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1. INTRODUCTION

What is interesting about applying Raman Microscopy (RM) to metals in
Archaeology or Art History? Three essential answers to this question can be
detailed below, in addition to the specific, and sometimes unrivalled,
advantages of the RM technique that have already been described in the many
articles now dedicated to RM studies in what has been coined
ARCHAEORAMAN by Smith and Edwards' and updated by Smith*’, in
particular studies on:

. 4,5,6,7,89,10,1
- pigments Rabhain

; . 7 12.03,14,
- biomaterials' 13,
s gems

21,22,23.24,
- rocks =5

. 26,27,28,29,30,
- ceramics 6,27,28,29 JIEI;
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; 31323334353
- stained glass’' ® or

37.38,394041.42.3543,44,454647 48,122
- corroded metals ; ]

(1) One finds metals nowadays in almost all the domains that concern
society. Development of the discoveries concerning metal since the Bronze and
Iron Ages, as well as the infinite possible combinations of metallic elements,
make this material indispensable. From pipelines to skyscrapers, from vehicles
to bridges, from cables to computers, not to mention coins, tools, statues and,
last but not least, armaments, one finds metals almost everywhere. However, a
real disease is often present: corrosion. Tracking the past for archaeologists,
disaster for industrialists, corrosion is a real plague that occupies many
researchers (physicists, chemists, mineralogists, metalworkers etc.), and RM can
help with the comprehension of this phenomenon.

(2) RM, which is a very recent technique in comparison with many others
(XRD, IR, EMP...), has not yet been widely employed in the domain of metals
and more precisely in the domain of corrosion. The early workers were
Pardessus-Peyrol ef al.*®. Delichere et al.*’, Boucherit et al.”', Thierry et &l
Hugot le Goff ez al.**™ and Bernard et al 77439 these workers, mostly in
the same laboratory, worked mainly on Fe, Mn and/or Zn. Nevertheless,
corroded metal constitutes an ideal material for RM, since, although most
metals do not yield Raman spectra (for reasons of high crystal symmetry. low
number of atoms per unit cell, high absorption and/or high reflectivity), their
corrosion products do: mainly oxides, hydroxides, carbonates, chlorides and/or
sulphates, but sometimes nitrates, phosphates or silicates. Being a technique that
s:

(i) non-destructive,

(i1) needs no sample preparation, not even any sampling at all in many cases,
32

(iii) mobile for studies really in situ’

(iv) capable of analysing a single micrometre-sized crystal and making 3D
images by XY (or maybe XYZ) Raman mapping of mixtures on the

. 61,62
micrometre scale” .

Thus RM can provide details of physicochemical interrelationships of mixed
phases within the corrosion products on a specific metallic object wherever it is:
on a bridge, on an exposed statue, through glass™ (e.g. a priceless metallic art
work conserved in a jar in a Museum), at an archaeological site or even
underwater (subaquatic archaeology of submerged cities or sunken ships: tanks
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conserving precious artefacts awaiting restoration)™, and all this, whatever is its
surface profile on a micrometre scale (planar, curved, angular, discontinuous).

(3) One may envisage in the near future, the collaboration between a
“ramanist” research team and an archaeological or artistic restoration and
conservation laboratory with the aim of preserving and preventing the
alteration of archeological metals. Indeed there is no doubt that any
ARCHAEORAMAN project is interdisciplinary and requires collaboration
between specialists in at least two, and sometimes three, of the triplet of the
necessary disciplines which may be classified as (i) Archaeology, Art History,
Conservation and/or Restoration; (ii) Crystallography, Mineralogy, Metallogeny
and/or Geology, (iii) Chemistry, Physics and/or Spectroscopy.

Following a recent study carried out on a large corpus of corroded metallic
archacological objects®, this chapter presents a glimpse of the advantages and
the limits of the application of RM to the study of metallic corrosion products.
After a brief discussion of the phenomenon of corrosion, the different results are
developed and the different types of alteration products observed in practice are
listed. The objective of this study is to evaluate the capacities and to
demonstrate the efficiency of this analytical method recently applied to the
domain of Art and Archaeology. Two previous articles by Bouchard and
Smith** were dedicated to a database of standard products susceptible to be
observed on archaecological material. Part of this data set were published in
abstract form in Bouchard and Smith***** and in a brief study of some
archaeological artefacts in Bouchard and Smith*’; a detailed study of corroded
coins was published in Bouchard and Smith™.

2. NOTIONS OF CORROSION

Some research on the corrosion of metals is ancient, but it was only in the
late 1830’s that the physicist August de La Rive proposed an electrochemical
theory of this phenomenon. However, research on metal corrosion took off in
the XX" century and by the end of that century, a phenomenal number of
publications had appeared. The study of metal corrosion thus became almost a
separate sub-discipline. For this reason this subsection will not go into all the
complex problems related to the corrosion of metals.
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For simplification, one can however classify corrosion in two large
families: homogeneous or uniform corrosion (corresponding to the formation of
a film of alteration on the surface of the metal) and heterogeneous corrosion
(corresponding to localized corrosion formed by holes or craters of many um of
depth).

In the case of homogeneous corrosion, the corrosion develops at effectively
the same speed at all points of the metal surface. The colour of the film of
alteration (mostly green or red for copper, black/grey for silver and white for
zinc) is  essentially due to the combined phenomena  of
refraction/reflection/absorption of light at the surface of the corrosion product.
The interest shown for this type of corrosion derives from the fact that this
layer, whose thickness grows with time, is not always passive. Indeed, even if
the layer is itself stabilized, numerous indirect parameters can permit the
corrosion of the object to continue: e.g. the permeability of this outer layer to
certain gases; the relative affinity of the various components of the inner alloy
for these same corrosive gases; the solubility of the different components in the
layer of corrosion itself; and other numerous thermodynamical factors
(temperature, humidity, partial pressure of oxygen, diffusion, etc.).

In the case of heterogeneous corrosion, one speaks of (a) “pitting
corrosion” or (b) “intergranular or intercrystalline corrosion”. The “pitting
corrosion” is localized at certain points of the metal whereas intercrystalline
corrosion is localized at the joints of grains of the metal. This last type of
corrosion is rather dangerous because, although the loss of metal is small, it
quicklg leads to a reduction of the mechanical characteristics of the
metal®.

It may be noted that, according to the environment in which the studied
object has evolved, one will obtain sulphides or sulphates (for an environment
rich in SO,), carbonates (for an environment rich in CO,), oxides (for an
environment rich in O,), chlorides (for an environment rich in chloride salts) or
composite products stemming from the combined action of some of these
external factors. For example, according to McCann et al*®, the presence of
PbSO, indicates that a Pb-bearing metallic object was in contact at a given
moment in its past with H,S and SO, urban pollution or with an environment of
sulphate-reducing bacteria (anaerobic environment) producing H,S. In the case
of a Pb-free metallic object exposed recently in an urban environment, one can
deduce that the Pb derived from petrol pollution.

Pourbaix®® presented some other examples which allow the reconstitution
of the conditions of corrosion of the studied object according to the products
which are associated with it; for example if the percentage of CO, in the
atmosphere exceeds 0.04 % (which corresponds to a rainwater of pH 5,8 with
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10~ moles of CO4/litre) it forms malachite (green) as well as tenorite (black). In
an atmosphere loaded with SO,, one can, by using thermodynamical diagrams,
determine the concentration of SO, that was necessary for the formation of the
sulphide or sulphate product.

Finally, “paratacamite” (in fact clinoatacamite® and see below)
{Cu,CI(OH)3}, is the stable form of copper chloride in an oxygenated acid
solution charged in CI” ions, whereas, in the absence of oxygen, the stable form
is nantokite {CuCl}.

Contrary to passive (i.e. stabilised) corrosion, active (i.e. ongoing)
corrosion is intrinsically "more dangerous" for the metal object. A major part of
this chapter will be devoted to chlorides, a typical mode of alteration which in
the case of cuprous or ferrous alloys is dramatic and irreversible. Chlorides can
become hydrated and thus change in crystalline structure, and by increasing in
volume soon lead to a fast destruction of the object. Iron objects, when they are
chlorinated, can split completely following their lines of weakness established
during their manufacture®’. It is this type of alteration which should be
neutralised first of all if one wants to limit damage, and this is the reason why
the principal focus here is aimed at the identification of these products by RM.
However, the main subject of this chapter remains the identification of the
corrosion products; the reader is referred to the following works for their

presentation of different neighbouring areas of problems related to the corrosion
of ]netalsﬁ&b‘},?ﬁ,?l,?2,?1,?4?5

3. CORPUS OF ARCHAEOLOGICAL OBJECTS STUDIED

The considerable number of materials existing within the field of "the
archaeology of metals" lead us to restrict our report to the study of some precise
metals, selected mainly according to their representativity in archaeological
objects. Copper, known since millennia and cited in works as ancient as the
Bible or the Iliad, is the most represented metal in this study. Numerous lead
and iron objects also constitute an important part of the study whereas zinc, tin,
silver and gold alloy objects constitute only a small part of this work, either
because of the rarity of these objects, or because of the deliberate choice of our
research team. The corpus of the studied metallic objects is deliberately very
varied in terms of the different types of objects and of the different cultures
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which manufactured them. It partially consists of coins and medals of which the
small size and the simplicity of dating make a material of choice for this type of
study™, but it also consists of numerous other archaeological objects described
in detail in Table 1. Figure 1 displays some of the Pre-Columbian artefacts.
These objects are also in various states of corrosion: from averagely corroded
(e.g. F753-24) to totally corroded (e.g. L84-85) (Figure 2). The particular case
of coins, where the metal composition is generally already known and
referenced, the metal composition of the archaeological objects presented here
is the one noted in italics: Ag (silver), Al (aluminium), Bz (bronze), Cu (copper),
Cu alloy (copper alloy), Fe (iron), Ni (nickel), Pb (lead), Sn (tin), Zn (zinc). On
the basis of Ponting and Segal'*":

e Copper is accepted as pure for a tin and zinc concentration <1 %.

e  Bronze is constituted in theory of 85 % of copper and 15 % of tin, but in
practice one observes it with a majority of copper, more than 1 % of tin and
less than 5 % of zinc. Lead is also often present and its concentration can
reach 25 %. It is thus rather difficult to define a composition for bronze.

e« Bells’ Bronze » is an alloy constituted of 78 % of copper and 22 % of tin.

e Brass has a composition as variable as that of bronze; one can consider that
brass contains more than 5 % of zinc and less than 3 % of tin, the solvent
being copper.

e« Orichalcum » is defined as a copper alloy with ~ 10 to 15 % of zinc.

Table 1. Corpus of the some of the studied metallic archaeological objects.
N° Ref, Identification Metal Region/ Culture Reign/Date Results of Analysis
Alexander sl ]
$2215  DENIER Ag Roman Severus / e
193-211 A.D. &
G678 1 ECU Ag France Louis Philippe/ 4 .o
1843
S894 DENIER Ag Roman E)(l){)mltlan e cuprite, Ag,0*
[/ 57-38
S7441  DRACHMA Ag Parthes grgdes Lja%=2 Ag,O*
G471 1 FRANC Al France 1944
. cuprite,
NI2 . .
Pl AS Bz Roman g”ﬁ‘_‘j;“i ( b) A clinoatacamite +
o o atacamite

S3190  SMALL BRONZE Bz Roman Tetricus / 270- cuprite, malachite +
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273 A.D. ?
P2 SMALL BRONZE Bz Barbarian ~V™ century A.D. tenorite, cuprite
cuprite, malachite,
Gl5 12 DENIERS Bz bell France Louis XVI/ 71792 clinoatacamite +
atacamite
Commune goethite,
P5 medal Fe France insurrection / lepidocrocite,
1848 phase A
g : " . type « Semeuse »
G474 1 FRANC Ni France /1960
P8 MEDALNAP.1  Zn(?) France 1840 Zn0O
G290  10c¢™ Zn France 1941 Zn0 amorphous
W.C. 1 KORUNA Zn Bohemia 1943 Zn0O amorphous
714-348 NAIL Cu alloy connellite
714-351 UNCERTAIN Cu alloy o
’ connellite
714-569 PIN Cu alloy connellite
ool cuprite, azurite,
L84-163 | i Cu alloy malachite, antlerite,
FRAGMENT langite
184-85 SCABBARD  Cu alloy i
- clinoatacamite
amorphous zinc
F753-24 P_EAF.OCK STAIL silli oxide, copper
FIBULA hydrochloride,
cuprite, azurite
amorphous zinc
oxide,
copper
F753-26 FIBULA Cu alloy hydrochloride,
copper sulphate
( langite  +
antlerite + 7)
547 NAIL Fe goethite, hematite
634-24  RING Fe lepidocrocite+ ?
714-
1011 PLATE Pb PbO
33-90-  GOBELET Ag Paramonga (Cerrode la Horca), Ag,0*
72 Peru
78-13-  "CEPHALOMORP Ag : 96 % Acon, Central Coast, Peru Ag,0*
132 HE” VASE Cu: 4%
78-13- CEREMONIAL Ag : 97 % Acon, Chimu, Peru Ag,O*
129 GOBLET (KERO) Cu 3%  J000-1463 A.D.
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45-25-3 AXE Cu alloy malachite

66-141- FLATAXEWITH Cu alloy  Vicus, Peru clinoatacamite +

12 HUMAN FACE 200 B.C. atacamite, calcite

66-141- HAMMER HEAD Cu alloy  Vicus, Peru clinoatacamite +

40 atacamite

66-141- HAMMER HEAD  Cu alloy clinoatacamite +

52 atacamite

66-141- MASK (MANOR Cu Mochica, Peru clinoatacamite +

137 FELINE HEAD)  golden atacamite

66-141- MASK (FELINE  Cu Mochica, Peru malachite + 7

138 HEAD) golden

08-22- MIRROR Pyrite lepidocrocite,

1185 hematite,
maghemite + 7

08-22- MIRROR Pyrite Ingarpirca, Ecuador mixture :

1186 lepidocrocite,
hematite, maghemite

P10/2  Waist belt or Cu alloy  Middle Age/ Renaissance / malachite

shoe XVIXVIL" cent.

Pl VASEHANDLE  Cualloy  Gallic malachite

P12 ARROWHEAD Fe Roman lepidocrocite,
hematite

110- PLATE Pb Roman plumbonacrite,

383 SARCOPHAGE hydrocerussite,
cerussite (?)

Ll INGOT Fe Roman lepidocrocite,

goethite,
maghemite, «
FeCly(7) »,
akaganeite +
goethite

*Ag,0 already existing or formed under the laser heating. The catalogues of Sear®, Krause'’
and Gadoury™ helped in establishing the data on the coins.
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! 6

Mask (feline head) (66-141-138) Flat axe with human face (66-141-12)

- -

Bronze axe (45-25-3)

RS

Bronze hammer head (66-141-52) Bronze vase handle (P11)

Mask (man or feline head) (66-141-137) Bronze hammer head (66-141-40)

Figure 1. Nine Pre-Colombian objects examined (Musée de I'Homme, Paris, France)
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. =l cm—-

| FEpe

Figure 2. Bronze scabbard (L84-85) decayed due to attack by copper chlorides.

4. RM RESULTS

The various results are grouped and presented below according to the
principal metal component of the object (e.g. copper alloy objects, iron alloy
objects, silver alloy objects, etc.). The various products of corrosion observed
and identified on each archaeological object being detailed in Table 1, it is not
necessary to re-describe them all in detail.

The major handicap that afflicts “recent” sciences such as RM is the
relative deficiency of databases of reference spectra. One will see in this chapter
that one of the basic principles of the identification of species by RM is the
comparison of the unknown spectrum with reference spectra of standard
products. Consequently, a poorly-informed database will hinder any complex
identification. This why our different studies lead to the elaboration of
databases of minerals susceptible to be observed on the alteration products of
metals and their archaeological environment in order to strengthen the global
collection of available databases***'”.
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It is essential to notice the difference between the benefits of a method
such as RM, which allows to obtain the exact species identification of the
alteration product, with those purely chemical methods such as an electron
microprobe or EDS XRF with a scanning electron microscope. An EDS analysis
was made on the Augustus Roman bronze coin (Ref. P./, Table 1) and targeted
particularly the zone rich in chlorides (Figure 3). Although the analysis was able
to be achieved in a totally non-destructive way (coating was not even
necessary), and although the results usefully showed the presence of trace
elements such Si, Fe and Al (coming most probably from ground contamination
rather than from the alloy), the identification of alteration products in this zone
was limited to that of chemical elements: Cu + Cl + O without any information
on their crystal structure.

Figure 3.  Bronze coin of Augustus (P1) (area of the chlorides). Optical microscopy.

4.1. PRODUCTS OF ALTERATION OF COPPER ALLOY OBJECTS
4.1.1. COPPER CHLORIDES

This type of alteration constitutes active corrosion in the case of copper
and is often referred to as “bronze disease™**". This type of extremely “fatal”
corrosion for the archaeological object (Figure 2) has thus become a target for
numerous researchers, metalworkers, chemists and mineralogists in association
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with the restorators and curators. The research already made in this domain
demonstrated notably the predominant role of cuprite {Cu,O} during active
corrosion by chlorides®'. Hydrated copper chlorides {Cu,CI(OH);} can form in
various ways, e.g. from brochantite or malachite, or from anhydrous copper
chloride (i.e. nantokite {CuCl}]”'“. In all cases "it seems necessary to consider

all the active chlorides under the form of CuCl or not""'.

4.1.1.1. Distinction between the various forms of Cu,CI(OH);
by RM

As indicated in Bouchard***, there exists a certain 'vagueness' concerning
the exact identification of the various copper chlorides.

Jambor showed in one of his works™ the existence of another polymorph
of {Cu,CI(OH);}: clinoatacamite. These authors demonstrated the confusion
that existed between paratacamite and clinoatacamite: a real historico-
mineralogical imbroglio. In addition, numerous other oxyhydroxychlorides of
copper exist in Nature and are thus susceptible to be observed on the alteration
products of copper: (1) pure Cu + Cl = O + H; (2) ditto + other anionic radicals;
or (3) ditto + other metals. Thus one may quote in addition to the three
polymorphs botallackite, atacamite and clinoatacamite, and also paratacamite:

(1) anthonyite {Cu(OH,Cl;).3H,0}, calumetite {Cu(OH, ClI);.2H,;0},
claringbullite  {CusCI(OH);.nH,0}, hydromelanothallite, melanothallite
{Cu,OCls}, nantokite {CuCl}, tolbachite {CuCl,}...

(2) connellite {CuyCl;SO4(OH)5,.3H,04 ...

(3) arzrunite {CusPb,SO4(OH)4Cls.2H>0}, aubertite {CuAl(SO4)CL.14H,0},
boleite  {AgoCuysPbyCle(OH)as}, chloroxiphite {CuPb;O,Cl,(OH)},
cumengite {CuyPb;;Cliz(OH)s}, diaboleite {CuPb,Cly(OH)s}, percylite
{CuPbCI(OH),}, pseudoboleite {28PbCl,.2AgC1.24Cu(OH),.14H,0} (?7),
wherryite {CuPbsO(SO4)(CO;)(OH,CI),} ...

Only three kinds of hydrated chlorides of copper have been identified so
far on the different metallic archaeological objects here (atacamite,
clinoatacamite [possibly paratacamite]. and connellite*”**. Botallackite has not
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been observed on the archaeological objects. Selected results are detailed in
Figs. 2 & 3, Tables |, 2a & 2b and Figure 3. In parallel to this work, different
mineralogical samples of hydrated copper chlorides from the MNHN Mineral
Collection have been analysed by RM and confirmed by XRD analysis for use
as standards ™.

The actual state of the literature dealing with RM applied to the
identification of atacamite and paratacamite (or clinoatacamite) is relatively
poor, as a detailed comparison of the Raman spectra of the various polymorphs
is non-existent™**"%,

| (1 A A
by J\ Ml N A
L \ ']

200 400 600 800 1000

Wavenumber (cm-1)

Raman spectra of an archacological clinoatacamite (ref. G15) (BRCUOSLE) (top); an
atacamite (CTANSLE) (middle); and a standard botallackite (FNCUG6LE) (bottom).

The code numbers in brackets in this and following figures are names of the relevant
spectrum’s computer file.

Figure 4.

Table 2a. The different Raman bands attributed to atacamite and to clinoatacamite, in cm’'.

Ref. | mineral species | Raman bands
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B atacamite 360 513 821 846 911 974
atacamite 516 827 | 850 918 980

Pt clinoatacamite®* | ... | 364 | 420 71 [P 804 | (B20) | (8B42) | 896 ot 930 e

Pt atacamite** .. | 358 | 412 3 820 | 842

Pt botallackite .. | 324 | 401 503 | (678) 857 897

B: Bell e al.’ (1997). G: Guineau" . Pt: present work. ** attributed name;
In this and all following tables the symbolisation indicates: underlining: stronger peaks; brackets:
weaker peaks; bold type: characteristic bands unique to one of these species.

Fig. 4 and Table 2a reveal many spectral distinctions between botackallite
and clinoatacamite, but clinoatacamite shows many spectral overlaps with
atacamite.

Fig. 5 and Table 2b shows that the distinct bands corresponding to
hydroxyl group (O-H) stretching in the 3400 cm™ region would, alone, be
sufficient to differentiate all three polymorphs

o0 3300 3400 500 3600 3700

Wavenumber (em-1)

Figure 5. Raman spectra of an archacological clinoatacamite (ref. G15) (BRCUOSLE) (top);
an atacamite (CTANSLE) (middle); and a standard botallackite (FNCUG6LE)
(bottom).
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Table 2b.  Position of the different Raman bands at the very high region of wavenumbers for the
spectra type A (atacamite), type B (clinoatacamite) and botallackite, in em’

[Pt Jtype. B [ clinoatacamite ** [ 3310 wide | 3355 wide | 3442 wide | |
Pt [type. A | atacamite** 3327 |3347 | | 3433
Pt botallackite | 3420 | 3504

4.1.2. COPPER HYDROXY-CARBONATES
4.1.2.1. Malachite

Excepting kolwezite {(Cu,Co0),(CO;)(OH),}, of black to beige colour, all
the other copper carbonates are blue, green or close to these two colours®. The
most representative and the most common species of this type of alteration of
copper is malachite {Cu,CO;3;(OH),}; of characteristic green colour, this
hydroxy-carbonate, which in fact corresponds to the classic terminology of
"patina" on the objects of copper alloy, forms in an ambient concentration of
CO; and in a high humidity. Malachite can form for example in an aqueous
environment and in alkaline pH according to the reaction: 2Cu** + 20H" +
CO;% & Cu,CO;(OH), or from brochantite according to the following reaction:
CusSO4(OH)s + 2HCO;” — Cu,CO5(OH), + SO,* + 2H,0 [2]

500 1000 1500
Wavenumber (cm-1)
Figure 6. Raman spectra of an archaeological malachite (ref. G15) (bottom) (BRCU04) and a
standard malachite (from the collection of the MNHN) (top) (BNCU37); (the band at
512 cm™' probably comes from a contamination by linarite {CuPbSO4(OH),}*).
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Malachite has been observed and detected by RM on many archaeological
objects based on copper (Table 1; Fig. 6, ), but also on a silver coin (Table 1;
Fig. 7). This sort of alteration, cf. azurite, is harmful for the conservation of the
object®, but it can also hinder observation of the object itself.

Most of the characteristic Raman bands of malachite are globally
correctly reproduced by different authors (154, 180, 219, 270, 355, 434, 538,
721,753, 1067, 1100, 1367, 1462, 1493 cm™')***'". Bands at 3308 and 3378 cm’
' corresponding to OH bonding in malachite, as well as the band at 1462 cm’,
do not seem to have been listed by the authors mentioned above.

Figure 7. Denier of Alexander Severus (S2215) with the green outgrowth corresponding to
malachite. Optical microscopy.

4.1.2.2. Azurite

Another very well-known hydroxy-carbonate had been observed: azurite
{Cu3(CO4),(OH),} which forms at a higher concentration of CO, and/or in a
weaker relative humidity than malachite. The disparity of colour between these
two carbonates results from an optical effect deriving from differences in
bonding between both crystalline structures®.

The spectra of the archaeological azurite seem to be absolutely identical
with the spectra of standard azurite®** and very different from standard
malachite (Figs. 6 & 7). There is no major difference from spectra already
recorded for this mineral species and one can distinguish easily the bands
attributed to the carbonate group at ~ 1100-1600 ¢cm™'. The principal Raman
bands of azurite are at 39, 177, 249, 283, 334, 402, 543, 764, 839, 938, 1098,
1424, 1458, 1578, 3423 cm™'.
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Figure 8, Raman spectra of an archaeological azurite (ref. L84-163) (top) (CGBLOS) and
a standard azurite (bottom) (BNCUO0S).

One can also mention other carbonated alteration products of copper
susceptible to be observed on archaeological objects but not yet recorded:
chalconatronite {Na,Cu(CO;),.3H,0} or georgeite {Cus(CO;);(OH)4.6H,0}.

The interest of RM in the detection of this type of alteration product is
mostly related to the differentiation between this kind of passive product and
more “dangerous’ active products, which, in contrast to malachite, have to be
immediately neutralised (e.g. copper or iron chlorides).

it

Figure 9. Raman spectra of the region of high wavenumbers (OH bands); from top to bottom: a
standard malachite (BNCU37); an archaeological malachite (ref. G15) (BNCUO0S5); a
standard azurite (FGCUO02) and an archaeological azurite (ref. L84-163) (CGBL04).
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4.1.3. COPPER SULPHIDES AND HYDROXY-SULPHATES

4.1.3.1. Langite and antlerite

Less known than the previously-mentioned alteration products, this kind of
corrosion is nevertheless relatively common on archaeological objects of copper
alloy. RM particularly allowed to identify and to differentiate langite
{Cu,SO,(OH)_2H,0} from antlerite {CuSO,/(OH),; (Plate 5). Previous
studies **** have attributed the Raman spectrum of langite to that of brochantite, this
was partly due to the existence of a mixture within the mineral standard sample of
brochantite and a correlation of the acquired Raman spectrum with incorrect data *’.
Previously langite was wrongly considered as being identical to brochantite; today
langite is considered as a dimorph of wroewolfeite {CuSO,(OH).2H,0}*. The
Raman spectrum presented below has been successfully correlated with the spec-
trum of langite presented by Frost (2003). Due to their chemical resemblance, nu-
merous Raman bands of langite and antlerite are similar in wavenumber (Fig. 6)
and the Raman bands specific to each species are hard to distinguish despite the
crystallographic difference (a monoclinic structure for langite instead of ortho-
rhombic for antlerite). The specific bands are differentiated in Table 3. The stretch-
ing bands of the OH groups in langite and in antlerite are easily distinguished. One
can also compare in this table the various bands attributed to the internal vibrations
of the SO,* group (free form): v (SO,*) = 980 cm™' (observed here at 989 and 975
cm! for respectively antlerite and langite); v, (SO,*) = [422 & 456] cm™! (observed
here at [416 & 444] cm™ and [429 & 449] cm™! for respectively antlerite and lang-
ite); v(SO,>) =611 & 617 cm™' (observed here at [604 & 630] and [611 & 621] cm'
for respectively antlerite and langite); and v_*(SOf') = 1098cm™! (observed here at
1098 cm! for langite).
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Figure 10. Archaeological bronze object (L84-163) presented with the Raman spectra of the
different mineralogical phases that have been observed.
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Wavenumber jcm-1)

Figure I1. Raman spectra of copper hydroxy-sulphates, from top to bottom: a standard

langite (ref. 65-44) (BSCUO06); an archaeological langite (ref. L.84-137)
(DGCUI17); a standard antlerite (ref. 101-197) (BOCUOS8); and an archaeological
antlerite (ref. L.84-163) (CRCUO0S8).

Table 3. Raman bands specific to antlerite and  langite  in cm’!

antlerite langite antlerite langite
125 599
148 604 611
172 171 630 621
198 750 (730)
217 (770)
(230) (233) 785 (785)
249 243 (911)
265 989 975
298 1078 1078
340 320 1098
366 1133 1125
390 1171
416 1565
429 3370
444 449 3488 3400
470 3562
483 483 3580 3585
501 506

The situation is much more distinct in the OH band region (Fig. 12).
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Figure 12. Raman spectra of the OH band region: standard langite (ref. 65-44) (top)
(BSCU06); standard antlerite (ref. 101-197) (bottom) (BOCUO08).

There also exist many other alteration products of sulphides or sulphates,
more or less hydrated, that can be found in Nature under the mineral name of:
bonattite {CuS04.3H,0}, caledonite {Cu,Pbs(SO4)5(CO3)(OH)g}, chalcocyanite
{CuSQy}, chenite {CuPb4(SO4),(OH)s}, digenite {CuySs}, djurleite {Cuy Sie},
dolerophanite {Cu,0S0,}, elyite {CuPbsSO4(OH)g}, nakauriite
{Cug(SO4)4(CO3)(OH)6.48H,0}, posnjakite {CusSO4(OH)e.H,O}, and the
dimorphs langite and wroewolfeite {CusSO4(OH)s2H,O}. They might be
encountered in corroded archaeological metals.

As in the case of the carbonates of copper described above, sulphates of
copper do not seem to be of any danger for the objects. The diagram of stability
of these products, presented by Pourbaix®, indicates the domain of passivity of
this type of alteration product in ambient conservation conditions.
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4.1.4.COPPER OXIDES

4.14.1. Cuprite and tenorite

Copper oxides are exclusively represented in the analysed samples by
cuprite {Cu;0} (or cuprous oxide) of red to red/orange colour and by tenorite
{CuO} (or cupric oxide); the latter species being recognizable with difficulty by
RM because of its dark and blackish colour.

Cuprite forms on copper alloy objects following the electrochemical
reaction:

Cu — Cu’ + e (oxidation) [3]
Potential of oxidation : E,;= 0.521+ 0.0591.log(Cu")
1, 0, + 2" — O (reduction) (4]

Thus:
2Cu+ % 0, — Cu,0

Without entering into all the details related to the different modes of
corrosion and the polarities (cathodes/anodes) of the layers of cuprite, Fig. 13
presents a simplified scheme of the various electrochemical reactions on the
surface of the metal, as well as on the internal and external interfaces of cuprous
oxides layer, and the mechanisms of migrations of the ¢” and Cu’ ions in the
cuprite layer. It is also necessary to note the importance of the role of cuprite®’
in the phenomenon of active pitting corrosion essentially because of its semi-
conducting proprieties.
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Figure 13, Theoretical scheme of the model of reaction during the formation of a copper oxide
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laver in an acrated environment™ ",

4.1.4.2. Cuprite by RM

Cuprite 1s a rather common alteration product of copper. It was thus
predictable to obtain a number of Raman spectra of this mineral on the studied
metallic objects (Table 1: Figure 14). Some of these spectra were chosen to
clarify certain doubtful zones. A certain heterogeneity in the spectra retained
our attention. It seems that the fluctuations are related to three phenomena.
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Figure 14. Denier of Domitian (S894) with the red outgrowth corresponding to cuprite.

(1) It was observed that cuprite, generally denoted {Cu,O}, often has in
fact a composition {Cu,O}, where "x" can be as high as to 2.107 at high
temperatures’**’; hence, this could possibly explain some variations observed in
the Raman spectra.

(2) Cuprite shows several more bands than the simple group theory
foresees in the first order”’”'. However, one can also have multiphoton
processes (harmonic, or additive or subtractive combinations), or phonon
activation (forbidden in the first order in a perfect crystal) by the presence of
imperfections: interstices, structure vacancies, impurities, local mechanical
tensions, etc.

(3) Cuprite can, in very particular conditions, oxidize into CuO (tenorite)’*:
2Cu,0 + 0; — 4Cu0O

Tenorite can thus be obtained in the particular case of our study either from
a phenomenon of natural oxidation, or from an oxidation due to the heating by
the laser. The presence of tenorite is confirmed by certain Raman bands specific
to CuO and already listed in the literature’*”®. Thus questions reside in the
distinction of

- "pure” tenorite {CuO};
- "pure" cuprite {Cu,0};
- vacancy structures from the {Cu,.O) variant;

- mixtures of phases.
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Table 4 lists different works made by RM on tenorite and on cuprite. The
spectra are either theoretical spectra, calculated from a crystallo-physical study
of the mineral, or experimental spectra. These are compared with a Raman
spectrum obtained on the alteration products of the Barbarian bronze coin (ref.
P2), and presenting characteristic bands of both cuprite and tenorite (Fig. 15).

Table 4. Raman bands of cuprite and tenorite in cm’'

i Ei’ iff? . N
HE //////////////Azﬁ B //////// z

Exp.: experimental. Theo.: theoretical.
Pt: present work; Mc™; Re™; Ku™; Xu” (wavenumbers depending on the crystal size).

Whereas some bands are identical + 1 em™', others differ from those of

cuprite by 5-15 cm’'; these differences may well be due to vacancy cuprite. The
rest of the acquired spectra are related to cuprite and are very similar with the
data exposed by the authors mentioned above. The main characteristic bands
which allow the distinction of tenorite from cuprite in the Barbarian coin are
283-295 and 330-342 cm’ which correspond to tenorite only, whereas the
bands at 106, 147, 198 and 218 cm’' characterize cuprite.
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Figure 15. Raman spectra of “pure” standard cuprite (bottom) (BSCUI2), an archacological
cuprite (middle) (ref. P1) (BHMOQ9) and a cuprite/tenorite mixture presented in
Table 4 (top) (BICUO3).

The role and lhc implication of cuprite in the phenomena of active
corrosion by chlorides®' contradicts the previously -deduced passive role of this
type of alteration product of copper’”. Cuprite is a product of corrosion
susceptible to mask another phenomenon, such as chloride corrosion, which
leaves the restorers and curators with the difficult task of estimating the
potential danger of such a product according to their conditions of conservation.

There are also other oxides or hydroxides that one might find in the
alteration products of copper and of which one knows the equivalents in nature
under the mineral names: paramelaconite {CusOs} and spertiniite {Cu(OH),}”
Numerous organic alteration products of copper such as the oxalate moolooite
{CuC,04.nH,0}, diverse acetates {Cu(CH;COO),} or formates... are not dealt
with here (unpub. data).
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4.1.5. OTHER PRODUCTS OF COPPER

Silicate alteration products of copper have not been developed in this
report. This type of product might exist on objects issue from archaeological
soil. One can quote some minerals existing in the natural state and susceptible to
be observed on archaeological metals: apachite {CuySi;¢O,.11H,0}, gilalite
{CusSis0,7.7H,0}, luddenite {Cu,Pb,Si50,4.14H,01, plancheite
{Cug[Si404,]J(OH)4.H,0}, or shattuckite {Cus(SiO;)s(OH),}.

4.2. PRODUCTS OF ALTERATIONS OF ZINC
4.2.1. CASE OF ZINC OXIDE

RM analyses of "pure" zinc archaeological objects concerned only a few
objects, mainly because of the recent industrial use of this metal (from 1740 in
England). Zinc is known since Antiquity for its use in alloys. One finds it
notably, according to Dioscoride (I" century A.D.), in antique Greece for the
cementation of copper, but it seems to be quoted for the first time under its
current name only by Paracelse, at the beginning of the XVI" century, in his
Treatise on Metallurgica.

Analyses were made on a medal of unknown metal dated 1840 and struck
with Napoleon I'"’s effigy (ref. P8) and on two zinc coins of the XX" century : a
French coin of 10 Ctms (ref. G290) and a coin of 1 Kr from Bohemia (ref.
W.C.). Visual observation of the medal of Napoleon I and of its characteristic
alteration of white micro-crystals allowed us to emit the hypothesis of a zinc
composition of the object. It had been thought logical, in the last century or two,
that this simple observation was sufficient to consider the change described as
being the creation of some zinc oxide. However Scott™ related the following
anecdote: lead was found amongst the white-coloured alteration products during
analyses made on the “patina” of a bronze statue; it would have been justifiable
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then to suppose that this lead resulted naturally from the alteration of the bronze
alloy; the metallographic analyses of the statue showed, on the contrary, that
there is no trace of lead in the alloy and it was thus demonstrated that this layer
of alteration formed only by deposit, a consequence of the industrial pollution
in the particularly intense lead pollution in England under the Victorian reign.

RM analysis of the corrosion products of the medal ref. P8 yielded a
spectrum showing a strong band at 430 cm™ in addition to bands at 202, 327,
379, 570(wide) cm™, these being typical of well-crystallized zinc oxide (ZnO)
(Table 5; Figs. 10,11). Both the other studied coins (refs. G290 and W.C.)
present a layer of grey-white corrosion similar to that observed on the medal.
Their RM analyses also yielded the spectrum of zinc oxide. These
identifications are confirmed by the reference spectra of zinc oxide stemming
from our own database*>**** but also by the spectra published by Xu er al.”.
One can note in some archaeological spectra, as well as in that acquired on the
standard of ZnO, the presence of Raman bands at 1070 and 1150 cem'. Damen”’
and Phillips™ considered that these two bands correspond to a "multiphoton"
phenomenon. This hypothesis is debatable and it is necessary not to neglect the
position of one of the main bands of hydrozincite situated in 1062 cm™. In this
latter case, there could be a little contamination by hydrozincite, the enthalpy of
formation of which is very low (DHf = 828.25 Kcal / mole); hence it is very
susceptible to be formed at the same time as the ZnO oxide (DHf = 83.76 Kcal /
mole) (or even prefcrentially)gg.

100 400 600 LLL) 1000

Wavenumber {em -1}

Figure 16. Raman spectra of different zinc oxides: amorphous state (bronze fibula 753-24)
(FDCUI1) (top); averagely crystallised (medal P8) (DQUNOS) (middle); and standard
ZnO (CTZNO03) (bottom).
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Figure 17. Raman spectra from bottom to top: standard hydrozincite (CSZNO3); an
archaeological hydrozincite observed on the 1 Kr (ref. W.C.) (EAUN14); zinc oxide
obtained on the same coin (EAUN12); and standard zinc oxide (CAZN09).

Table 5. Raman Bands of zinc oxide on different artefacts and a standard reference, in cm’

Provenance Raman Bands

Fibula F753-

24 and 753-26 Y

Medal P8 202 | 327 [ (379) 430 | sh [~570 ~1068

ZnO standard | (205) | 332 | 380 | (410) | 437 582 | (658) | 1062 | 1076 | 1150
10 ctms G290 | 202 | 330 | 377 436 |sh [570 |650 1050 1150
1 KrW.C. 202 [327 | 379 430 |sh |[572 |658

sh: shoulder at ~540 cm™' often observed in the spectra of poorly-crystallized zinc oxides.

Another type of spectrum, recorded on the Bohemian coin (Table 6 and
Fig. 17), corresponds very well to the spectrum of hydrozincite®.
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Table 6. Raman Bands of hydrozincite on different artefacts and a standard reference, in cm’!

Hydrozincite
N° 100-385 81 | 121 | 139 | 152|230 | 389 | 704 | 735 1061 1371 | 1544
1 Kr W.C. 123 150 | 224 | 390 | 705 | 737 | 930 | 1065 | 1297 | /345 | 1370 | 1548

Remark: the bands at 930, 1297 & 1345 cm (also observed on other spectra of non-certified
hydrozincite) have not been related to any other known species: hydrozincite
?7; another phase ?; parasites?

The Raman spectrum at high wavenumbers of the standard sample of ZnO
(Fig. 18) reveals the very wide band around 3400 cm™ typical of the H,O
molecule which is presumably adsorbed on this sample. However the bands just
below 3500 ¢cm” and 3600 cm™ (indeed the most intense part) resemble a
structurally-bonded OH group'”.

izn0 3300 3400 3500 3600 3700 3500

Figure 18. Raman spectrum at high wavenumbers: standard sample of ZnO (CAZN09).



RAMAN MICROSCOPY OF CORRODED METALS IN 129
ARCHAEOLOGY AND ART HISTORY

4.3. PRODUCTS OF ALTERATION OF SILVER-BASED METALS
4.3.1. CASE OF THE OXIDE OF SILVER (AG,0)

Analysis of all the studied silver objects (including a silver Pre-Columbian
statue: figure 19), as well as of a sample of chlorargyrite {AgCl}, yielded a
Raman spectrum which presents a reproducible wide band at 230-240 cm™'. The
intensity of this band increases significantly with the duration of exposure under
the laser (Fig 20). This observation permits the presumption that a new product
forms by heating. Current knowledge as regards to the Raman spectrum of
silver oxide'”' leads us to believe that the product formed is most probably
cubic {Ag;O}. Furthermore, Pascal'” confirmed that a thin film of silver oxide
can be obtained by heating silver in the presence of oxygen at a temperature 2
200°C. Other bands are observed in the zone 500-640 cm™ in certain spectra of
the same silver objects. At the current stage of our knowledge, the band formed
at 235 cm’' is considered as indicative of the presence of silver in the analysed
object; regrettably, this example also shows that in certain rare cases, RM can
turn out to be destructive in the sense that it leads to the formation of a new
product even if this takes place on the scale of a micrometre.

Figure 19. In situ analyses of the corrosion of a silver Pre-Columbian statue in the reserve,
"Département Amérique" of the Musée de I'Homme, Paris, France. Note the green
spot of the laser beam on the statue’s left knee, and the horizontal microscope.
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Silver oxide {Ag,O} happens to have the same space group as cuprite
(Cu0}: 0 ' = Pn3m'". According to these authors, the band observed in
{Ag,0} at 230 cm’ could be correlated to the G ,° symmetric mode band
(theoretically calculated at 224.2 cm™). Bands observed at 500-600 cm” in
{Ag,0} could also be attributed to the mode of symmetry G,s’ calculated at 504
cm” and considered as a very wide band.

Another hypothesis, related to the first, envisages the formation of Ag

particles under the heating of the laser, which provokes then an increase of the
45,43

SERS effect of the pre-existent or created {Ag,O}
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Figure 20. The band at ~235 cm’' increasing as a function of the time of exposure under the laser
beam (series of spectra, each of constant acquisition time) acquired on the same point
showing the Raman intensity always increasing; total time here = 240 s)
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4.3.2. CASE OF PREFERENTIAL OXIDATION

This phenomenon, which has already been met with in the case of bronze
alloys, was again encountered in the silver alloys. It was observed on two
Roman silver coins, the denier of Alexander Severus (ref. 2215) and the denier
of Domitian (ref. 894); these present respectively a green and a red corrosion. If
the best known and the most common alteration for silver objects is the sulphide
of silver that one can observes on silverware, there can form on silver alloys
some copper alteration products deriving from the copper in the composition of
the silver alloy. In fact there exist many alloys where the concentration of solute
(in this case: Cu) can exceed that of the solvent (in this case: Ag), notably in
objects of a very weak grade of silver or in the case of “filled” coins.

This phenomenon can be mainly explained by the higher affinity of oxygen
for copper than silver. One can thus observe in these cases the migration of the
copper ions from the alloy to the outside of the object. Raman analysis of the
alteration products on the two deniers cited above revealed a spectrum of
malachite (green) in the case of the denier of Alexander Severus (Figure 7) and
a spectrum of cuprite (red/orange) in the case of the denier of Domitian (Figure
14).

4.4. PRODUCTS OF ALTERATION OF LEAD-BASED METALS

The analysis of the corrosion products on lead objects (cf. those on iron
objects) presents some difficulties related to the intimate coexistence of multiple
mineral phases in very small volumes. This leads inevitably to Raman spectra
superposing the characteristic bands of several kinds of minerals present under
the beam of the laser. This phenomenon is exemplified by the analyses made on
a lead sheet from a Roman sarcophagus (ref.110-383), which was archived in
the Collections of Mineralogy of the National Museum of Natural History in
1910 because of the characteristic alteration that it has on its surface (Fig 21).
This was identified as being of “cotunnite” {PbCl,} at that time, but no trace of
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cotunnite, identifiable by its reference Raman spectrum®’, was discovered on the
analysed sample.

MUSEUM NATIORAL DSTOINE NATUHELLE
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Figure 21. The lead sheet of a sarcophagus: Gallery of Mineralogy of the MNHN (110-383).

4.4.1. LEAD CARBONATES AND HYDROXY-CARBONATES

The study of the lead sheet of the sarcophagus allowed us to recognize the
characteristic bands of plumbonacrite {Pb,o(CO;);O(OH)s} as previously
described by Brooker et al.'”. Two other phases were also identified, although
less well represented (some overlapping bands); these are hydrocerussite
{Pb3(CO;)2(OH),} (DHf = 457.5 Kcal / mole) and cerussite {PbCO;} (DHf =
167.1 Kcal / mole)”.

It is somewhat complicated to attribute the various Raman bands obtained
on lead carbonates and hydroxy-carbonates since band positions common to
plumbonacrite, hydrocerussite and cerussite are numerous. The possible
attributions in Table 7 are based on bands observed and published by Brooker ef
al'” and Bouchard”. A small majority of the bands are specific only to
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plumbonacrite. Furthermore there are specific bands to cerussite only (89, 148,
173 and 227 cm’') and there is band specific to hydrocerussite only (45 cm™).
Several other bands may derive from two or three species.

Table 7. Raman Bands in cm’ of plumbonacrite (P), hydrocerussite (H) and cerussite (C)
observed on the lead sheet of the sarcophagus

Spectrum | Raman Bands

atribution |H |C. P |C | S lc |G |CH ¢ le c le |e
DMPB06 275 | 306
DIPBOS 45 [ 58 89104 |121 132 166 | 201 | (227) | 280 | 307
DIPB06 56 65|71 101|117 148 | 173

Spectrum | further Raman Bands

attribution | P P P P G P PG H P, PP, P
DMPBO0O6 | 401 | 421 | 460 | 489 | 681 867 1053 1380 | 3544 | 3556
P
P+C i
A
[\ P
\ ~
(‘ M\?\- W\"' ."M - -_“ w{hﬂ.-—q
J T 3Ieo 3300 3400 3500 3608 3700
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Figure 22. Raman spectra of the different mineralogical phases observed on the Roman lead
sheet: plumbonacrite (top: P) (DMPBO06); plumbonacrite and cerussite (middle: P+C)
(DIPB0S); traces of cerussite (bottom: C) (DIPB06). Inset: high region of
wavenumbers; bands at 3544 and 3546 cm’ characteristic of plumbonacrite
(DMPBO06).
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4.4.2. LEAD OXIDES

Another lead sheet (ref. 714-1011), uncertainty undated (probably of
Roman or Middle Age period) presented diverse alteration products. Two
polymorphs of {PbO} were distinguished: litharge and massicot. Bell er al’
attributed two different Raman spectra for each of these polymorphs; massicot
with Raman bands at 143, 289 and 385 em” and litharge with bands at 145, 285
and 336 cm’. One determining factor for the differentiation of these
polymorphs is the shift between the band 144 cm™ of massicot with the band at
147 cm™' of litharge (our wavenumbers: see Fig. 23).The bands at 285 and 289
cm’' respectively attributed to litharge and massicot are wider and weaker such
that they cannot be considered alone as a determining factor for the distinction
of these polymorphs. On the other hand, the band at 340 cm’' seems, according
to Bell er al.’ to be attributable only to litharge whereas the band at 385 cm™ is
attributable only to massicot. By taking into account these various attributions
and the work of Burgio e al.'’, one can draw the following conclusions:

- one spectrum obtained on this sample seems to be of litharge alone as it
presents Raman bands at 147 and 341 cm’ (CHPBOS) (Fig. 23).

- another spectrum presents bands at 144, 289, 341, 385 (weak) cm’
(CHPBO06) and thus seems to be a mixture of litharge (band at 341 cm") and
massicot (band at 385 cm™).
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Figure 23. Raman spectra of the different phases observed and identified on the lead sheet
714101 1: a mixture of litharge (L) and massicot (M) (top) (CHPBO6); litharge alone

(bottom) (CHPBOS).

4.5. PRODUCTS OF ALTERATION OF IRON-BASED METALS

It is principally oxides and chlorides of iron that are dealt with here. There
are of course numerous other types of iron alteration susceptible to be studied
by RM in future studies (carbonates, sulphates, phosphates, etc.).

As in the case of alteration products of lead, in the field of iron alteration
products a complexity exists in the precise identification of the various mineral
phases. One can observe in the same Raman spectrum a remarkable mixture of
different corrosion products produced from iron: for example lepidocrocite {y-
FeOOH}, maghemite {y-Fe,Os} and hematite {0-Fe,O;} where the analysis
took place on a surface of the order of only a few micrometre squares.
Maghemite, whose structure was discussed for a long time'**'”, is now
considered as metastable; it can form by dehydration of lepidocrocite or by
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oxidation of magnetite (such that it is possible to find a residue of a reactant
coexisting with the product). Presumably it can also form metastably directly
from metallic iron.

The complex conditions of obtaining some of these iron oxy-hydroxides
have been discussed by numerous researchers. Taylor'™'"” and Taylor and
Schwertmann'” showed for example how the oxidation of a solution of Fe*'
chloride, under certain experimental conditions, resulted in the simultaneous
formation of lepidocrocite, goethite and ferrihydrite (unfortunately four
different compositions for this species have been found in the literature:
(Fe'';O,(OH).H,0},  {Fe';0,(OH)4H,0},  {Fe"as(OH.0)n} &
{Fe'';04'H,0} such that it is most hazardous at present to try to identify
ferrihydrite by RM).

An increase of temperature, or the modification of certain concentrations in
Fe’" or Fe'', favoured the preferential formation of maghemite. These authors
also demonstrated that lepidocrocite and maghemite formed simultaneously
during the oxidation of Fe*" solution at pH 7. Boucherit et al.’' noted the great
difficulty of obtaining magnetite or "pure" maghemite with their stoichiometric
structure, since the composition {Fe; 04} (with x < 0.33) is much more
common. Furthermore, the Raman spectra of magnetite as well as of maghemite
are not yet admitted by all the researchers in the domain'”. The situation is
similar to, but not as bad as, that of oxides and oxyhydroxides of manganese
where several species give the same Raman spectrum which is certainly that of
a species created under the laser (cf. Ag,O) (Smith, unpub. data; Bouchard,
unpub. data).

The most common phases of iron alteration, goethite, lepidocrocite and/or
hematite, were observed and identified on a ring (ref. 634-24), the medal (ref.
P5), the ingot (ref. L1), both pre-Columbian pyrite mirrors (refs. 08-22-1185
and 08-22-1186), the arrowhead (ref. P12), as well as an antique nail (ref. 547).
These three kinds of alteration of iron are now well-known and identified by
RM''"'% Goethite can be specifically characterized by a Raman band at low
wavenumbers (92 em™ )''"**. This type of iron alteration product does not
present at first sight any danger for objects®. Nevertheless, in certain conditions
of concentration, temperature and pH, they can favour the formation of more
dangerous products such as iron chlorides.

The presence of iron sulphates on iron archaeological objects was also
examined. These alteration products are indeed as dangerous for iron as
chlorides, the misdeeds of SO, being particularly impressive on iron. According
to Scully’™, one can observe for example the formation of 15 to 40 “molecules”
of products of degradation of iron for only one molecule of SO,. This can be
explained by a process of SO, chain reactions which form permanent cycles of
corrosion. One can quote as follows in summary form the cycle of regeneration
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of acid, where it is sulphuric acid which is regenerated cyclically, until the total
degradation of the initial phase which was iron metal:

Fe + H,S0; »FeSO; — Fex(S04); »>FeOOH + H,S0, (7]

It turned out (fortunately) that none of the objects analysed, presented
traces of sulphate or iron sulphides. The detection of sulphates should
nevertheless remain a priority in the preventive conservation of altered iron
objects, especially since sulphates are easily recognizable by RM thanks to the
considerable Raman intensity of the group SO, The alteration products of iron
are, as those of copper, very numerous in nature. The following list mentions
some of the other single metal species that might be identified on archaeological
iron alteration products: amarantite  {Fe,0.(SO4),.7H,O}, beraunite
{Fe’ Fes' (PO,)s(OH)s.6H,0}, diadochite {Fe,(PO4)(SO4)(OH).5H,0}, greigite
{Fe;S4}, ferrous hydroxide {Fe(OH),}, ferric hydroxide {Fe(OH);}, lausenite
{Fes(S0,4);.6H,0}, marcasite {FeS,}, melanterite {FeSO47H,0}, pyrrhotite
{Fe.S,} (4C, 5C, 6C, 7C or 11C), rozenite {FeSO,.4H;0}, vivianite
{Fe;(PO_‘)a 8H,O} and the dimorphs phosphosiderite and strengite
{Fe(PO4).2H,0}.

4.5.1. EFFECT OF THE LASER ON IRON OXY-HYDROXIDES

Iron alteration products need a relatively important incident laser power
due to their relatively high absorption. However, if the power employed is too
strong, it can provoke local damage in the order of the pm) which could be
misleading in the case of a overhasty interpretation of a spectrum. It is indeed
the very weak stability of some of these minerals that makes their analysis
extremely delicate. De Faria er al.'” explain how the dehydratation of
lepidocrocite produces maghemite. This phenomenon can even happen with a
weak laser power, depending upon grain size; furthermore, this transformation

is not obviously observable by eyes.
Goethite can also easily dehydrate and produce hematite under the

influence of the heating of the laser, but this transformation is accompanied by a
flagrant alteration of colour (from yellow to red) which can be effectively
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instantaneous. One may bear in mind that goethite remains the most stable kind
of all simple iron hydroxides in a hydrous atmosphere.

Another example is that of magnetite, a dark and opaque alteration product,
strongly absorbing and thus rather fragile. Its study by RM requires a very weak
laser power and a relatively long time of acquisition. If the intensity of the laser
is too important, hematite can form via a transformation of magnetite into
maghemite (reaction 8)'09‘

200°C 400°C
Fe;O4 — Y—FC:O; — (I-FC:O}

Well-crystallised hematite is now well identified and defined by RM.
Numerous works have been carried out on this mineral species, whether on
corrosion products of iron objects, or on pigments. Most of authors agree to
admit as characteristic of hematite 7 bands (224, 245, 291, 299, 411, 498, 611
cm’') as well as the much wider band at ~1310-1330 cm™ which corresponds to
an “two magnon” effect. The band at 411 cm™ of well-crystallised pure hematite
is particularly sensitive to variations caused by chemical replacement (e.g.: Al,
Mn) or by the temperature of the sample.

100 kI 400 s00 600

Wavenumber (cm-1)

Figure 24. Raman spectra of a heated archaeological hematite (nail P547) (top) (BYFE16) and of
a standard hematite (bottom)**

It seems that the heating undergone by the crystals of hematite may
become permanent effect. Indeed, the Raman spectrum of "warmed" hematite
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stayed the same during later analyses led on the same micro-crystal (analysis
with weak intensity laser and several minutes after the heating). In this case, the
heating caused an irreversible disordering of the structure in contrast to
reversible geometric expansion shown by many other minerals.

De Faria et al.'” observed that under laser heating the spectrum of
hematite shows its bands enlarged and decreased in wavelength. During certain
analyses we had the occasion to verify this phenomenon (Fig. 24). When some
crystals were subjected to a sudden involuntary heating (a too high laser power)
Raman spectra obtained in these cases (Pt in Table 8) correspond perfectly with
De Faria's observations (F in Table 8). The wavenumber at 400 em’ also
happens to occur in a pigment described as “disordered goethite™* since most
of the spectrum resembled goethite more than hematite; this was deduced to
represent an intermediate stage in-between goethite to hematite as they both
have the same topology of the oxygen network. Other workers have used terms
like hydroxyhematite or protohematite but their characterisation is not yet very
clear.

Table 8. Raman Bands of standard and heated haematite.

Ref. Raman bands

pe |® (em™) 244 (293 (297 410 |(494) |610
= FWHM (cm’™) 65 |8 |8 9 14.5
E g0 (v 226 245 292 |299 |a11 [497 |el2
3 2 FWHM (cm™) |4.8 |6.0 |71 |85 1.6 21.2 |144

pe [V (em™) 220 [(*) [284 [292 400 599

o FWHM (em™) |11 14 |15 25 30

g 3 . v (em™) 219 (236 [283 [295 [396 [492 |596
2 2 FWHM (cm™) [10.2 [22.0 [20.0 |17.3 [29.3 [51.9 ]399

FWHM: Full Width at Half Maximum intensity
(*) corresponds to the presence a very weak band
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4.5.2. THE PARTICULAR CASE OF THE IRON INGOT OF ST.
MARIE DE LA MER

Iron ingots were retrieved from the cargo of the Roman wreck discovered
by the D.R.A.S.S.M. (Department of Subaquatic and Submarine Archaeological
Research) at Sainte-Marie-de-la-Mer (France). Three ingots were deposed with
the association Arc 'Antique in order to elaborate a suitable scheme of treatment
and conservation. The research programs made in collaboration between
Arc'Antique and the Archaeological Museum of Val d'Oise (France) led to
comparative studies on the dechlorination of these ingots by a hydrogen plasma
technique and/or by an alkaline sulphite bath treatment. These two methods aim
to eliminate the chlorides present in the iron metal and archaeological objects,
knowing that these alterations of iron are extremely dangerous for the object
since they are able to mineralise the object completely and in a short time (in
favourable atmospheric conditions).

The ingot used during these analyses was able to be sacrificed because of
the absence of a historical inscription on its surface. The ingots are relatively
well-preserved and this can be notably explained by their central and protected
position within the cargo load of concretioned ingots (figures 25, 26). The ingot
used for the study by RM is an iron bar of around 30 cm long and 5 cm width. It
was decided to saw the ingot into two parts to facilitate its the manipulation and
transport.

Numerous factors including (1) a layer of rather porous corrosion, (2) the
long conservation in a maritime environment, and (3) the presence of acid
droplets at its surface, implied the presence of chlorides within the ingot. An
EDS analysis confirmed the presence of chlorine within the corrosion layers.
The rapid reaction of polished sections in an ambient atmosPhere (white
effervescence) revealed the presence of iron chlorides {FeCly}'"*'".
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25a

25b

Figure 25. Iron ingots and a section through one of them; the corroded part measures less than
0.7 cm deep.
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(V) - (VI (
Figure 26. Microphotographs of the different types of alteration of the Roman iron ingot
(1): type (e):
(I1): type (c), magnification 11.5x;

(I11): general section, magnification 2,5x;

(IV): detail of 111, magnification 8,3x;
(V): type (d). magmification 7.2x:
(VI): type (a). magnification 5.5x;
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4.5.2.1. Analyses by RM of the corrosion layers

A coupled study between RM and hydrogen plasma (at Guiry-en-Vexin)
was made to examine the effects of the dechlorination on the ingot. Raman
analysis was made on the surface at 4 localised points, as well as at 3 stages of
the dechlorination: t; (no dechlorination), t; (6 hours in the plasma
dechlorination), t, (12.25 hours in the plasma dechlorination). Certain fragments
of the ingot were also analysed in section by RM (Figs 25, 26). Five kinds of
spectra have been identified so far and are listed in Table 9:

Table 9. Raman bands of the different types of iron oxy-hydroxides observed on the Roman
!

ingot, incm’ .
Kinds | Raman Bands
type (a) 250 380
tpe (b) | 91 298 389 479 550
npe (c) 140 218 251 310 348 379 529 649
type (d) | 91 140 205 298 310 389 415 480 550 722 920
tpe (e) | 91 140 217 250 299 310 349 388 540

type (a) Characterises pure lepidocrocite (y-FeOOH)

type (b) Characterises pure goethite (ot-FeOOH)

type (¢) Mixture | of lepidocrocite + maghemite (y-Fe,0;) + " FeCly () "
type (d) Mixture 2 of akaganeite + goethite + " FeCly(?) "

type (¢) Mixture 3 of lepidocrocite + goethite + " FeCly(?7) " + maghemite
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Figure 27. Raman spectrum of type (a) of oxy-hydroxide observed on the Roman ingot:
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Figure 28. Raman spectrum of type (b) of oxy-hydroxide observed on the Roman ingot:
(ECGUO04)
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Type (a) (or lepidocrocite) presents two of the four specific bands*® of this
mineral: 250, 380 cm™. Type (b) corresponds to pure goethite which has bands
at 91, 298, 389,479, 550 cm™ "',

253 2

379.0

<—

Intensity (a.u.)

<« 217.9

<— 140.5

400 500 600

100 200 300
Wavenumber (cm-1)

Figure 29. Raman spectrum of type (c¢) of oxy-hydroxide observed on the Roman ingot:
(EBGU09)

Type (c) presents the bands of lepidocrocite previously quoted together
with a characteristic band of maghemite at 348 cm™'. The co-presence of these
two species can be explained by considering the scheme proposed by Taylor
and Schwertmann'®™ where lepidocrocite can be transformed into maghemite by
"dehydroxylation" (both being vy forms)'”. Taylor'™'”” indicated that the
presence of chlorides can be revealed by the identification of lepidocrocite on
altered iron materials coming from a maritime environment. The band at 310
em’ is present in most spectra of type (c); the explanation the closest to the
current data of the literature’** is that this band would correspond to the anion
FeCl*, in particular to the deformation mode of the tetrahedron FeCl,. It is
unknown at the moment if in our spectra the 310 cm’' band represents FeCl* (1)
in a solute environment (intergranular or microinclusions), or (2) stabilized on
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or in a mineral phase. On the other hand, Salyulev er al.'"* attribute for the
tetrahedral anion FeCl" the following Raman bands which, regrettably, do not
correspond to those quoted by Boucherit e al., 1991, 1992): v, (A,) = 331-344
em’, vy (E) = 115-119 em™, v (F;) = 374-416 cm™" and v, (F2) = 131-159 cm™.
Other bands of generally weak intensity, but reproducible, are visible at 138-
140 and 218 cm’'; these were not able to be attributed to any of the known
alteration products of iron. The same type of spectrum (type (c)) was also
observed on the iron medal P5. It is thus a question of determining if this type
of spectrum constitutes, or not, a proof of the presence of chlorides on the
object

The bands at 529 and 649 cm™' have not yet been attributed to any of
the known iron oxyhydroxides (the 649 band is too low to fit the wavenumber
of magnetite at ~670 cm™').
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Figure 30. Raman spectrum of type (d) of oxy-hydroxide observed on the Roman ingot:
(EEGUO8)
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Figure 31. Raman spectra of type (e) of oxy-hydroxide observed on the Roman ingot: (ECGU02,
EEGU09)

Type (d) is a mixture of akaganeite, FeCly and goethite. The identification
of akaganeite is based on the presence of bands at 722 and 920 cm™ which
always appear together and do not correspond to any other kind of iron oxy-
hydroxide®. The band at ~ 415 cm™ also corresponds, according to Boucherit et
al> to akaganeite. The goethite is identified by the bands of type (b). The co-
presence of akaganeite and goethite in the Raman spectra is not surprising
because, according to Cornell and Giovanoli'"”, the alkaline environment would
strongly favour the transformation of akaganeite into goethite and/or hematite.
Other bands, less reproducible, are observed at 140 and 205 cm’'; they are of
very weak intensity and have not been attributed to any known alteration
product of iron. The spectrum of type (d) has also been observed on the iron
medal PS5 except for the bands of akaganeite at 722 and 920 cm'.

Type (e) is the most complex because it seems to correspond to mixtures of
four sorts of alteration: goethite (e.g. bands at 91 and 390 cm™'), lepidocrocite
{c‘gl. band at 250 cm’™"), maghemite (band at 349 cm’') and FeCly (band at 310
cm’).
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At all three stages ty, t; and t, of the dechlorination one observes the
spectrum of type (d), which is mainly characteristic of akaganeite (+ chloride).
One also observes at stage t, lepidocrocite which thus did not disappear from
this zone at the end of two dechlorinations. The band at 310 cm™ is observed at
the all stages of the dechlorination. If this band corresponds to a chlorine anion
of type "FeCly ", then iron chlorides are present in the three stages of the
analysis on the surface of the ingot. Akaganeite, which is often stabilized by
chlorine ions, is also found in all three stages. It is generally admitted that
akaganeite is mainly observed on iron objects coming from a maritime
environment''®, and that the stability of this mineral depends on the presence of
chlorine ions (CI') in a small quantity in its crystalline structure {B-FeO(OH),.
(Cl.}""". The presence of these chlorine ions presents a precarious, if not critical,
state for the conservation of iron materials.

RM thus allowed the identification of the principal mineral species already
observed by other techniques on iron objects coming from a maritime
environment (goethite, lepidocrocite and akaganeite'”); the method of
dechlorination by hydrogen plasma of iron metals is a interesting new procedure
but which still needs to be perfected. Reference Raman spectra of crystalline
iron chlorides are still lacking in the literature and require a longer complex
investigation because of the weak thermodynamical stability of these products.
Furthermore, since the technique of reduction of chlorides by hydrogen plasma
is based on the principle of the migration of chlorides''* from the inside of the
iron material towards the outside (layer of corrosion), then it would seem
important to follow the process of migration of chlorides in three dimensions,
which obviously requires obviously the semi-destructive sectioning of the
object.

4.6. PRODUCTS OF ALTERATION OF OTHER METALS (AL, NI, SN)

Many other metallic objects have been studied with the same purpose of
determining the capabilities of RM for the identification of the corrosion
products of these types of metals. The different objects are mainly aluminium
and nickel coins. The results on this type of object were not so clear compared
to the metals described above, for different reasons. Aluminium forms an oxide
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layer of probable composition {Al,0s} that seems to be amorphous until 450°C,
and from which a Raman spectrum is not normally obtained, since the size of its
crystals is too small, even “unicellular” according to Scully”. A spectrum of
rather weak intensity was however obtained on the aluminium coin (ref. G471).
A band (260 cm') of rather weak intensity and masked by a strong fluorescence
was obtained. This spectrum does not compare with any known Raman
spectrum of {Al,O3}'"*.

Concerning the studied nickel coin (ref. G474), no Raman results have
been achieved. Abourazzouk'' described the Raman spectra of different oxides,
hydroxides and halides of nickel such as {NiO}, {Ni,O;}, {BNiOOH},
{YNiIOOH}, {aNi(OH),}, {BNi(OH),}, {NiCl,}, etc. None of these products
were detected on the studied coin. The very recent manufacture of this coin
(1960) and the very weak aggressive surrounding alteration conditions make it
likely that no significant layer of corrosion formed since the manufacture of the
coin. Subsequent studies are planned to make accelerated corrosion tests on
these two types of metals in order to try to identify the different possible
alteration products.

No trace of alteration products of tin was discovered in any of the
studied objects. Tin enters in the composition of bronzes; it was consequently
conceivable to expect some trace of alteration of this component in close
relation with the alterations of the copper, especially since Robbiola®' observed
by SEM/EDS a larger concentration of tin in the external layers of the altered
bronze objects than in the middle of the alloy itself. A future more detailed
study of the alteration of bronzes by RM would require the acquisition of
Raman reference spectra of products such as, for example: romarchite {SnO},
abhurite {Sn;OCI,(OH),}, hydroromarchite {Sn;O,(OH),} and herzenbergite
{SnS}.
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5. CONCLUSIONS

There exists a Greek sentence which refers to “patina” as "the flower of
brass". This beautiful metonymy well symbolizes the complexity for metal of
the problem with the term “patina” on archaeological or artistic objects. In the
definition of the term “restoration”, given by the Encyclopdia Universalis®,
one finds: "the conservation and/or the restoration of metals requires the
elimination of the alteration products and the choice that one makes then,
between the "patina" (agent of corrosion) which one removes and the “noble
patina™ which one keeps, is very interesting". Even if one does not adhere to the
term of "noble patina" which was probably intended to mean here "passive", the
definition given above described perfectly the role which RM can, and should,
play in the archaeology of metals. Can it be pretended that there exists a "good"
and a "bad" “patina™? Or is it simpler to abolish this term from the scientific
language and reserve it for the artistic vocabulary. This study on the alteration
products of metals evaluated the overall capacity of the RM analytical method,
which is still rapidly expanding in terms of its ever-increasing applications, and
applied it to the identification and characterisation of the corrosion products of
archaeological materials.

The results turned out to be largely convincing for the future of this method
in the precise domain of "archaecometry of metals". The identification of simple
or passive alteration phases found as much interest as the identification of more
complex or active phases. In the first case the layer of alteration should not be
removed because of its natural passive role, i.e. it protects the object from
further corrosion, whereas in the second case the alteration should be eliminated
and neutralized as quickly as possible with the aim of protecting the object from
a complete and definitive mineralised transformation (i.e. destruction).

Copper sulphates identified in this chapter under the form of langite
and antlerite are a good example of passive alteration products, while iron and
copper chlorides are good examples of active products to be fought as soon as
they are detected. The examples are numerous and our purpose is not to cite
them all, but rather to encourage the development of RM analysis prior to the
restoration, or even on the site of first access to the altered objects. On this point
it is relevant to note that metal corrosion phases can be analysed in sifu under
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water™ in shallow seas/lakes or inside a conservation bath. Further exploitation
of RM will probably allow a reduction in the difference between the number of
metal materials discovered every year in France and the number of exploited
and treated materials (less than half according to Robbiola®").

This study is far from being finished; an obvious extension would be to
organic alteration products (e.g. acetates, formates or oxalates of copper or
lead). Nevertheless this project is certainly a further step in the partial
realization of the thought of Louis Pasteur (1865): "the possible and desirable
alliance of science and art".
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