached magnetite
layer upon the metallic substrate. Both samples
show needle-like precipitations of iron carbide
with Widmanstiitten structure inside ferritic
grains, typical for steel specimen exposed to
cremation processes. EPMA analysis furthermore
supports the theory that the nature of these
precipitates is iron carbide instead of iron nitride.

— Natural corrosion did not significantly affect the
areas of the arms where the magnetite layer kept
more or less intact after the cremation. The pilum
is in worse conditions of conservation due to the
fact that this layer remained only in a zone close
to the tip of the, meanwhile over the rest of the
artefact the layer detached during cremation.

— Future investigation will be focussed on trying to
clarify whether this technique can be classified
as genuine [berian or whether it was adopted by
preroman tribes in contact with the Celts. Ongoing
studies are as well centred on a more detailed
investigation of the magnetite production process

itself, e.g. which clays were originally used as
fluxard and at which temperatures. In this context
areas in the Spanish Peninsula where this
technique is still in use will be studied. As example,
Sierra Morena in Andalusia may be mentioned,
where herdsmen still fabricate bells for cattle
and goats in that manner.
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