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Abstract

Study of the patinas of two Roman half-length portraits has been conducted in order to improve our
understanding of the corrosion processes according to a standard model of the Cu-Sn corrosion structure. The
chemical and physical nature of the patinas has been characterized from sampling of corrosion products but also
on metallic cross-sections of the artefacts, using complementary physico-chemical methods. The effect of
decuprification of the alloy has been determined and the influence of the soil composition investigated.
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Introduction

Since the classical structure of corrosion developed by
Organ [1], green copper II compounds with red
cuprous oxide on the alloy, numerous studies have .

model corresponding to a two-layer corrosion structure
described by Figure 1:

an outermost layer, characterized by high Sn/Cu

improved our knowledge of the nature of the patinas
of archaceological bronzes of various historical periods
[2-8]. They reveal several similar features, such as a
high tin content in the corrosion products, an
isomorphic alteration which preserves the original size
of the artefact. In the general case of single phase Cu-
Sn alloys (Sn weight%. < 7-12), recent studies [9-11]
have shown that the bronze patinas can be regarded as
passive layers which can be described using a simple
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ratios and by the presence of elements from the
corrosive environment (such as O, Al, Si, P, Cl,
Ca and Fe);

e an internal layer in contact with the alloy, itregular
in shape and thickness, characterized by a lower
Sn/Cu ratio than in the upper layer. The only
detected element from the environment is oxygen.
Sometimes this internal layer is not observed.

Deposit of copper ions
compounds on the
outermost layer

Cracks, and localised
attack within the basic
structure

Internal attacks
connected to diffusion
short-circuits at the
corrosion/alloy
interface

Figure 1. Schematic representation of the passive structure ("noble" patina) of bronze
artefacts made from single-phase alloys, with the three groups of deviations: a) crust or
deposit on the outermost layer, b) internal localised attacks within the passive layers and c)
attack at the corrosion layers/alloy interface. Source: ref. [11].
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Figure 2. Photographs of the two Roman half-length portraits of Livia and Augustus - Louvre

Museum (both are 21 cm high and 11 cm wide).

The process of formation of this structure has been
attributed to an internal oxidation of tin along with
selective  dissolution of copper from the alloy
(decuprification). The growth of the patinas is
controlled by the cationic migration of copper from
the alloy to the external corroded surface. In several
cases, some deviations can affect this standard model.
As already shown in a previous work [11], these
deviations can be classified into three groups as shown

in Figure 1-right.

This model of patina together with its variations is
fundamental in understanding the exact nature of the
degradation of the artefacts and to diagnose the state
of consetrvation.

The aim of this article is to characterize the passive
layers, often called "noble patina" [8], in relation to this
new standard model*, using the example of two
Roman bronzes representative of buried archaeological
objects found in museums. The significance of the
decuprification phenomena will be also discussed both
in relation to the tin content in the alloy and to the
influence of the soil.

Roman Bronzes - Description and
Characterization

Description

The two bronzes (Figure 2) are the portraits of
Augustus and Livia (the Roman Emperor and his wife-
27 BC to 14 AD). They were discovered at the same
place, by chance, in a sandy soil in 1870; the
archaeological conditions were not adequately reported
[12]. Since 1960, they have been conserved in the
Louvte Museum. Portraits like these appear at the end
of Greek antiquity along with significant worship of

political personality. Later this concept invades the
whole of the Roman Empire, up to its distant
provinces. The bronze portrait was the representation
of character during the life time and a symbol of
memory after death. Portraits were also used in
political life and were brought by the Roman officials
to the Provinces as a symbol of power. Portraits were
also made for more humble Roman citizens (soldiers,
people of middle class etc...).

Surface Aspect

The surface conditions of Augustus' and Livia's por-
traits look very similar. They can be described as a
lustrous, dark green, soft and homogeneous patina.
Old restorations (mechanical cleaning) have induced
scratches and in a few part a "wear" of the patina. An
old wax protective coating was also cleatly detected in
some locations. Thick deposits of earthy crusts,
however, remain on the outer surfaces on some parts
of the heads (hair, ears, corner of the lips, etc...). On
the inside, thick deposits of pale green products and
earthy crusts were also present, but no apparent casting
core was observed.

At low magnification (around x10), optical exami-
nation of the surface revealed dendritic patterns,
corresponding to an as-cast bronze condition, with in
very few places manifestations of localized corrosion
such as pits or small crevices, often containing green
products. The dendritic structure is equivalent to an
etching of the surface revealing ghost dendrites, as
mentioned by Oddy and Meeks [5]. So, the patina has
the characteristics of a passive layer which preserves
the original surface of the artefacts. This patina seems
comparable to those observed on numerous buried
archacological bronzes cither with a low or a high -tin
content [2-11, 13, 14].

* For language convenience, the passive layers due to corrosion processes will be identified in this text by the general term of “patina”.
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Table 1 . Chemical composition of Roman statuary. Chemical analysis by UV emission spectrometry
with a DC argon plasma source (weight %), Cu is the major element and has not been analysed.
(1) = objects located at the Vatican Museum; others at the Louvre Museum.

Artefact Sampling Sn Pb Zn As Sb Fe Ag Ni Bi Co
Auguste chest 5.0 6,0 0.005 0.020 0326 0.004 0.146 0.038 0.053 <0.001
shank 5.2 70 0.014 0039 0411 0253 0.152 0050 0.003 0.002
shoulder 43 5.1 0.011 0.016 0307 0.004 0.142 0.038 0.009 <0.001
base 5.7 58 0.010 0.022 0.350 0.004 0.156 0.046 0.005 <0.001
Livie chest 5.7 52 0011 0014 0332 0.004 0.08 0043 0.005 <0.001
right plait 3.8 9.6 0.003 0009 0323 0062 0.139 0058 0.006 <0.001
left plait 3.8 9.1 0.003 0.013 0.397 0.054 0131 0057 0.005 0.001
base 5.7 50 0.008 0.017 0310 0.004 0.160 0.040 0.005 0.001
Unkown chest 54 1.5 0.001 0.004 0.080 0.103 0.038 0.026 0.005 0.001
Unkown chest 6.0 45 0.036 0033 0.057 0.069 0.034 0.056 0.005 0.004
chignon 6.1 40 0.035 0.031 0.051 0.077 0.05 0.050 0.005 0.004
Gordien 3(1) 240 AD neck(left) 5.8 146 0.505 0519 0082 0342 0.048 0020 0.003 0.001
neck(right) 3.6 160 0.406 0.313 0.072 0.697 0.037 0.013 0.003 0.005
Pusio(1) neck 5.7 79 0030 0.055 0.060 0099 0043 0.013 0021 0.00
left ear 6.2 44 0.006 0.033 0.057 0.026 0.036 0.014 0.003 0.001
Valens(1) 300 AD tiara 2.1 17.7 0.073 0.082 0.101° 0099 0.069 0.046 0.006 0.004
left eye 2.1 16.0 0.165 0.00 0.106 0.750 0.057 0.068 0.006 0.006
ear 1.5 17.7 0.097 0084 0.090 0.043 0.059 0.053 0.003 0.004
Tibere(1) neck 45 102 0004 0.112 0.204 26 0.041 0.045 0.003 0.005
Broken head(1) 160 AD head 47 143 0.024 0040 0.104 0.113 0038 0021 0.003 0.004
Fanciulio(1) 100 AD left shoulder 1.9 160 0.001 0.031 0.092 0.025 0.042 0.030 0.003 0.001
ear 42 152 0.017 0.026 0.085 0.083 0.040 0.028 0.027 0.001

Metallurgical Characterization (Technology and

Composition)

The optical examinations of the two pieces, followed
by X-ray radiography, show that they are very similar
from a technical point of view. Both were cast by the
lost wax process as mentioned previously. Some core
pins are still visible. Casting defects have also been
detected. They are essentially gas porosities, mainly
observed in the nape of Livia's neck. The thickness of
the metal walls is from 3 to 5 mm.

Chemical composition of the alloys has been deter-
mined by UV emission spectrometry with a D.C.
argon plasma source. Samples have been taken out by
drilling in order to obtain about 30 mg of metal
without corrosion. The alloys are leaded bronze

20
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12

10

Alloy composition (wt%.)

(Table 1), with an average content of 5.1% Sn and 6.0
%Pb for Augustus, and 5.7% Sn and 5.2% Pb for Livia
(weight %). From the similar composition of the major
elements and impurities (As, Sb, Fe, Ag, Ni, Bi and
Co), both portraits were certainly poured at the same
time

These two half-length portraits have been compared
with other comparable Roman portraits from the col-
lections of the Louvre Museum and the Vatican
Museum [15]. All these objects are leaded bronzes
(Table 1) cast by the lost wax process, and show in
general a similar surface aspect. The variations of lead
and tin contents in relation with the chronology (Figure
3) reveal that the lead content increases from the first
century to the third AD, while the tin content remains
constant.
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Figure 3. Evolution of the Sn and Pb contents of Roman artefacts (Table 1) in relation to chronology (A.D.)

111



L. Robbiola and L.-P. Hurtel, Standard nature of the passive layers of butied archacological bronze - METAL 95

Table 2. Elementary composition of the surface samples from Augustus and Livia's half-portraits. EDS analysis of
the chemical elements for each samples were expressed as normalised ratios relatively to the copper amount
(%weight) before the calculation of the mean values and the standard deviation.

(weight%) P/Cu Al/Cu Ca/Cu Si/Cu Cl/Cu Fe/Cu Sn/Cu Pb/Cu

dark green products 0.07+0.03 0.03+0.02 | 0.02+0.02 | 0.12+0.05 | 0.01 +0.01 <0.01 1.2+0.3 0.3£0.2
reen products 0.02+0.01 0.08 +0.06 | 0.03+£0.03 | 0.23+0.2 | 0.01+0.01| 0.03£0.02 0.240.1 0.0710.04
|:arthy crusts 0.03 £0.01 0.035+0.12| 0.07 +0.05 | 1.0+0.3 |0.02+0.01 | 0.19+0.07 0.1+0.1 0.02 +0.02

Considering the history of metallurgy of bronze
statuary, the eatliest Greek statues were solid, but about
650 BC the lost wax process was introduced, probably
from Egypt. In Europe, the Greeks and Etruscans must
be credited with the first intentional addition of lead in
bronze statuary either to improve the fluidity of the
metal or to create the fine patina which is supposed to
develop. Its effect on the corrosion resistance of bronze
is, however, not well defined. Addition of lead to
coppet base alloys has occutred as eatly as the end of
the Bronze Age; at low concentrations it could be
intentional (due to assay or remelting process) or not.
Only when the content is high could the addition of
lead be considered deliberate and related to
metallurgical uses. The Romans certainly adopted and
extended the Greek discovery and added lead in
statuary. They used leaded bronzes not only for statuary
but also for general purposes: coins (the as dating from
5 BC contain 19-25 weight% lead) and engineering
(typical engineering uses of leaded bronze were in
pumps, stop-cocks, valves and other fittings for
appliances used in supplying water).

It is well known that lead has only a limited misci-
bility in copper in the liquid state and is virtually in-
soluble in the solid state. The hardness and tensile pro-
perties of lead-tin-bronze depend much more on the tin
content than on the lead content. The effects of lead,
when present as a major alloying constituent in leaded
bronzes (as an uniform dispersion of small particles of a
soft dense metal throughout the stronger bronze
matrix), are a gradual linear reduction of tensile
strength, elongation, hardness and a gradual increase in
density. Machinability is improved (the lead content
causes complete shearing of the chips during machi-
ning, assists lubrification and tends to keep the tool
cool) but resistance to wear and deformation are
lessened.

Due to these properties, the Romans used this alloy
for mass production and also to produce pieces which
could reach large size, and required much assembly and
finishing. Lead was not expensive so it can be
intensively extracted from easy to locate ores. Its
production also increased with the strong development
of silver production by cupellation.

From these results, it appears that the composition
of the two half-length portraits represents an important
facet of Roman metallurgy.

Patina - Composition and structure

Experimental procedure

In order to determine the chemical nature of the patina,
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the microsamples were taken off mechanically by
scraping the corroded surfaces gently with a very fine
tungsten needle.

According to surface optical examination, the corrosion
product samples can be classified into three groups:

e dark green products corresponding to the patina;

e green products of supplementary outer products
(corresponding to case a of Figure 1);

e carthy crust deposits on the corroded sutrface (also
described in Figure 1).

As mentioned previously, these patinas would be due to
a depletion of copper (decuprification). The earthy
crusts could thus be regarded as soil "contaminated"
(corroded) by copper ions stemming from the
dissolution of the alloy. It is the reason why earthy
crusts (soil products) with corrosion products just
beneath were also particulatly considered in this work.

The microsamples were analysed by X-ray energy
dispersive spectrometry (EDS) mounted on scanning
electron microscope (SEM). Identification of the
chemical compounds was made by X-ray diffraction
and by infrared spectrometry. Infrared spectrometry
was conducted by crushing microsamples in CsBr, with
3 mm pellet diameter, in a corundum (a-Al03) mortar
in order to avoid contamination, because the corrosion
products may have a higher hardness than 6 Mohs and
scratch an agate mortar. It already appeared that other
compounds than the usual copper products described in
the literature are present: tin-oxide or -hydroxide
products in the corrosion layers, known to have a high
hardness, were also expected. The presence of tin-oxide
species will be confirmed later.

To provide more information on the internal structutre
of the patina and the alloy, metallographic examinations
have also been carried out. Two small fragments of the
half-portraits were taken out for this purpose.

Results

The two bronzes have the same nature of patina
(composition and microstructure).

The elemental analysis of the whole surface samples
distinguishes three clusters of patina products, well
defined according to the three groups of compounds
previously described. Average compositions with
standard deviations are given in Table 2 for each of
them. Results, summarized in Figure 4, show that:

e the dark green products, the basic constituents of
the patina, contain a very high proportion of the
alloy elements (Sn and Pb) with soil elements.
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r"_’_r";
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Figure 4. Relative chemical composition (% weight ratio) of the surface compounds scraped mechanically off the
bronze of Augustus' and Livia's half-portraits. Values from Table 2.

Phosphorus, silicon and aluminium are high, while
the others, such as calcium, chlorine and sulfur, are
present only in very low amounts. These soil
elements are in fact common constituents in the
passive layers of ancient bronzes and their nature
and amount modify the colour of the patina [16].

e the green products are mainly copper corrosion
products described on ancient bronzes buried in
soil.

e the carthy crusts contain high amounts of Si, Al
and Fe and lower amounts of Ca, P and Cl. They
are characteristic of a clayey sand [17]. They
contain Cu and also very low amounts of Sn and

Pb. The ratios Sn/Cu and Pb/Cu are very low, due

to the fact that copper ions are the main cationic
metallic species which have diffused into the soil,
while Sn and Pb cations have not.

X-ray diffraction analysis showed copper hydroxy-
carbonate (malachite) in green corrosion products and
no crystalline compounds in all patina samples which
correspond to the dark green products. They are
amorphous mineral compounds and correspond well to
the classical schema of the standard model (Figure 1).

X-ray diffraction has often been used to identify
corrosion products, but in this case infrared
spectrometry has given more helpful results. Infrared
spectroscopy clearly distinguishes the compounds

green products
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Figure 5. Representative infrared absorption spectra of a green corrosion product (a) and (b), which consists
of copper (Il) hydroxycarbonate compounds, and of a dark green product (c) and (d), which contains
amorphous compounds (very broad bands) with probably hydrated silicate(s), phosphate(s), carbonate(s)
compounds and metal oxides. The large band at 1650 cm™ - spectra (a) and (c) - is characteristic of water
presence in the minerals compounds. It disappears after heating the pellets - spectra (b) and (d).
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probably aluminium silicate is the only one observed
[18]. The dark green products (Figure 5c) are mainly
amorphous  orthosilicate  and  orthophosphate

of the green corrosion products from those of the dark
green patina (Figure 5). The green products (Figure 5a)
are mainly hydrated copper carbonate hydroxide i - ) i
(hydrated malachite, Cu2CO3(OH)2.H>O) with hydrated compounds combined with hyd@ted metacl)hc 0).§1des
copper orthosilicate, according to natural corrosion ~ and some carbonates. After heating at 580°C (Figure
compounds. In compatison to the well known pure >4 a broad band at 600-680 cm appears. It could
malachite, hydrated malachite shows the following correspond to the formaFlon of stannic oxide (SnvO.z)
differences: a broad medium band on the 1600-1650 ~ 2nd probably cuprous oxide (Cu;0). Furthermore it is
cm range due to the H-O-H bending mode, and a interesting to note that neither hexahydroxystannate
lower broad medium band on the 750-1100 cm! range. (Sn(OH)e)> compounds‘were found. (no bfmds in region
The presence of silicate compounds was indicated by ~ 630-850 em) nor mixed metallic oxides such as
heating the pellets for 1 hour in a furnace at 580°C. As CuSnOs |1 8],' So the hydrated metallic tin corppour}ds
shown in Figure 5b, carbonates and hydrates are could be mainly an amorphous hydrated stannic oxide

destroyed. Copper(Il) orthosilicate compound with ~ (SnO2nH20).

Y, e S :
v oV

S S ”'-?,' -

g, Vi

;.':y‘

Lmm WD38

Figure 6a left, 6b right (up): Transverse microstructure of the cross-section from Augustus.

In Figure 6a, the uncorroded alloy (to the right) is a cast bronze containing lead globules (in white). The surface
corrosion zone is to the left (in grey). The corroded compounds preserve the original structures well. Ghost
dendrites and lead inclusions (in black) are observed.

In Figure 6b, x-ray intensity profiles of copper (Cu) and tin (Sn), corresponding to the white linescan, reveal clearly
that a selective depletion of copper is observed in the patina. SEM-BEI.

Not in the published version: Figure 6c left, 6d right (down) — In Figure 6c (left): General vision of the cross-section
of the Augustus’s base: uniform corrosion is typically related to dendritic alpha phase alteration — corrosion
thickness between 40 to 200 um). In Figure 6d (right) (image full scale ~250 um): Optical dark field microscopy:
patina/corrosion Interphase: corroded dendritic structure is in green (related to Cu(ll) species) while bulk alloy is in
black including white lead globules. Here no internal layer is clearly observed (only a “yellow” interphase is
observed). Red inclusions in the green patina are related to Pb corrosion).
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Figure 7. Transverse microstructure of the dark green patina from the cross section of Livia. Digital X-ray
maps of the uncorroded alloy (left) and the surface corrosion zone (right, in white here)). Left to right, top
to bottom: Pb, Cu, O, Sn, secondary electron image (SEM-SEI) and Si.

Structural examinations of the metallographic samples
(Figures 6a,b) reveal the pseudomorphic structure of an
as-cast alloy: "ghost" dendritic structure is generally
continuous with the matrix of the uncorroded alloy.
The thickness of the corrosion layer is in the range of
40 up to 200 wm. The strong structural relationship
between unattacked alloy and surface corrosion zone
confirms the fact that the patina is due to an internal
oxidation of the alloy with copper depletion (Figure 6b).
The internal layer, described in the standard model in
Figure 1, has, however, not often been observed. It
could be probably related to the dendritic structure
which allows a better diffusion of species into the grain
than for an annealed single-phase alloy.

Analysis of the cross-sections by EDS confirmed
that the corroded zone has the same chemical
composition as the dark green scraped products
previously characterized. Representative digital X-ray
maps of Cu, Sn, Pb, O and Si are given in Figure 7,
revealing the distribution of these elements in the
patina. The corroded surface has a very low copper
content and relatively high contents of the other
elements. The copper and tin compositions have a
tendency to follow dendritic microsegregation. As
previously mentioned, lead is not miscible with the
coppet-tin solid solution. It forms white globules in the
alloy (Figures 6a,b and 7), while, as has also been
observed by other authors [4, 6], lead ions have diffused
widely in the corrosion zone. The other elements are
also quite uniformly distributed in all of the thickness of
the patina. It is important to note that chloride ions are
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always present throughout the patina, in weak
concentration. However, in the case of "noble" patina,
chlorides must be considered as being in a passive state
and not playing a role such as in the case of the bronze
disease when cuprous oxide is present [9].

Discussion

From the whole examinations of the patinas of the two
bronzes patina, it clearly appears that the passive
surfaces, coloured dark green, are not made up of pure
copper compounds. These "noble" patinas contain very
high amounts of tin products, probably hydrated stannic
oxide [8,14], which have a high chemical stability in a
large pH range and in the lack of organic or complexing
species in the corrosive environment [9]. They are also
characterized by a strong enrichment from the soil
compounds. In fact, the patina structure of these
representative Roman bronzes agrees well with the
standard model described in Figure 1, even though an
internal layer of metallic oxide without soil elements is
not observed due probably to the as-cast condition of
these two bronzes.

Thus, with this new understanding of the corrosion
processes [8-11,106], it can be assumed that the patina
formation, by which both half-length portraits have
undergone a pseudomorphic corrosion  structure,
appears as characteristic of the corrosion of a Cu-Sn
alloy in a natural and moderately aggressive medium
(pH range between 4 to 8.5) [17]. These patinas are the
result of a decuprification of the alloy related to an
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Figure 8. Plot of the chemical amounts of the scraped patina samples (dark green, earthy crusts and green
products). Ternary diagram (Al/Cu, Si/Cu, Ca/Cu in weight% ratio)

internal oxidation. Copper is depleted from the alloy
throughout the surface and the process is under the
control of the migration of the copper ions, while tin
compounds remain to preserve the structure. With the
copper depletion, soil species (silicates, phosphates ...)
have penetrated into the corrosion layers. Such a patina
corresponds well to a very natural amorphous material,
very protective against corrosion as already determined
elsewhere by Soto et al. [19].

Consequently, such a stable corroded surface is also
able to act as a physical and chemical barrier between
the alloy and the corrosive environments. Indeed,
during the patina growth in the soil, the rate of
corrosion tends towards a zero limit. This can be
reached when migration of the copper ions became
strongly limited, ze. when the thickness of the corrosion
layers is sufficient to block the ions diffusion physically.
For this reason, patina growth is not linear with time. It
can be estimated that the necessaty time to build up
such a patina is of the order of a few hundred years if
we postulate a mean cortrosion rate of 0.5 um/year [17].
So we can assume that the patina has been formed in a
relatively "short" period of time after the burial in
comparison to the whole burial time. These passive
layers must be regarded as mainly due to the burial
conditions. For this reason, two points can be stressed
in order to give a new understanding of the nature and
formation of patinas on ancient bronzes. These two
points can also be considered as new data to determine
a natural patina.

First, the amount of copper dissolved into the soil
could be considered as a chemical-physical attempt of
the alloy to reach a steady state in the corrosive
environment: the more aggressive the environment is,
the more copper will be dissolved. As already defined
[10,16], the stationary state in a burial condition can be

defined by a dissolution ratio P relative to the tin
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fraction remaining in the outermost layer of the patina
(the indexes p and @ mean respectively passive layer and

alloy) :

In fact it appears that the 3 factor is faitly constant for a
given corrosive environment, independent of the tin
content in the single-phase alloy. The B factor value will
be high when the environment is more corrosive, Ze.
when the copper dissolution is more important. In the
case of moderately aggressive conditions, such as in a
clayey-sandy soil, the ratio has been found to be:
B=18%4 [10]. This equation applied to the half-length
portraits of Augustus and Livia gives: B = 19 + 8 with
{Cu/Sn},=17 £ 2 and {Cu/Sn}p=0.9% 0.3 which is in
good agreement with previous results on bronze patinas
from various historical periods. Thus in our case, there
is a good certainty that in these two Roman portraits,
patinas are due to natural corrosion in a clayey sandy
soil. The lead seems to have no direct influence on the
copper selective dissolution of the matrix, probably
related to the fact that lead is not miscible in the alloy
and can be regarded as inclusions in the alloy matrix.

Secondly, we have examined the influence of the soil
elements, considering that a chemical equilibrium has
been reached between the patina and the soil. Due to
the migration process of coppet ions from the alloy and
the penetration of soil species into the corroded surface
zone, we may admit that the corrosion products reveal
the imprint of the type of soil in which the bronze has
been buried.
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To verify this assessment we have plotted, in Figure 8,
the chemical composition in soil elements (Al/Cu,
Si/Cu and Ca/Cu) of both the corrosion products (dark
green) and of the earthy crusts. Thus it shows a good
correlation between the patina and the soil crusts: the
patina was formed in a buried condition in a clayey
sandy soil. Consequently, this confirms the fact that the
earthy crusts on a bronze patina can be viewed as an
"alteration" of the soil by the alloy.

Conclusion

The study of the two half-length portraits of Livia and
Augustus is rich in information. We showed from this
study that two bronze artefacts with the same
composition and metallurgical condition, buried in the
same ground, present the same nature of patina. The
passive layers (patina) can be described by a standard
model in relation to decuprification of the Cu-Sn alloy
related to an internal oxidation. A general understanding
of the corrosion processes is now available to aid
understanding of the corroded structures of ancient
bronzes.

In this article, we also showed two phenomena: first,
the dissolution factor of copper appears dependent of
the chemico-physical steady state reached between the
alloy and the corrosive environment; second, a patina
contains the chemical imprint of its corrosive medium,
making it necessary to take precautions in restoring and
conserving the artefacts.

Applied to the study of works of art, these two
phenomena appear to be two necessary criteria to
authenticate a bronze, but they are not sufficient;
knowledge of the alloy composition remains a necessity
to check the accuracy of the patina analyses.

These general appraisals of the nature of the patina
reveal the complexity of the corrosion processes. Fur-
ther investigations are still necessary not only to com-
plete our knowledge of the corrosion and the
conservation state, but also to gain more on the infor-
mation contained in these passive layers which could,
then, be applied to define criteria of authentication.
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Résumé

Afin d'améliorer la compréhension des processus de
corrosion, l'examen des patines de deux bustes
romains a été conduit en appliguant un nouveau
modele standard de la structure de la corrosion des
alliages Cu-Sn. La nature chimique et physique des
patines a été caractérisée a partir de prélevements de
produits de corrosion mais aussi a partir de coupes
métallographiques des bustes, a l'aide de méthodes de
caractérisation physico-chimiques complémentaires.
L'effet de l'appauvrissement en cuivre de l'alliage a
été démontré et l'influence de la composition du sol
évalué.
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