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The Monument of Marcus Aurelius:
Research and Conservation

MAURIZIO MARABELLI

The equestrian monument of Marcus Aurelius, the most famous bronze monument
of antiquity, is all that remains of the twenty-two Equi Magni that once adorned Late
Imperial Rome. It was created according to the characteristic iconography of the so-
called Type III style of the period following 161 c.E. and is thought to be connected
with the celebration of a military victory of the emperor, perhaps in 173 C.E.
(Fittschen 1989; Torelli 1989). The statue represents Marcus Aurelius with his right
arm and hand in a relaxed pose, while his left hand is positioned as if holding the
horse’s reins, which are missing. The horse, of Nordic breed, is represented in the act
of drawing up from a trot.

The gilt equestrian statue was probably erected in the area of the Fori and later
moved to the Lateran Plaza, presumably in the eighth century following the political
decline of the Imperial Fori. In the tenth century, according to the Liber Pontificalis,
the Caballus Constantini, as the monument was then known, was visible in the
Campus Lateranensis near the basilica of the same name and the patriarch’s resi-
dence. This position corresponded to the new religious and political center of
medieval Rome (De Lachenal 1989).

After the historical memory of Emperor Marcus Aurelius had been expunged,
the monument first became a symbol of Constantine and papal authority. Then, in
the twelfth century, according to the Mirabilia Urbis Romae, the statue was consid-
ered an effigy of a knight defending Rome against the barbarians. At the end of the
twelfth century the statue probably underwent its first crude restoration. A further
restoration certainly took place from 1466 to 1475 in at least two stages when the
monument was placed on a new stone base, as shown in Filippino Lippi’s fresco in
the church of Santa Maria sopra Minerva (De Lachenal 1989). This restoration,
carried out by the medalist Cristoforo Geremia da Mantova and the goldsmiths
Corbolini and Guidocci, cost a total of 970 gold florins. About fifty years later, in

January 1538, Paul III Farnese had the monument transferred to Capitoline Hill.



A new pedestal, commissioned from Michelangelo in 1539, was finally constructed
in 1561 and is still visible today.

Two subsequent restorations took place, one in 1834-36 and another in 1912.
The first was principally concerned with the static condition of the monument, while
the second was an unscientific restoration of the surface with the addition of new
dowels and the consolidation of preexistent patches and dowels (De Lachenal 1989).

In 1980 preliminary analyses of surface-corrosion products and an acoustic-
emission and ultrasonics survey of the monument were carried out. The results of
these tests revealed a defective structure and an extensive sulfur-dioxide attack on
the surface (Marabelli 1979). In January 1981 the equestrian statue was moved to the
Istituto Centrale per il Restauro (ICR) in San Michele, where it remained until the
completion of the restoration in 1988. In December 1984 the results of the research
were summarized in an exhibition and a catalogue (Aurelio 1984); other important
results on casting and assembly techniques (Micheli 1989) and on gilding
(Fiorentino 1989) were published subsequently.

The major investigations of the ICR laboratories preceding and accompanying

the monument’s most recent restoration included the following:

. Static condition and structure of the monument

. Nondestructive testing: fabrication and repair techniques

. Analysis of the alloys

. Thermal behavior of the monument

. Climate and pollution: time of wetness and damage function

. Patinas and types of corrosion

~N O U KW N

. Process and condition of the gilding

STATIC CONDITION AND STRUCTURE

Evaluation of the static condition showed that the monument rests essentially on two
of the horse’s legs, the left-front and the right-back, while the left-back leg acts as a
balance to the oscillations of the structure caused by wind, among other distur-
bances. The right-front leg is raised.

Structural examination of the monument and its tensile state was carried out or
coordinated by the ICR Physics Laboratory, primarily using two different techniques:
finite element mathematical (FEM) model and speckle interferometry. The purpose
of these measurements was to assess the limits of stability of the bronze structure
under the stress of its own weight.

Initially, the weights of the horse and horseman were calculated experimentally.
The distribution of thickness was measured in each case, paying particular attention
to the horse and what came to be considered its critical points (bearing legs and
belly). Using a steel hook equipped with a strain-gauge element, the weight of the
horseman was determined with reasonable accuracy to be 620 kg + 6 kg (Accardo et
al. 1984). The same technique was used to calculate the weight of the horse at

approximately 1,300 kg.
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TABLE 1. Statistical
elaboration of the ultra-
sonic measurements of
thickness (mm). (For sym-

bols, see page 6.)

Ultrasonics were used to determine the thicknesses of the metal. For example,

the average thickness of the four legs was calculated as follows: left-front, 5.9 mm;

right-front, 5.4 mm; left-back, 5.8 mm; and right-back, 5.8 mm. The average thick-

ness of the belly measured 5.5 mm and 5.6 mm. Variations in thickness (standard

deviations) were found to be fairly restricted (Table 1).

In order to develop a method for structural calculation of the finished elements,

the form of the horse was reproduced on a computer by transferring the coordinates

of the surface from photogrammetric images. The surface of the horse was sub-

divided into a grid structure corresponding to 365 shell elements, 406 nodes, and

36 high-stiffness beams. The schematic structure was then simulated for conditions

of stress. The movements of the horse as a rigid body were calculated at consider-

able loads—in particular, under the weight of the horseman. The area that showed

the most stress turned out to be the juncture of the left-front leg (Accardo, Amodio,

etal. 1989). Figure 1 shows the movement of the mathematical model, magnified

109 times, as the horse moves forward and to the right under the weight of the

horseman.

FEM model calculations were integrated with repeated linear measurements of

displacement, using linear variable differential transformers (LVDT), of the raised

front leg in all three directions. Calculations were also made with the application of

Area X S Tl T2
Left-front leg 59 1.3 0.3 1.8
Right-front leg 5.4 1.5 2.1 4.6
Left-back leg 5.8 1.0 0.7 5.7
Right-back leg 5.8 1.5 1.1 2.5
Left side, repair 5.2 1.2 1.0 1.9
Left side, repair 6.6 1.6 —-0.2 —-0.2
Right side, repair 5.1 1.2 0.8 2.6
Right side, repair 7.1 1.0 1.4 —-0.7
Belly, left side, V1 5.4 1.1 1.5 9.3
Belly, left side, V2 6.1 1.1 —0.1 6.3
Belly, left side, V3 6.6 1.5 —24 2.5
Belly, left side, V4 4.5 1.8 1.5 —0.2
Belly, left side, V5 4.9 1.2 1.1 —0.1
Belly, left side, Vt0, repair 53 1.6 1.0 -0.3
Belly, right side, V7 6.1 1.4 —0.05 —0.6
Belly, right side, V8 53 1.9 —0.05 —-15
Belly, right side, V9 53 2.0 —0.1 —-15
Belly, right side, V10 52 1.2 0.6 2.1
Belly, right side, Vt11, repair 6.7 2.2 —0.1 —0.1
V1+V2+V3+V4+V5= 5.6 1.7 0.1 —-0.7
V7 +V8+V9+VI0= 5.5 1.7 —0.2 —0.8
3 MARABELLI



FIGURE 1. Displacement of
the horse under the weight of
the horseman (x109).

strain gauges (twenty-one groups of three elements), mostly attached to the inside of

the left-front leg, and with the figure of the horseman placed on the horse in every
experiment (Accardo, Bennici, et al. 1989). The greatest displacement of the left-
front leg was concluded to be approximately 3 mm.

Among the possible hypotheses of attachment of the monument to its base, the
one that corresponds to the minimum tension, according to the FEM model, presup-
poses a rigid fastening of the legs to the stone, with a forward displacement of the tip
of the hoof of the left-front leg of 0.1% of the distance between this point and the
corresponding back leg. This method of attachment would have been much easier to
achieve than an internal framework of light, stiff metallic elements, which would
have presented some difficulties in execution and maintenance (Accardo, Amodio,
etal. 1989).

At the same time, the structural deformations of the horse were determined opti-
cally under a stress equal to approximately one-fourth the weight of the horseman.
The structure was photographed with laser illumination (514.5 nm), first under the
deformations caused by the added weight of the Marcus Aurelius, and later under
normal conditions. This resulted in a kind of double exposure (Accardo et al. 1985).
The photographic representation of a small area of the surface under laser illumina-
tion shows up on the film as an initial series of light and dark spots (speckles). A
second series of spots corresponds to the first but is slightly displaced as a result of
the deformations, producing a typical interference pattern (Young fringes).

The measurement of these displacements can be obtained by illuminating the
photographic film with the same coherent light and measuring on a magnifying
screen the period of the interference fringes that corresponds to the small selected
area (in effect, measuring the distance between each successive fringe). From these

data it is possible to determine the distance between two coupled speckles on the
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FIGURE 2. Speckle image of
the neck and muzzle of the

horse.

film (d) and thereby the real displacement (L) of the structural deformation in the
small area. Given the enlargement factor of the camera (M), d = ML.

Figure 2 shows the speckle image of the horse’s neck and end muzzle, superim-
posed on the image of the surface illuminated with incoherent light; a series of seg-
ments corresponding to the displacements caused by elastic deformation of various
microareas is visible. The length of the segments is proportional to the extent of the
linear deformations (3 mm maximum) and their orientation to the direction of the
displacements (Accardo et al. 1985).

One can deduce from these experiments that the structure of the monument,
particularly that of the horse, undergoes a certain modest deformation in the elastic
range when submitted to a force equal to the weight of the horseman. This is espe-
cially the case at the juncture of the left-front leg. Nevertheless the bearing legs easily
withstand the weight of both statues, exhibiting a rather skillful casting under ultra-
sonics, showing uniform thickness reinforced with a tin-lead alloy filling.

The forces and subsequent deformations (elastic, for the most part) caused by
weight, even when considered in the general context of other stresses to which the
structure was submitted—such as thermal stress (discussed herein) primarily, and
wind pressure (which can reach maximum values of about 57 kg/m?) secondarily—
never reach levels great enough to compromise the conservation of the monument.

Nevertheless, the numerous gaps, disjunctions, and irregularities of the struc-
ture, as well as the serious damage caused by relocations of the monument in past
centuries, worried medieval conservators. These early restorers attempted, therefore,
to displace some of the weight of the horseman onto two small stone columns that
functioned in compression. The columns are visible in Pisanello’s early fifteenth-
century drawing of the left side of the monument (De Lachenal 1989). This drawing
also shows a small column supporting the belly of the horse, perhaps intended to

consolidate the structure at what was perceived to be the point of greatest stress.
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NONDESTRUCTIVE TESTING

Nondestructive testing played a fundamental role in the preliminary phase of study.
In addition, the data obtained were essential in determining the process by which the
monument was fabricated.

The ICR Chemistry Laboratory examined the major sections of the two statues
at more than 10,000 measurement points using ultrasonics. Researchers divided the
surface into areas of smaller dimensions, subdivided each area into a grid of 2 cm
squares, then transferred each value onto a flexible acetate sheet laid out along the
curvatures of the surface.

Table 1 shows the thickness values of some areas with statistical values calcu-
lated, such as the standard deviation S, the curtosis T2, and the skewness t1, or
asymmetry coefficient. The horse’s four legs indicate remarkable homogeneity of
casting, probably achieved by rotating the clay forms containing the molten wax. The
overall average value of the thicknesses (x) of the entire bronze ranges from 5 mm to
6 mm, with minimums of 3 mm and maximums of 8 mm (Canella et al. 1985).

A radiographic survey (with 300 radiograms) by Micheli, together with endo-
scopic examination and direct observation, permitted the identification of the con-
stituent sections. The statue of the horseman is made up of seventeen parts, separately
cast and then joined together; the individual parts (head, arms, legs, and sections of
drapery) were cast by the indirect, lost-wax method.

The horse is made up of fifteen sections (muzzle and neck, body in eight parts,
legs, and tail), also cast separately by the same technique and then assembled
(Micheli 1989). This was the most logical and simple process for casting bronzes of
large dimensions, for which a single casting would have presented unmanageable dif-
ficulties. Not only the legs of the horse but also the other self-contained parts (the
head, arms, and legs of the horseman) were obtained by pouring molten wax into a
negative mold and distributing it by rotating the mold.

Radiograms have shown that the original sections underwent a slow process
of cooling that, on one hand, prevented large cracks and cavities and, on the other
hand, contributed to the separation of lead and slag into stratified bands in a frontal
direction away from the solidification of the metal (Micheli 1989). The original
solderings were made by pouring the molten metal directly and often discontin-
uously along the edges of the sections using, where possible, preexistent mechanical
junctures.

The classification of the repairs to the monument proved rather complex. The
first type of treatment, contemporaneous with the fabrication, was the filling in of
missing parts, pores, and spongy areas in the cast with small (a few centimeters in
diameter at most) rectangular dowels. Polygonal dowels of various sizes were also
used in the same situations to repair either defects in casting or imperfections in the
junctures between sections. A later type of repair, difficult to date, was used to fix
extensive damage or large holes in the cast. In this method, cordlike strips of metal
were used to join the cast with plates made to size, slightly smaller than the lacunae.
The soldering was accomplished by pouring molten metal into the interior of the

lost-wax casting. The molten-metal solder covered the edges of the juncture, forming
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FIGURE 3. Thickness mea-
surements of soldering with

cordlike strips.

FIGURE 4. TACS% conductiv-
ity measurements of original

sections and repairs.

a cordlike strip that penetrated the interconnecting spaces between the cast walls and
the repair plates laid against them. The same solder also penetrated the holes made
in the original bronze and in the corresponding repairs to obtain a better mechanical
adherence.

It is important to point out that the discontinuous Roman solderings and the
later cordlike solderings do not correspond to continuous, structural welding, as in
the hard-soldering process. Ultrasonic tests have verified without a doubt that there
is no structural continuity between soldering strips and joints in the metal sections
(Canella et al. 1985), as denoted by the low thickness values (Fig. 3); these are joints
of a mechanical kind instead.

Other assembly and repair techniques from Roman times and later have also
been identified. The classification of types of dowels, plates, plugs, and cordlike
strips is especially difficult because of the reuse of older elements in later repairs and
the superimposition of subsequent restorations.

Particularly useful in this investigation was an instrument for the measurement
of conductivity expressed in International Annealed Copper Standard (IACS) per-
centages (Medori 1983). The conductivity of the metallic walls was measured to a
depth of a few millimeters by means of a magnetic field. If the material under exami-
nation is copper, the measured value will correspond to the maximum range (100%);
for copper, tin, and lead alloys, the value will decrease from 100%, diminishing in
proportion to the increase in the noncopper components.

Using this technique, about 18,000 measurements were carried out, thus allow-
ing the clarification of doubtful cases and the partial aggregation of results of the
quantitative analyses of alloys, prior to statistical analysis (Fig. 4). By the end of the
experimental survey, it was possible to conclude that the original sections and the

Roman repairs revealed IACS% conductivity values generally equal to or below 13%,

Distribution of conductivity values:
Original sections and repairs

. Original sections

] [:] Repairs

Number of measurements
=

FIRRIN

10-11 11-12 12-13 13-14 14-15 15-16 16-17 17-18 18-19 19-20
Conductivity IACS %
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with some high points to about 15%, while the measurements of the later repair
materials stayed mainly within a range of about 11-20%. The original sections of the

horse and the horseman were chemically homogeneous, with rare exceptions.

ANALYSIS OF THE ALLOYS

Quantitative analysis of the alloys was based primarily on two methods:

1. Dispersive X-ray fluorescence analysis for the principal elements
(Cu, Sn, Pb)

2. Plasma spectrography for secondary trace elements (Ag, Zn, Fe, Ni, Co,
As, Sh, Bi, Si)

The first technique, used largely in archaeometry, does not require particular elu-
cidation. However, in this specific case, an original method for the preparation of the
sample was developed. It consisted of dissolving about 50 to 100 mg of alloy (25-50
ml final solution), depositing 200 microliters onto a paper filter (¢ 14 mm), and ana-
lyzing the spectrum of X-ray fluorescence obtained by the irradiation of the filter
with a target of barium acetate excited by a primary X-ray source, Ba Ko = 32 KeV
(Ferretti et al. 1989).

In plasma-emission spectrometry, the sample is introduced in aerosol form, into
a flow of ionized argon at a range of 10,000-12,000 °C. Given the high temperature
and the subsequent high level of excitation, sensitivities on the order of parts per bil-
lion or milligrams per liter are reached.

About one hundred specimens were studied in all. On initial examination the
matrix of percentage values was difficult to interpret. Therefore, the values were
reexamined and sequenced in light of two criteria: (1) the sources and analytical
data available in the literature, and (2) the statistical elaboration of the data.

A very important passage on the description of bronze alloys used by the
Romans, albeit somewhat ambiguous in part, is found in the Natural History of Pliny
the Elder, book XXXIV, chapter 20 (1961:95-98). Pliny lists five types of bronze
alloys: (1) campana, an alloy used for vases and utensils; (2) an alloy similar to the
previous one, used for the same purposes; (3) an alloy for statues and bronze plaques;
(4) tenerrima, an alloy for casting statues in molds; and (5) ollaria, an alloy for mak-
ing vases.

Table 2 lists the components of these alloys according to Pliny’s categories with-
out interpretation. In the last few years, three interpretations have been given to the
term plumbum argentarium cited by Pliny. According to Caley (1970), it is a 50/50
lead-tin alloy (Table 3). However, this interpretation seems unfounded, as Pliny
refers to an alloy used for counterfeits, which “some call argentarium” (1961:95-98).

A second interpretation (Picon et al. 1967) identifies plumbum argentarium with
tin (Table 4). This identification appears to be well founded because of the noticeable
absence of tin in all of the alloys cited by Pliny, and because this interpretation may
allow the different compositions to be typed and differentiated, as Picon et al. show

rather clearly in two other publications (1966, 1969).
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taBLE 2. Alloys described by
Pliny (1961).

1ABLE 3. Pliny’s alloys

according to Caley (1970).

TABLE 4. Pliny’s alloys
according to Picon et al.

(1967).

Alloy aes *a.c. **p.a. FEp. plumbum
1. Campana, bronze alloy
for vases and utensils 90.9 9.1
2. Alloy similar
to the previous one 92.6 7.4
3. Alloy for statues
and bronze plaques 68.6 22.8 8.6
4. Tenerrima, alloy for
casting statues in molds ~ 87.0 43 8.7
5. Ollaria,
alloy for vases 96.2-97.1 2.9-3.8
*a.c. = aes collectaneum
**p.a. = plumbum argentarium
*#%pn. = plumbum nigrum
Alloy Copper Tin Lead
1 90.9 4.5 4.5
2 92.6 7.4
3 86.8 6.6 6.6
81.2-81.3 8.7-9.7 9.1-10.0
4 81.4 6.8 11.8
72.7 7.8 19.5
5 96.2-97.1 1.4-1.9 1.4-1.9
Alloy Copper Tin Lead
1 90.9 9.1
2 92.6 7.4
3 87.0-89.0 11.0-13.0
4 86.9 4.4 8.7
5 96.2-97.1 2.9-3.8

The third hypothesis by the Projektgruppe Plinius (Plinius der Altere 1984) iden-

tifies plumbum argentarium with lead (Table 5). This interpretation encounters two

difficulties: First, tin does not appear as an alloy component, which would require an

alloy containing tin to be identified with the term aes in every case. Second, in the

formula for statuary bronzes (alloy no. 4) lead would have to be added and named

twice—as plumbum nigrum and as plumbum argentarium, respectively—without sub-

stantial difference and therefore without apparent reason.

Nevertheless this very formula of no. 4 (13% Pb) should be very close to the

lead-bronze formula commonly used by the Romans for sculptural works, according

to a technical tradition that dates back to the fourth century B.C.E. It is probable that

the use of lead bronze was slow to be accepted because the characteristics caused by
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tABLE 5. Pliny5 alloys
according to the
Projektgruppe Plinius
(Plinius der Altere 1985).

Alloy Copper-bronze Lead

1 90.9 9.1
2 92.6 7.4
3 68.6 + 22.8 8.6
4 87.0 13.0
5 96.2-97.1 29-38

the addition of lead to bronze alloys were not well known. In fact, large quantities
of this metal led to the phenomenon of liquation and to the development of discol-
ored patinas.

It is also likely that from the fourth century B.C.E. on, a technical tradition devel-
oped for the use of lead in controlled quantities in statuary, taking advantage of the
metal already available on the market as a by-product of silver-working. This would
explain an interesting observation concerning the statistical interpretation of the
data. The results of the quantitative analysis were interpreted for various groups in
order to obtain the average value, the standard deviation, the coefficients of correla-
tion between the various elements, and the levels of statistical significance. Statistical
elaboration of the data was carried out on characteristic groups of values correspond-
ing to the types of alloys already identified by means of the preceding chemical
analyses and nondestructive tests.

The logical process of the research may be summarized as follows: nondestruc-
tive testing plus visual examinations, initial identification of the alloys, sampling and
chemical analysis, testing with measurements of conductivity IACS%, classification
of analytical data in groups, and statistical analysis of the groups.

Several interesting conclusions can be drawn from the final results of statistical
analysis, only partially shown in Table 6. First, the original sections show a negative
correlation between copper and lead (—0.79), while there is no correlation between
tin and either copper or lead. The standard deviation relative to the percentage con-
centrations of lead is relatively low. From this, one could deduce that the ancient
founder was concerned about keeping the lead within a “safe” percentage by apply-

ing a formula of reference of the type:
100 — lead = aes + aes collectaneum (scrap copper and bronze) + tin

The tin does not correlate with copper and lead, probably because the percentage
of tin in the aes collectaneum varied each time without a systematic point of reference.

Second, the addition of lead confers some specific characteristics on the alloy:
the fusion point of the alloy diminishes and the cast becomes more fluid, while the
surface of the bronze becomes more workable and polishable with scrapers, files, and
pointed tools (although the workability by hammering declines).

Third, the absence of correlations between the other alloy elements shows that
the various original sections, cast separately, were made with metal from different

stocks, probably also using aes collectaneum.
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TABLE 6. Statistical analysis
of the original (Roman)
alloys of the Marcus

Aurelius.

Average % Standard deviation % Minimum—-Maximum %

Alloy Cu Sn Pb Cu Sn Pb Cu Sn Pb

Roman 80.7 6.8 120 257 144 232 75.9 3.9 8.4
sections 856 105 164
Roman 74.0 6.6 194 1.75 216 1.74 71.6 3.8 169
soldering 77.0 102 231

Table 6 shows the statistical values for twenty-eight original Roman alloy speci-
mens and for ten specimens of Roman soldering. For soldering, no correlation was
found between copper, tin, and lead, suggesting a rather approximate mixture of
principal components, the only restriction being that the cumulative percentage of
tin plus lead must not drop below a certain level. In this case, the lead not only low-
ers the melting point and viscosity of the alloy but also acts as a true deoxidant for
the soldering, forming with the tin dioxide (SnO,) a compound (Pb,SnO,) that melts
at 1060 °C (Steinberg 1973; Lechtman and Steinberg 1970).

The elaboration of the data for the repaired sections was still in progress in early
1992, with some difficulties of interpretation because of the great variety of alloys

used for restoration (in collaboration with E. D’Arcangelo).

Thermal Behavior of the Monument

One particularly interesting area of study has been that of the environmental causes
of deterioration. The exchange of thermal energy between the environment and the
monument has been thoroughly investigated, revealing that the mechanical stresses
suffered by the bronze in its position on Capitoline Hill have also been dependent on
the daily cycles of expansion and contraction of the metal structure. A description of
the thermal behavior of the material is useful for a better understanding of an impor-
tant series of problems that are not only mechanical but also involve the electro-
chemical and chemical corrosion of the surface.

The Piazza del Campidoglio is located about twenty meters above traffic level
and is enclosed on three sides by the Palazzi Capitolini. The monument of Marcus
Aurelius is placed in the center and oriented toward the northwest by 60°; that is,
toward the wide ramp designed by Michelangelo. The particular placement of the
monument and the geometry of the plaza allow direct sunlight to strike the metallic
surface unevenly, warming different sections of the bronze at different hours of the
day. In order to analyze the thermal exchange between the monument, its stone base,
and the surrounding air, continuous readings of the surface temperature in ten areas
were taken during the summer, along with thermovision images of the monument.
At the same time, a series of acoustic-emission measurements were taken to register
incidents of deformation in the horse over a 24-hour period (Accardo et al. 1983).

This last technique, in particular, operates on the principle that structural defor-

mations and the formation or increase of cracks release microquantities of elastic
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FIGURE 5a, b. Registration of
acoustic emission on (a) a
clear day; and (b) a cloudy
day.

Base —

+ Surrounding
air

Horse |-
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energy, causing propagation of mechanical pressure waves at a frequency greater than
10 MHz, which are picked up by a piezoelectric transducer and stored and analyzed
by a sequential electronic apparatus.

Using these techniques, several important findings have emerged. First, the
horse’s left-front leg showed particular stress from direct solar radiation after ten
o’clock in the morning. Of the two registrations in Figures 5a and 5b, the first shows
the course of energy emitted on a clear day, while the second represents the phenom-
enon on a cloudy day with rain. It is evident that more energy is released under
conditions of maximum irradiation as well as during rapid variations of surface
temperature.

Second, because of its greater thermal inertia, the stone base maintains a surface
temperature higher than that of the bronze alloy and keeps the lower part of the
horse warmer during the night, while the hindquarters cool down through radiant
emission toward the sky (Fig. 6).

In general the bronze surface responds quickly, because of its scant thermal iner-
tia, to the temperature variations of the surrounding air. Exceptions may include the
legs, which are filled with a lead-tin alloy (metallone) and the belly of the horse,
because of its thermal exchange with the stone base. The thermovision images of the
legs are certainly influenced by the greater thermal capacity of the volumes filled
with lead-tin alloy, which show up as lighter (i.e., hotter), while the dark areas corre-
spond to “empty” spaces (Accardo et al. 1983).

From the structural point of view, one may conclude that the low level of energy
released by the structure corresponds to incidents of temporary (elastic) deforma-
tion, particularly involving that section of the left-front leg of the horse already sub-
ject to the mechanical stresses of the monument’s weight.

Finally, in regard to the electrochemical aspects, climate certainly has a decisive
influence on the kinetics of the bronze’s corrosion. Given the rapid adjustment of the
metal surface to the temperature of the surrounding air, the events of precipitation
and capillary condensation are the primary elements that accelerate electrochemical

corrosion.
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FIGURE 7. Surface conductiv-
ity dependent on relative

humidity.

CLIMATE AND POLLUTION

In recent years damage functions have been developed to calculate the electrochemi-
cal corrosion of a metal object over the course of a year, taking into account the
amount of time the surface remains wet and the integrated fluxes of deposition of the
more destructive airborne pollutants. For the Roman climate, the time of wetness

(tw) of a metallic surface exposed outdoors is given as:
tw =twl + tw2

where twl equals the time of wetness of the surface caused by rainfall and tw2 equals
the time of capillary condensation (Marabelli et al. 1988). Capillary condensation is
linked to the shape and diameter of capillary pores in the patina and starts at a relative-
humidity value well below 100% (corresponding to traditional surface condensation).

In order to measure the threshold value of relative humidity corresponding to the
beginning of capillary condensation, the ICR Chemistry Laboratory developed a pro-
totype consisting of an automated apparatus programmed by computer and capable of
measuring surface conductivity and volume conductivity of patinas, which is variable
in terms of relative humidity (Marabelli et al. 1988). This instrument comprises a
measurement cell of conductivity, which clings to the metal surface and within which
a particular hygrometric progression is produced in a predetermined way.

In the case of the Marcus Aurelius, by increasing the relative humidity (RH), it
was possible to document, after some 160 experiments, that the surface conductivity
increases rapidly above approximately 80% RH (Marabelli et al. 1988). Figure 7 shows
a typical experimental curve corresponding to the surface electrical conductivity

function, f(RH). The resulting theoretical function is:
y=0.8"-exp (— [80—x]/3)

where y equals the conductivity in microsiemens and x equals RH.

nS Phase 1 | Phase 2
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Knowing the daily distribution frequency of relative humidity over the course of
a year, it was possible to determine that tw2 equals approximately 22.8 days, while
twl can be roughly deduced from the monthly averages of pluviometric data for the
historical center of Rome over a 10-year period. The total tw equals approximately
0.22 per year. This finding was used to calculate the corrosion velocity of the monu-
ment exposed outdoors by using a damage function developed by Benarie and Lipfert
and slightly modified for this specific case (Marabelli 1992). The velocity of electro-

chemical corrosion, Vc, expressed in g/m? per year, equals:
Ve=tw+038-a(fSO,+ 1.1 fCl7)

where tw equals the total annual time of wetness; a equals the dilution factor of the
pollutants, taking into account the elevated position of the plaza; and fSO, and fCI~
equal the integrated fluxes of deposition expressed in mg/m? per day.

As a result, it was possible to determine the velocity value of the electrochemical
corrosion of the alloy at roughly 0.2 microns per year (Marabelli 1992). It would
seem possible to extrapolate from these data encouraging indications for the conser-
vation of the Marcus Aurelius outdoors. However, it must be remembered that the
chemicophysical corrosion of the patina, caused by airborne acidic pollutants as well
as rainfall, still causes a constant erosion of the surface with loss of gilding.

To better understand the conditions of the formation and transformation of cor-
rosion products in relation to the climate and other environmental parameters in the
broad sense, a series of samples of the patina differentiated by color, consistency, and

orientation to sunlight and rainfall was taken and examined using X-ray diffraction.

PATINAS AND TYPES OF CORROSION

The surface of the Marcus Aurelius reveals extensive sulfation, with the formation
not only of brochantite but also antlerite and chalcanthite, a soluble copper sulfate.
Since brochantite is stable between 3.5 and 6.5 pH, and antlerite is stable between
2.8 and 3.5 pH, the presence of the chalcanthite indicates that the pH level on the
surface of the monument must have fallen below 2.8, probably as a result of micro-
condensation (Graedel 1987).

The partial dissolution of the patina evidently makes the already precarious
mechanical adhesion of the gold even more unstable, to the point that even the
application of a fixative may cause damage to the gilding. Furthermore, the gilding
always appears so fragmentary and riddled with holes that water easily infiltrates the
underlying patina (Fig. 8). The areas protected from the driving rain and from water
runoff appear darker due to the accumulation of carbon substances and other com-
ponents of the atmospheric particulate (gypsum, feldspars).

Conversely, the horizontal surfaces facing upward and those corresponding to
the geodetic lines of rainwater appear lighter because of the absence of carbon parti-
cles. The alternation of darker (cathodic) stripes and lighter (anodic) stripes on the
flanks of the horse form a typical zebra pattern (Fig. 9). Spots and whitish stains

along with gray patinas covering the gold are rich in anglesite, present along with
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brochantite in almost all the samples. A few areas of the monument bear traces of a
brownish surface coating, the composition of which has not yet been defined.
Finally, atacamite, a basic copper chloride, is present below the brownish-black
patina deposits, indicating an electrochemical attack on the alloy in the presence of a
chloride ion. This ion accelerates the corrosion and, in certain cases, promotes pit-
ting. Its presence can be attributed either to the airborne chloride deposits (marine
particulate, emissions from the combustion of plastics containing chlorine), or to the

attack of the surface by chemical compounds containing chlorine.

PROCESSs AND CONDITION
OF THE GILDING

Not all of the tests have been completed for this important and complex monument.
Study of the gilding process in particular is still in progress. The first phase of testing
involves metallographic analysis of samples taken from the horse and from the man-
tle of the horseman to obtain information on the thickness of the gold leaf, the stages
of application, and the extent of the corrosion process.

Figure 10 shows the metallographic section of one sample: two pieces of gold
leaf rest on corrosion products that penetrate to a maximum depth of 0.3 mm; the
pieces are completely detached from the metal and separated from each other by the
same oxidation products. The thickness of the gold leaf varies from 3 to 9 microns.
This measurement is consistent with the values cited by Oddy et al. (1979).

Three other characteristics of the gilding of the monument should be noted:

(1) residual gilding is present almost exclusively on the Roman sections and repairs;

(2) the surface of the horseman shows minute scoring in definite directions, suggest-

FIGURE 8. Damaged gold ing that the alloy was textured in this way to anchor the gold leaf more effectively
surface. (see the term concisuris in Pliny 1961, book XXXIV, chapter 19); and (3) in two
areas of the horse’s hindquarters, which are covered by the horseman, a series of
FIGURE 9. Typical alternation roughly square gold leaves with sides varying from 5 to 9 cm are visible. A similar
of light and dark areas of square pattern is present on the Horses of San Marco (Galliazzo 1981) and on some
surface corrosion. bronze statues cited by Oddy et al. (1979). In Pliny’s treatise two methods of gilding
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FIGURE 10. Metallographic
section of an alloy specimen

from the horse.

are cited directly (book XXXIII, chapter 20), and a third indirectly (book XXXIV,
chapter 19), concerning a bronze statue of Alexander the Great, which the Emperor
Nero later had gilded. Basically the methods involve gilding with cold mercury, gild-
ing with proteic glue, and gilding with gold foil or gold leaf (a I'hache).

Oddy’s hypothesis that fire (mercury) gilding began at the end of the second or
beginning of the third century c.E. seems well founded (Oddy 1982). Both Oddy
(1982) and Craddock et al. (1987-88) have published lists of bronzes that contain
large quantities of tin and lead and were not gilded with mercury. On the other hand,
lead bronzes (including the Marcus Aurelius) cannot be gilded with mercury, either
by the cold process or the hot process. Therefore, discarding the hypothesis of gild-
ing with proteic adhesive for the Capitoline monument, which was intended to be
placed outdoors, only the a I'hache technique seems probable. However, the use of
this process should be checked against both the analysis of alloy microsamples and

the current foundry experiments.

OBSERVATIONS AND CONCLUSIONS

During the restoration, several reagents and processes for cleaning the surface were
perfected in collaboration with the restorer Paola Fiorentino. The practical experi-
mentation was rather long and laborious, since the objective was essentially to
remove the corrosion products on top of the gold without dissolving or detaching
those underneath.

ICR and the Selenia Company, working in collaboration, carried out a test of
eleven surface coatings for the conservation of bronzes outdoors (Marabelli and
Napolitano 1991). At the end of the study, it was possible to establish that the best
formula was provided by Incralac or Paraloid B72 as primer and Reswax WH (a mix-
ture of a polyethylene wax and two microcrystalline waxes) as a protective finish.

Despite the studies completed thus far, a product capable of ensuring protection
without extensive maintenance for a period of at least twenty to thirty years has

not been developed. On the other hand, given the precarious adhesion of the gold,
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massive fixative treatments or cyclical surface cleaning are inadvisable for the Marcus
Aurelius if it is relocated outdoors. At the present time, therefore, the best and

most rational solution for the conservation of the two statues would be a climate-
controlled museum environment that provides filtration of the atmospheric pollu-
tants. This does not exclude the future possibility of returning the monument to its
original position outdoors, if protection and maintenance operations could be

assured with little or no damage to the patina and residual gold.
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