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Abstract

The traditional mechanisms of the causes of marble and stone decay are now almost completely understood. Many
works were carried out by us and other authors on this subject. However, the frequent occurence of new alteration
products, identified on different monument’s surfaces has suggested a need to investigate this new field. It is of
paramount importance to study these decay products, above all in relation to treatments which were very frequently
used in the past as a maintenance operation for monuments or works of art. This is a very important research task
because it can help to clarify the influence of past treatments on the velocity of stone decay. To assess the
morphology of deterioration, samples of marble included in resin were analyzed in cross-section by means of optical
microscopy and scanning electron microscopy interfaced with an energy dispersive X-ray system. We focused our
attention on: the identification of old treatments carried out on the surface as a maintenance operation; weathering
of old treatments carried out in restoration works at the beginning of this century and most recently in the 1960’s
carried out to stop the decay; thin yellow patina extensively present on different lithotypes, Istrian stone and marble;
and an extensive grey appearance of the surface of the marble. A recent survey carried out on some monuments
allows us to summerize the following results: silica is extensively present in the black areas due to the decomposition
of fluorosilicates applied as consolidants; silica is very frequently located on the surface because it was not able to
penetrate into the lower microcracks which remain voids; sometimes silica is interposed between calcite crystals and
the small gypsum crystals previously penetrated before the treatment; a yellow-brown patina was generally found
both on Istrian stone and on marble (this film can be formed by calcium oxalate or alternatively by fluorite and
calcium oxalate); fluorite can be originated by a reaction of calcite with fluorosilicates, but also by a reaction with
hydrofluoric acid perhaps used as a cleaning agent. This last hypothesis seems confirmed by the superficial aspect of
some marble slabs which present some corrosion forms typical of an acid attack.
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1. Intreduction sulphuric acid, which in turn is formed by sulphur

dioxide oxidation (Fassina et al., 1976; Fassina,

Previous works carried out by the present au- 1978; Lazzarini, 1972; Lazzarini, 1979; March-

thor and other researchers have demonstrated esini, 1970; Marchesini et al., 1972; Torraca, 1969;
that gypsum formation on limestone is caused by Amoroso and Fassina, 1983).
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A simplified model of the complex mechanism
of marble and stone decay was tested on several
Venetian monuments. The results obtained have
stressed that the features visible on stone surfaces
correspond to different degrees of deterioration
(Fassina, 1988a; 1988b: Fassina, 1993b; Fassina,
1994c).

In this paper our attention focuses mainly on
the identification of the chemical composition of
the extensive grey superficial deposits and the
yellow-brown patina, which were sometimes pre-
sent on the monument’s surface as a result of
past treatments carried out as a maintenance
operation.

It is important to ascertain the alteration
products actually present in relation to their
stability towards moisture and atmospheric pollu-
tants. This is a very important research task be-
cause it can help to clarify the influence of past
treatments on the velocity of decay.

In order to assess the different forms of decay
a wide range of sampling on different monuments
was carried out. In this paper we report only the
most significant samples to explain some peculiar
forms of deterioration not frequently present on
Venetian monuments.

To assess the different alteration products the
following analytical methods were used:

(i) cross-sectioning to separate the different
layers on the surface;
(ii) scanning electron microscopy (SEM) to pro-
vide morphological information on crystals;
(iii) X-ray distribution by EDS (energy disper-
sive system) of chemical elements which
allows determination of their origin in rela-
tion to conservation treatments carried out
in the past or atmospheric pollution decay;
(iv) ion chromatography to determine qualita-
tively and quantitatively the water-soluble
anions most harmful for stone decay.

2. Discussion of the results
Sometimes when analyzing black crusts taken

from sheltered areas which appear macroscopi-
cally very damaged, the gypsum formation is ac-

companied by relevant amounts of silicon which
cannot be ascribed to the deposition of pollutants
from the atmosphere. However, amounts of sili-
con < 5-10% obtained by microprobe analyses
of black crusts can be ascribed to the deposition
of atmospheric pollutants. When the amount of
silicon is > 10% a different origin must be con-
sidered. The extra amount of silicon can be as-
cribed to silicate or fluorosilicate treatments in-
troduced in the middle of the last century to
consolidate stone which was very damaged. It is
well known that these treatments generated an
end product of reaction silica, which is the bind-
ing agent. According to some archive documents,
at the end of the last century the application of
fluorosilicate as a consolidant was carried out on
some monuments in Venice.

2.1. Acritani Pillars

For the first time analyses carried out on Acri-
tani Pillars (Fassina et al., 1993a) have confirmed
the presence of silicon. The pillars, carved in
Proconnesian marble, (white-grey marble of Ana-
tolian origin with a crystalloblastic structure
mostly granoblastic), showed various forms of de-
cay.

It is very interesting to observe that the well-
known phenomenon of gypsum crystal formation
is localized in limited areas. However, it is more
usual to find high amounts of silicon, which can-
not be connected with atmospheric pollution, but
probably can be ascribed to past treatments using
silicates.

From archive documents the 1892 intervention
plan for restoration provided the consolidation of
stone by using three repeated applications of
fluorosilicate according to the method proposed
by Kessler (1883).

{a) Grey superficial deposits. Under the optical
microscope thin layers of black deposits appear to
be formed by a very dark external layer which
progressively becomes less dark moving towards
the inner part of the marble (Fig. 1). Sometimes
the microcracks allow black carbonaceous parti-
cles, iron oxides and gypsum crystals to penetrate
inside, so contributing to the subsequent detach-
ment of the marble superficial layers. In cross-
section, the formation of white gypsum crystals
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between the black crust and the marble is also
visible. This type of stratification seems to appear
very frequently on samples taken from different
areas. The microprobe analysis carried out on
sample ACR3 shows that gypsum is not the only
decay product, but silicon is also present and is
generally more concentrated on the surface.

An SEM observation indicates that the super-
ficial layer is very different from the underlying
calcite crystals which present the typical texture-
structure of the marble (Fig. 2a). The X-ray map
analysis shows an extensive distribution of silicon
on the external surface (~ 200 p) (Fig. 2b).
Microprobe analysis reported in Table 1 indicates
that silicon is localized in the superficial layer.

(b) Yellow-brown film. A yellow-brown film has
been identified localized in sheltered areas in the
upper carved part of the pillars. In contrast to the
black deposits these layers appear to be brown
during macroscopic observation. Under the opti-
cal microscope a very thin layer of brown covers
the yellow layer which was identified by XRD to
be whewellite (CaC,0,-H,0).

In some cases the superficial layer is clearly
separated from the marble structure (Fig. 3). The
external layer appears as a different colour —
yellow, and also contains orange particles not
identified as atmospheric particles, but ascribed
to an artificial treatment as was successively con-
firmed by microprobe analysis. In fact, on various
fragments of sample ACRS the amount of silicon
decreases from the external to the internal parts.
Another peculiarity of this sample is also the
presence of phosphorus, lead and barium in the
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The presence of P was also confirmed in other
samples (Table 3). X-ray EDS analysis showed
that the distribution of phosphorus was almost
completely confined to the surface. Sometimes
phosporus can also penetrate the inner part where
the surface shows microcracks as is clearly visible
in the cross-section of sample 23 (Figs. 4a, 4b).

The microprobe analysis confirms the SEM
observations (Table 4) (Fig. 4b).

2.2. Ca’ d’Oro facade

{a) Grey-black crust rich in silicon. It is well
known that black crusts are mainly formed by
gypsum crystals and carbonaceous particles. In
the case of Ca’ d’Oro facade one of the most
common elements frequently found is silicon
which can be generated as a by product in certain
procedures used in the past to consolidate stone
which was very damaged. According to archive
documents the use of fluorosilicate by the Sam-
paolesi method was carried out in the 1960’s
mainly on marble capitals.

The extensive grey appearance of the surface,
not only on the marble capitals, but also on other
decorated surfaces, has suggested a need for an
extensive sampling campaign in order to differ-
entiate the nature of grey alteration products
which appeared on the facade some years later
after the restoration (Fig. 5).

On analyzing some samples of marble taken
from capitals of Ca’ d’'Oro a superficial layer of
silicon is found to be extensively present, while in
the inner layers calcite crystals appeared to be

internal layer of sample ACR5b (Table 2). strongly disaggregated due to the typical
Table 1
EDS analysis of sample ACR3
Element ACR3a (%) ACR3b (%) ACR3c¢ (%) ACR3d (%)

Ext. Int. Ext. Int. Ext. Int. Ext. Int.
Mg 0.8 0.3 — — 14 — 0.9 0.3
Al 22 1.1 L6 25 44 22 43 0.8
Si 18.1 6.9 10.2 189 288 92 126 29
s 34 22 15.1 32 158 251 13.1 15.6
K 20 1.3 14 19 25 12 2.1 1.4
Ca 70.5 86.0 70.4 70.6 318 60.6 594 75.4
Fe 27 18 13 2. 15.1 1.6 49 1.6
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Table 2
EDS analysis of samples ACR5, ACRS5a and ACRSb

ACRS (%)

Element ACR35a (%) ACRSb (%)
Ext. 7; Ext. —Tntd Ext. Int.
Mg 1.0 0.5 - — — —
Al 5.5 24 2.0 2.4 1.7 1.1
Si 17.5 15.1 8.1 8.9 10.0 35
— — 5.3 6.9 2.2 —
S 25 3.1 5.1 23 11.2
K 6.1 2.3 1.5 1.7 18 1.4
Ca 60.9 73.6 19.2 51.1 78.6 11.1
Fe 6.5 1.8 4.6 4.0 — 1.2
Ba — — — — — 70.1
Pb — — 57.6 194 — —
Table 3
EDS analysis of samples ACR6 and ACR23
Element ACRb ACR6 ACR23
Point(%) Area (%) (%)
Mg 1.1 0.6 20.7
Al 4.0 7.3 11.4
Si 340 31 44.8
p 19.8 1L.5 —
S 37 3.0 —
K 1.2 25 17.9
Ca 66.9 70.5 5.1
Fe —

physical-chemical mechanisms of weathering of
marble (Fig. 6).

Along the intergranular disaggregated crystals
the penetration of acidic solution takes place as
was demonstrated in our previous works (Fig. 7)
(Fassina and Rossetti, 1994b), but silicon does not
enter due to its limited penetration power. The

1.5 —

final result is that the amount of silicon is de-
creasing very strongly in the inner part because it
is not able to penetrate inside the intergranular
void spaces.

The application of magnesium fluorosilicate as
a consolidant (Fassina and Rossetti, 1994b), car-
ried out in the 1960’s using the Sampaolesi

Fig. 1. Micrograph of sample ACR3b showing the dark superficial deposit over a vellow layer mainly formed by calcium oxalate

(enlargement x92) (Acritani Pillars).

Fig. 3. Micrograph of sample ACR5a. The upper layer is brown-coloured (Acritani Pillars).

Fig. 5. Extensive grey deposits on the Ca’ d’Oro facade.

Fig. 7. Micrograph of sample 93 showing granular disaggregation of marble. The weathering of the marble is due to physical-chem-

ical factors which are acting simultaneously (Ca’ d’Oro).

Fig. 9. Micrograph of sample 53 showing the black external layer overlapping the yellow oxalate layer (Ca’ d’Oro).

Fig. 10. Micrograph of sample 106 showing threc layers. The external layer is white-grey due to the presence of barium (Ca’ d’Oro).
Fig. 12. Micrograph of sample 94 showing penetration of black carbonaceous particles and other pollutants in the intergranular
spaces of calcite crystals (Ca’ d'Oro).
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Fig. 2. (a) SEM observation of sample ACR3b. The upper layer has a different morphology from the lower one (Acritani Pillars).
(b) X-ray map of the distribution of silicon for the sample ACR3b. The thickness is ~ 200 u (Acritani Pillars).

method, had only a partial effect because it re- layer of sample 97 by SEM backscattered analysis
mained in the outer layer and did not penetrate (Fig. 6).

into the inner parts of the marble which pre- (b) Black crust overlapping yellow film of oxalate.
sented an intergranular disaggregation (Figs. 8a On the vertical decorations black crusts have

and b). This phenomenon is visible in the outer formed on a yellow layer similar to the oxalate
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Fig. 4. (a) SEM backscattered analysis of sample ACR23 (181,/92) showing the superficial formation of phosphorus (Acritani
Pillars). (b) X-ray map of the distribution of phosphorus for the sample ACR23. The thickness is ~ 300-400 u (Acritani Pillars).

one found on other parts of the facade. Samples
taken from these areas were analyzed in cross-
section under the optical microscope and by SEM
interfaced with microprobe analysis. Three layers

are generally visible (Fig. 9): the superficial layer,
with a thickness of 40-80 u, is formed by carbo-
naceous particles (40 w in size) and iron oxides;
an intermediate yellow layer with a thickness of
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Table 4
EDS analysis of sample ACR23

Element (%) (%) (%) (%)
Al 29 6.4 — 0.7
Si 38 6.4 0.6 2.3
P 16.2 14.0 20.2 19.3
S 3.0 4.3 5.1 4.0
K 1.1 1.8 0.5 0.8
Ca 66.0 61.2 72.1 69.8

0.2 1.1

Fe 43 3.0

110-270 w probably due to oxalate; and an inner
layer with calcite crystals.

Another example can be seen on sample 106.
The black crust is formed by three layers (Fig.
10): the external layer is formed by a white-grey
layer with a thickness of 40 u; the intermediate
layer by black carbonaceous particles; and the
internal layer is yellow-brown with a thickness of
110-150 w.

On the external surface a high amount of sili-
con (22-26%) together with some particles of
barium were found. The treatment seems to have
penetrated by 200 u and in the intergranular

spaces a high amount of silicon and magnesium
was found. Calcite crystals located below the su-
perficial layer were detached (Figs. 11a and b).

The presence of magnesium, silicon and fluo-
rite are ascribed to the use of magnesium fluo-
rosilicate as consolidant (Kessler, 1883; Kessler
1919; Ransome, 1856).

(c) Yellow patina extensively present on the sur-
face. Yellow patina was removed with a scalpel
and analyzed by X-ray diffraction. The presence
of fluorite was ascribed to superficial treatments
that sometimes are due to acid cleaning system
and some others can be ascribed to superficial

Fig. 6. X-ray map of the distribution of silicon. The penetration is limited to 300 u without reaching the internal disaggregated

calcite crystals {Ca’ d’Oro).



V. Fassina / Science of the Total Environment 167 (1995) 185-203 193

Fig. 8. (a) SEM backscattered analysis of sample 81 showing the intergranular spaces filled with particles which appear to have a
different atomic number with respect to calcite crystals (Ca’ d’Oro). (b) X-ray map of the distribution of silicon showing that it is
located in the intergranular spaces (Ca’ d’Oro).
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Fig. 11. (a) SEM observation of sample 106. Small crystals exist in between calcite crystals in the intergranular spaces (Ca’ d’Oro).
(b) SEM backscattered analysis of sample 106 showing silicon precipitate in the intergranular spaces of calcite crystals (Ca’ d’Oro).

consolidation treatments. The yellow patina on cite crystals was previously described as being due
Istrian stone is most probably due to acid treat- to physical factors in the first stage, followed by
ment forming calcium fluoride. gypsum formation in the second stage (Fig. 12).
(d) Decohesion of calcite crystals, gypsum forma- Sometimes gypsum formation in the micro-
tion in the microcracks and silicon penetration due cracks seems to partially fill the intergranular

to fluorosilicate treatment. The decohesion of cal- spaces (Fig. 13a). In fact gypsum is not in direct
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Fig. 13a-b. (a) SEM observation of sample 100 (Ca’ d’Oro).
(b) SEM observation of sample 100 at a greater enlargement.
Small gypsum crystals are visible within the intergranular
spaces of the calcite crystals (Ca’ d’Oro).

contact with the edges of calcite crystals, but
there is an unknown substance (Fig. 13b) in
between the large calcite crystals and the small
gypsum ones. For this reason a special investiga-
tion was carried out to ascertain the composition
of this unknown.

X-ray mapping of sulphur and silicon indicates
that the small crystals in the cracks are formed by
the gypsum, while the substance between calcite
and the gypsum contains silicon (Figs. 13 ¢ and d).
A first explanation is that gypsum was formed
before the application of the consolidant and that

Fig. 13c—d. (c) X-ray map distribution of sulphur in the micro-
cracks (Ca’ d’Oro). (d) X-ray map distribution of silicon in the
same microcracks in between small gypsum crystals and large
calcite ones (Ca’ d’Oro).

silicon has penetrated into the cracks between
calcite and gypsum crystals. The second hypothe-
sis is that gypsum has penetrated after the treat-
ment due to the evaporation of water contained
in the solution applied for consolidation (1993b).

The first hypothesis seems to indicate a positive
effect because gypsum is isolated from calcite
thus avoiding any further process of decay. The
second hypothesis is partially negative because it
means that the consolidant does not prevent the
further penetration of gypsum. In any case the






