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Abstract—The origin and growth of weathering crusts on the ancient marbles of ruins of the Sanctuary
of Demeter in the industrial atmosphere of Eleusis in Greece have been investigated. A systematic
mineralogical, petrographical and chemical examination of weathered stones and crusts was performed,
both in situ and in the lab, on samples taken from different parts of the monument in relation to the
surface characteristics as well as to the exposure to rain, sea-salt spray and wet and dry deposition
of airborne pollutants and dust. In particular, the various material-environment interactions take place,
are characterized by (a) disintegrated “washed-out” surfaces, where products are taken away through
dissolution, (b) rusty yellow patinas rich in Fe and Cu, (c) firmly attached black crusts in contact with
percolating water, where recrystallized calcite shields amorphous deposits rich in S, Si, Fe and carbon-
aceous particles, (d) black loose deposits in the water sheltered areas, consisting mainly of gypsum and fly
ash particles and (e) cementitious crusts, coating and pitting the horizontal surfaces. Moreover, an
interconnected evolution of various physicochemical processes is shown, characteristic of the origin and
growth of various crusts, which are formed and classified accordingly. © 1998 Elsevier Science Ltd. All
rights reserved.
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environment—material interactions.

INTRODUCTION

The degree and the distribution of the main types of
observable rock deterioration in an urban environ-
ment are related to different kinds of wetting and
particularly to the exposure of the stone surface to
rain (Camuffo et al., 1983). In a polluted environment,
two kinds of crusts are usually developed on cal-
careous rocks; the so-called “white” and “black”
crusts.

White crusts are formed through the dissolution of
gypsum and the reprecipitation of calcite at the surfa-
ces that are subjected to wash out (Camuffo et al.,
1987), which takes away the deposits and the products
of dissolution (Camuffo et al., 1982). On the other
hand, black crusts are developed by gypsum forma-
tion on surfaces sheltered from water and attacked by
an SO,-polluted atmosphere. On those areas pro-
tected from intensive wash-out, SO, and water va-
pour or rain water diffuse at a high rate through the
pores towards the CaCO;—gypsum interface. Thus,
new porous gypsum film layers must be formed at the
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CaCO;—gypsum interface. As the thickness of the
gypsum increases, the number and length of the pores
decrease due to the larger molecular volume of gyp-
sum compared with that of CaCOj; and finally, at ca.
30 nm thickness of gypsum, the pores cease to exist.
Thereafter, the rate-determining step becomes solid-
state diffusion of Ca?* towards the environment
(Skoulikidis and Charalambous, 1981). The trans-
formation of the stone into gypsum is not only asso-
ciated with the presence of gaseous SO,, but also with
S contained in the residual carbonaceous particles of
combustion of fossil fuels for domestic heating (Del
Monte et al., 1984). A high uptake of atmospheric
particulate matter (Fe,O;, Al,Os, SiO,, C, etc.) is
observed on the weathered surfaces (Moropoulou and
Bisbikou, 1995; Rodriguez-Navarro and Sebastian,
1995; Sabbioni, 1995). Silicate particles are emitted by,
e.g. the combustion of coal and they are deposited at
the exposed surfaces (Camuffo et al., 1987). Various
intermediate crust formations are referred to in the
literature, according to the wetting type of the surface.
However, a number of physicochemical processes
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determining the origin and growth of deteriorating
crusts should be studied with respect to the type of the
environmental attack (industrial and marine atmo-
sphere, various types of total suspended particles, etc.)
and the type of the respective surface.

The variation of climatic conditions (temperature,
air humidity, etc.) contribute substantially to the
creation of salts within the pores (Theoulakis and
Moropoulou, 1988). NaCl gives rise to the gypsum
solubility. The ratio of SO ~/Cl~ in rain water varies
according to the amounts of SO, in the atmosphere
and characterizes the pollution level.

The micro-structural characteristics of the various
lithotypes could act as criteria to evaluate their sus-
ceptibility to the weathering phenomena caused by
the different environmental factors acting. Stones with
large pores like marble may contain large amounts of
water; stones with very small pores, although they
may contain minor amounts of water, experience
more frequently condensation and water may remain
longer in the pores. The microstructure is also deter-
mining the mechanical weathering which accompa-
nies the formation of the crusts on the stone surfaces,
due to the polluted atmosphere.

In the present work, the marbles of the ruins of the
Demeter Sanctuary in Eleusis, Greece, were subjected
to detailed investigation.

The first temple of Demeter and the Eleusinian
Sanctuary were founded in the reign of the legendary
King Celeus in the Late Helladic period (1500-1425
BC), as a home for Demeter. The present ruins of the

Telestirion (Fig. 1) belong to its fourth last building
phase design by Ictinus in the Periclean period
(Preka-Alexandri, 1991).

The Greater Eleusis area had been a rural area for
years, but in the post-war period has become increas-
ingly industrialized, with key manufacturing sectors,
basically metallurgical and chemical ones. The
Thriasian plain, in particular, has been dramatically
“attacked” by several large and small industries caus-
ing a decline in environmental standards. In addition,
the air pollutants, swept by the prevailing winds to the
sea side, remain in Saronikos Bay for a period of time
and then recirculate at the coastal areas increasing
pollution problems. Air pollution creates aggressive
atmospheric conditions which can damage the mater-
ial cultural heritage of a region. Consequently, the
Eleusis area corresponds to a typical urban-centre
profile of intense and diversified industrial activity
characterized by a highly polluted atmosphere heavily
charged by suspended particles (Abazoglou et al.,
1990a, b). Hence, the study of neoformations on the
monument surfaces in the archaeological site of
Eleusis illustrates the variety of stone decay phe-
nomena caused by air pollution and specifically by
suspended particle attack, most probably in synergy
with marine spray, due to the vicinity to the sea
(Zezza, 1994).

Five different carbonate rocks (grey-micritic lime-
stone, white Pentelic marble, white—grey marble, yel-
low limestone and biomicritic grey limestone) have
been identified as building materials in the Sanctuary

Fig. 1. General view of the Demeter Sanctuary in Eleusis.
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Fig. 2. Main decay patterns. Detachment (granular disintegration) along with rusty-yellow crusts (sample
B1) (a). Rusty-yellow crusts at washed-out surfaces and where water-rebound phenomena occur (b-b’")
(b’ = sample A2). Pitting on marble surfaces covered by cementitious encrustations (sample E5) and at the
other edge, a grey—yellow crust (sample E6) is formed continuing at a washed-out surface (sample E6B) (c).
Black crust in the form of loose deposits (sample E4) (d). Black—grey crust firmly attached to the surface (e).

(Moropoulou et al, 1994a, b); the scope of this
work is mainly limited to the weathering of Pentelic
marble.

Calcite comprises 96% of Pentelic marble, with
about 1.8% dolomite. The remainder of the stone
consists of minor quartz and fine silicate minerals
(0.79% Si0,, 0.52% Al,05 and 0.12% FeO) (Dickin-
son et al., 1988). The petrographic analysis (Mo-
ropoulou et al., 1995) shows a medium-grained well
recrystallized marble with granoblastic polygonal tex-
ture. The grain size indicates increasing intensity of
metamorphism that is possibly attributed to high
temperature and low deformation rates. The micro-
structural analysis (Moropoulou et al., 1995) shows
a low total porosity (3.64 vol%) of interparticles type,

characterized by a network of large fracturing pores
between grains. High apparent density (2.71 gcm ™ 3),
low water absorption (0.22%), as well as the wave
velocity (5830 ms~ ') depending on the homogeneity
of the stone mass, characterize the Pentelic marble.

The main decay patterns in the sequence of decreas-
ing frequency with which they are observed, can be
classified as follows:

— granular disintegration and detachment (Fig. 2a),
the most general and important weathering on
yellowish limestone and marble, presented at
washed-out surface areas, or at surface areas
facing the sea,

— crusts indicating biological attack to the stone,
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Table 1. Description of the samples

Sample Type Location

E1l Black-grey crust on the white marble Triumphal Arch, front side exposed to northern
winds

E2 Washed-out surface, white-yellowish crust Triumphal Arch, left side exposed to eastern winds

on the marble

E3 Washed-out on the white marble Triumphal Arch, back side exposed to southern
winds

E4 Black crust on the white marble (loose deposit) Triumphal Arch, right back side exposed to southern
winds

ES Cementitious crust, pit on the white marble Column on the right side of the Triumphal Arch,
exposed to all wind directions

E6 Yellow-grey crust at the edge of the pit Column on the right side of the Triumphal Arch

E6B Washed-out area on the marble as a continue of E6

E7 Dust gathered on the marble horizontal surface Triumphal Arch, shelter of a dentil, front side exposed
to northern winds

ES8 Column sample of accumulated dust and Hole of a column on the right side of the Lesser

particle deposits in depth Propylea, exposed to all wind directions

E9 Cementitious crust on a limestone surface Wall on the left side of the Lesser Propylea, exposed
to all wind directions

Al Rusty-yellow crust on the white marble Great Propylea, lying column

A2 Grey-rusty-yellow crust on the white marble Great Propylea at the base of the column and espe-
cially where water rebound phenomena occur

B1 Disintegrated marble facing the sea Wall at the south gate of Holy Place

— chromatic alteration from the white of the Pentelic
marble to the rusty-yellow colour at the washed-
out surfaces (Fig. 2b) and mainly where water-
rebound phenomena occur (Fig. 2b’),

— pitting on the marble and limestone surfaces
covered by cementitious encrustations, especially
on the horizontal surfaces like pavements (Fig. 2c),

— black crust formations in the form of loose depos-
its, formed at the surfaces sheltered from rain
water and presenting an anomalous relief with
high friability (Fig. 2d),

— black—grey thin crust formations, firmly attached
underneath cornices and pillar crowns as well as on
the exposed upper perpendicular surfaces, wherever
the marble surfaces are in contact with percolating
rain water but are not washed out (Fig. 2e).

The real weathering phenomena are usually a com-
bination of the above simplified forms used for the
convenience of the analytical study.

In the present work, systematic mineralogical, pe-
trographical and chemical examination is performed
on samples from the Eleusis Sanctuary ruins, in an
effort to interpret the deterioration phenomena that
take place.

MATERIALS AND METHODS

Thirteen samples of crusts, dust deposits and encrusta-
tions, are presented in Table 1, taken from different parts of
the monument, as it was proved from the preliminary exam-
inations, according to:

— the decay pattern and the damage levels, assessed
through macroscopic observation,

— the orientation of the individual architectural elements,
— the degree of sheltering from rain water (black areas),
— the exposure to direct rainfall (washed-out areas).

Experimental procedure

Chemical analyses and microanalyses have been per-
formed on the crust samples by using ion chromatography
(IC), atomic absorption and atomic emission spectrometry
(AAS and AES), energy dispersive X-ray fluorescence
(EDXRF), electron probe micro-analysis (EPMA) and
Fourier transform laser microprobe mass spectrometry (FT-
LMMS). The mineralogy, fabrication and texture of the
crusts were studied by scanning electron microscopy with
energy dispersion X-ray analysis (SEM-EDX) and X-ray
diffraction analysis (XRD), in order to extract conclusions on
the environment-materials interactions taking place on the
monument surfaces and in depth.

Electron probe micro-analysis (EPM A) and scanning elec-
tron microscopy—energy-dispersive X-ray analysis (SEM-
EDX). The samples were carbon-coated in order to make
them conductive. To analyse the sample composition in
depth, the sample was embedded in a resin. The sample was
cut perpendicularly to the weathered crust, and polished
without water.

The instrument used for EPMA was a JEOL JXA-733
Superprobe, equipped with a Tracor Northern TN 2000
energy-dispersive X-ray detector. For scanning electron
microscopy, a JEOL-JSM 6300 scanning microscope was
used. The samples were excited by an electron beam of 1 nA
and an electron energy of 25 keV for EPMA, and 15 keV for
SEM.

By recording energy-dispersive X-ray spectra of sub-
sequent small areas, perpendicular to the exposed surface,
depth profiles were obtained, showing the elemental distri-
bution through the sample, when proceeding from the outer
surface layer towards the unaffected inner part. The concen-
trations of the elements are expressed in weight percent.
They were calculated after ZAF-correction, using a quantit-
ative program. Only the major elements from the EDX-
analysis are presented in the depth profiles. The depth
profiles, measured with EPMA, and the micrographs of
weathered layers and deposited particles, together with the
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Table 2a. Results of IC, AAS and AES (concentrations are expressed in weight percent of the
dissolved sample)

Sample Cl- NOj3 SO3~ Ca?* Mg2* Na* K*
El 0.13 0.00 394 20.4 0.04 0.11 0.03
E3 0.33 0.00 0.11 4.24 0.03 0.02 0.00
E4 0.29 0.24 57.2 22.8 0.06 0.16 0.09
E5 0.25 0.19 478 23.4 0.05 0.22 0.04
E6 0.16 0.39 109 6.45 0.05 0.15 0.19
E6B 0.18 0.21 451 5.12 0.08 0.27 0.10
E7 0.76 0.00 453 239 0.04 0.12 0.02
ES8 0.90 0.56 2.43 179 0.37 1.49 1.29
E9 0.54 1.36 60.8 21.5 0.01 8.29 2.38
B1 0.21 0.02 20.7 159 0.11 0.42 0.34

Table 2b. Correlation matrix, as calculated from the IC, AAS and AES results

Cl- NOj3 SO;~ Ca?* Mg?* Na* K*

Cl~ 1.00
NOj3 0.34 1.00
SO;~ 0.03 0.30 1.00
Ca?* 0.37 0.17 0.83 1.00
Mg?* 0.57 0.09 — 047 0.02 1.00
Na*t 0.32 0.93 0.41 0.25 —0.09 1.00
K* 0.50 0.94 0.22 0.24 0.26 0.94 1.00

corresponding X-ray spectra, obtained by SEM-EDX, are
presented in Fig. 3-7.

Ton chromatography (IC), atomic absorption spectrometry
(AAS) and atomic emission spectrometry (AES). The samples
were crushed in an agate mortar and about 100 mg of the
resulting powder was dispersed in 100 ml distilled water. The
aqueous suspension was filtered through a Millipore 0.2 um
pore-size filter and the filtrate was analysed. The anions
(C17, NOj3 and SOZ27) in the filtrate were determined by
a Dionex 4000i Ion Chromatograph, equipped with a AS11
separator column; the eluent was 20 mM NaOH. The
cations Ca?* and Mg?* were determined by means of
atomic absorption spectroscopy (AAS), whereas Na* and
K™* were measured by atomic emission spectroscopy (AES),
both by means of a Perkin-Elmer 3030 spectrometer. The
samples were acidified to pH 2 by using HCI, and a 10%
La3" solution was added to the samples to avoid interfer-
ences. The average of 3 measurements was used. The con-
centrations of the ions in the stones are expressed in
weight percent to the dissolved mass of the stone sample.
Table 2 shows the IC, AAS and AES results for the soluble
crust samples.

Energy-dispersive X-ray fluorescence analysis (EDXRF).
About 1 g of the crust samples was wet-ground for about one
minute in a McCrone Micronizing Mill. A few millilitres of
the suspension was brought on a Mylar foil, which was
glued on a Teflon ring, to obtain a sample thickness
of around 1mgcm ™2 The foil was dried in an oven
at a temperature of 60°C. Analyses were carried out
using a Tracor Spectrace 5000 instrument. The instrument
was equipped with a Si(Li) detector and a low power X-ray
tube with a Rh target, controlled by an IBM computer. The
X-ray spectra were accumulated during 3000 s and analysed
using the AXIL software (Van Espen et al., 1986). Soil stan-
dards: IAEA Soil 5 and BCR 142 were used to check the
accuracy of the measurements. Table 3 shows the EDXRF
results.

X-ray diffraction analysis (XRD). XRD analysis was per-
formed, using a Siemens D-500 X-ray Diffractometer, based

on an automatic adjustment and analysis system with a
Diffract-EVA qualitative analysis software, in order to check
whether crystalline phases may be interrelated with possible
transformations between dust and suspended particle de-
posits as well as with surface encrustations (cementitious
crusts). The results are presented in the Table 4.

Fourier transform—Ilaser microprobe mass spectrometry
(FT-LMMS). LMMS employs focused laser-beam irradia-
tion of solids and subsequent mass analysis of the ions
produced. The technique is suitable for the local analysis of
inorganic and organic constituents with a spatial resolution
in the micrometer range. The Fourier transform (FT) ion
cyclotron resonance mass spectrometer is an analyser of
choice for LMMS because high mass resolution and accu-
rate mass determination can be routinely achieved at ad-
equate sensitivity (Van Vaeck et al., 1993). The FT-LMMS
instrument development was based on a Spectrospin
CMS 47X MicroFocus instrument (Spectrospin, Fillanden,
Switzerland). Some results from the cement encrustation
of sample E9 are included in Fig. 7.

RESULTS AND DISCUSSION

Table 2 presents the results of IC, AAS and AES on
the leachate samples. It can be seen that some of the
leachates contain a large quantity of SOZ ~, in particu-
lar, in the black crust sample (E4: 57%), in the
black—grey crust (sample E1: 40%), in the cementi-
tious crust (sample E9: 60% and sample E5: 48%) and
ca. 45% in the dust from the water-shielded surface of
a dentil (sample E7), which has the same composition
as sample El from that side. In the dust column
sample (sample ES8), from the crown pillar in contact
with water, most salts have already been washed
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Table 4. XRD Results

Halite

Gypsum Dolomite Alkali-feldspars- Mica Chlorite Calcium Silicate

Quartz

Calcite

Sample

Hydrate (CSH)

plagioclase

+ o+ + +

+
+ +

+
+ +

+ 4+ +
+ o+ o+ o+
+
4+ +
+ 4+ +
4+ +
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+ + + +, very abundant; + + +, abundant; + +, present; + , small amount.

Note:

away. The washed-out samples (E3 and E6B) contain
low quantities of sulphate. The low K*, Na* and C1~
contents may, most probably, be attributed to the
detachment of marble granules along with salt crys-
tals, seen in other cases of marine spray corrosion
(Moropoulou et al., 1994a, b), as well.

The relationship between the ions in the leachate
samples is considered by use of the correlation coeffi-
cient. This coefficient may be viewed as providing
a measure of the mutuality of the relationship between
two variables, notwithstanding they influence each
other or are influenced by any other variables. The
correlation coefficient reaches 1 if the variables are
correlated. The correlation matrix of the concentra-
tions of the ions is presented in Table 2b. Ca®* and
SO3~ are highly correlated. Na*, K* and NOj
are interrelated. C1~ is only slightly related to the
Mg?* content. Only 1/3 of Cl~ originates from
marine spray, while 2/3 originates from anthropo-
genic provenance.

From the EDXRF results (Table 3), it is clear that
all samples contain much Si, Ca, S, Fe, Cl and K. It
could be supposed that most of the Si and Fe is due to
the cement production in the neighbourhood of the
temple. The samples from the Great Propylea (A1, A2)
contain a large amount of Si, but lower Fe concentra-
tions than the crust samples E1 and E4. In the sample
from the wall facing the sea (B1), almost only Ca has
been found. The black crusts (E1 and E4) are enriched
in Ca, S, Si, Fe and K. The high concentration of S can
be explained as gypsum. The dust from the front (E7)
contains almost pure gypsum (20% S and 15% Ca);
Fe (1%) and Si (16%) are present as well; more Ti,
possibly due to the cement industry, has been found in
this sample in comparison with the other samples as
well as Cl, most probably due to marine spray. The
dust sample E8, as well as the cementitious crust
(sample E9), are enriched in Fe, Ti (due to industry)
and Pb. The washed-out sample from the pit (E6)
contains much Ca and Fe.

It might be assumed that the analytical results of
IC, AAS, AES and EDXRF alone are not sufficient to
classify and interpret the crust growth mechanisms.
However, they do provide some valuable information
about the origin of the crusts, which have to be further
correlated quantitatively.

The XRD results (Table 4) provide more informa-
tion on the crystalline components. The black—grey
crust (E1) contains calcite, quartz, gypsum and halite
(Table 2). The loose deposits (E4) consist almost en-
tirely of gypsum. The washed-out E2 sample is com-
posed exclusively of calcite, quartz, feldspars, gypsum
and mica, while E6 is differentiated by the presence of
halite. The cementitious crust (E9) presents cementi-
tious CSH phases (ie. calcium silicate hydrates,
C = calcium-oxide, S =silicate, H = water, e.g.
3Ca0-2Si0, - 3H,0). The dust deposits are differen-
tiated. Gypsum is present in E7, and cementitious
CSH phases in E8. Moreover, E7 contains more dol-
omite than calcite which is mainly present in ES.
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Fig. 3. Washed-out zones (sample E2: SEM micrographs (a-b-e-g); EPMA depth profiles (c-d); EDX
spectra (f-h)). Intercrystalline decohesion: calcite crystals covered by quartz and recrystallized calcite with
various particle formations of Cu, Fe, Si, Al, Mg, Na, Ni, K, Mn, Cr and Ti (a). Cu and Fe attain
a maximum, while considerable S and Cl contents are detected (c-d). Open micro-fractures (5-6 um) are
evidenced with sub-efflorescences of gypsum (b). Fe-enriched (e-f) particles and fly ash particles, containing

Al Si, Ca and Fe, have been found (g-h).
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The EPMA depth profile results and SEM-EDX
micrographs and spectra enable classification of
crusts and allow the formulation of hypotheses re-
garding growth mechanisms. On the basis of the de-
tailed examination of the crusts several general
comments can be made.

Washed-out surfaces (sample E2; Fig. 3)

Recrystallized calcite (Fig. 3a), observed at a depth
of 200 um (Fig. 3c), is more porous, as the lower Ca
content indicates. It is covered by quartz and various
particles containing Si, Fe, Al and Cu (Figs 3¢ and d).
Fe-rich particles (Figs 3e and f) are observed at the
interface between the recrystallized calcite and the
original surface, implying that penetration occurs in
depth. The latter explains the rusty-yellow colour of
the washed-out marble surfaces. Fly ash particles,
containing Al, Si, S, Ca and Fe, have been found (Figs
3g and h). Both particles (Figs 3e—g) can be classified
as originating from coal combustion in nearby power
plants (Sabbioni, 1995), because of their spherical
shape and smooth surface texture.

The marble surface presents advanced inter- and
intra-crystalline fracturing (Fig. 3a). Gypsum sub-
efflorescences are observed in the open micro-
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fractures (Fig. 3b) from the surface and down to
a depth of 300 um (Fig. 3c), where chloride salts
of K and Na also occur even down to 500 um. It has
been well known (Theoulakis and Moropoulou, 1988)
that the soluble salts are subjected to outward migra-
tion due to moisture travelling through the complex
pore and capillary system and finally to crystalliza-
tion near the surface during the evaporation cycle. As
a result, the distribution of soluble salts decreases
from the surface toward the inside of the rock.
Hence, the micro-fractures observed may be a conse-
quence of crystallization pressures (Moropoulou and
Theoulakis, 1991) which may cause selective fissuring,
especially where different porous systems wedge like
gypsum to calcite or at “necks” between macro and
micropores of the same system (calcite). This mecha-
nism could lead to detachment (granular disintegra-
tion and flaking), even up to cavitation and crater
formation.

Rusty-yellow crusts (samples Al and A2; Fig. 4)

At rusty-yellow surfaces, dissolution of calcite
takes place (Fig. 4a) up to a depth of 150 um, whereas
Si, Al, Fe, Ti, K are being deposited at the surface
(Fig. 4b).

Concentration (%)

200 300 400
depth In micrometer

o 100 500 600 700

depth in micrometer

Fig. 4. Rusty-yellow crusts (sample Al: EPMA depth profiles (a-b); sample A2: EPMA depth profiles (c-d)).
Dissolution of calcite (a-c) is taking place in the crust samples Al and A2, respectively, along with the
deposition of Si and Al, and impregnation with Fe and Ti (b-d).
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At grey-rusty surfaces (sample A2), where water-
rebound phenomena occur, an intercrystalline de-
tachment is shown due to impregnation of the calcitic
structures at a depth of 800 um, by the alternating Ca,
Si, Al peaks (Fig. 4c) followed by significant Ti, Fe,
Mg and S deposits (Fig. 4d). Sample Al, the rusty-
yellow crust (Fig. 4a), contains more Fe than the grey-
rusty crust (Fig. 4c).

According to Skoulikidis and Papakonstantinou-
Ziotis (1981), the Fe content of Pentelic marble is
very low, but dissolution of calcite from the surface
by rain water, CO, and SO, enables the Fe-
compounds to become enriched and oxidized on the
surface, giving it a golden patina. However, the Fe-
content depth profile (Fig. 4a) clearly indicates Fe
attack on the Pentelic marble sample A1 at the outer
surface, declining almost to zero within 100-150 pum,
where calcite dissolution takes place. Moreover, Fe-
rich particles have been isolated and studied on the
marble surfaces (Van Grieken and Torfs, 1994). The
Fe-content at the crust surface is similar to the Fe-
content in atmospheric particulate matter in the
Eleusis area (Abazoglou et al, 1990a, b), which is
considerably higher than for the centre of Athens
(Valaora, 1986).

Fassina et al. (1994) suggest that oxalate formation
is responsible for the rusty-yellow patinas. However,
no oxalates were identified by IR-spectrometry (Mo-
ropoulou et al., 1994a, b).

Black—grey crust sections (sample E1; Fig. 5)

A matrix, rich in Ca of secondary recrystallized
calcite (Fig. 5a), is shields amorphous deposit forma-
tion (Fig. 5b) rich in S-compounds and gypsum (Table
2: the SO2 " -content is 40%), whereas Si is abundant,
but less than S (Fig. 5¢). Quartz feldspars and Fe-
oxide crystals (Fig. 5f) are also observed, along with
organic particles (Figs 5g and h) enriched in S, Cl and
Ca. The crust (50-180 um in depth) is firmly attached
to the open micro-fractures of the surface (50 um). On
the external surface, salt crystals are embedded in the
crust (Figs 5c and d).

Gypsum formation (samples E4 and E6; Fig. 6)

Loose deposits (sample E4). The observed black
and white areas (Fig. 6a) comprise gypsum (Fig. 6b)
and secondary calcite, respectively. Wherever water
contacts the marble surfaces, recrystallized calcite
is formed. Conversely, where no such contacts are
observed, loose deposits are found with gypsum,
mainly comprising the black crust of 500 yum depth
(Fig. 6d). A stratification of two layers is observed
(Fig. 6¢): in the first layer (100 um), calcite, quartz,
gypsum and feldspars are present along with spherical
Fe-rich particles while in the second (400 um), gypsum
interconnected with quartz, Fe-rich spheres and Fe-
oxides are mainly observed.

Grey—yellow edge of the pits formed by the cementi-
tious encrustations (sample E6). The Si concentra-
tions are almost the same for sample E6 (Fig. 6f) and

E4 but the S and Fe concentrations are lower for
sample E6 (Fig. 6g).

Surface encrustations (samples E5 and E9; Fig. 7)

Amorphous formations (sample E5, Fig. 7a) rich in
Ca, Si, Al, Ti and Fe, coating secondary calcite, occur
on external surfaces, while Cl (3.5%) is traced. Sample
E5 is considered as cementitious crust on marble,
while sample E9 is cementitious crust on limestone.
The cementitious encrustations of 250-300 um thick-
ness (sample E5) and 2 mm (sample E9) are enriched
in Ca, S, Si, Al and Fe, while, gypsum crystals (Fig. 7b)
are also observed.

The Ca-content varies a lot and Si is present in the
whole sample E9, on places where the Ca-concentra-
tion is lower (Figs 7c and d). High S-peaks have been
observed near the surface. Si and Fe are enriched in
both cementitious encrustations, S is more abundant
in the crust on marble. Fly ash particles, containing Si,
Ca and Fe (Figs 7e¢ and f), originating from coal
combustion, are observed.

The XRD results (Table 4) give evidence to the high
calcitic content of the surface encrustations, while
lower percentages of gypsum, quartz, alkali-feldspars
and plagioclase, mica, chlorite and cementitious
(CSH) phases are also present. As the C,S (e.g. C3S
(= 3Ca0-Si0,), C,S, etc.) compounds, especially the
amorphous ones, tend to react with water, changing
their water content and structure, they absorb the
acid rain binding SO; .

The FT-LMMS results of sample E9 (Figs 7g and h)
show Ca and K as the most abundant cations; in the
spectrum of the negative ions, mass peaks related the
phosphate and sulphate, and clusters of C could be
seen very clearly. No oxalate has been found in this
sample.

CONCLUSIONS

For a given substrate, and specifically for white
(Pentelic) marble, the influence of the heavily polluted
atmosphere in the marine environment varies, result-
ing in several interconnected weathering patterns,
mainly in the form of crusts, according to both extrin-
sic (microenvironment) and intrinsic (micro-structure,
composition, texture) factors.

The various material-environment interactions
taking place are characterized by:

— rusty-yellow patinas on washed-out areas,

— firmly attached black—grey crusts where the marble
surface is in contact with water,

— black loose deposits and gypsum in rain-water-
sheltered areas and

— cementitious crusts coating and pitting horizontal
surfaces.

Analyses of dust and deposits give indications of the
origin of the various crust formations. In particular,
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spectrum (h)). A calcitic microcrystalline matrix (a) shields carbonaceous particles (b-d) and amorphous
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Fig. 6. Gypsum formation (sample E4: SEM micrographs (a-b-c); EPMA depth profiles (d-e); sample E6:

EPMA depth profiles (f-g)). Loose deposits (sample E4) (a): secondary calcite is observed at white areas in

contact with water and crystals of gypsum at the (water sheltered) dark ones (b). Stratification of the crust in

two layers (100 and 400 um) (c) is evidenced by the different porosity. Grey—yellow crust (sample E6) at the

edge of the pit formed by the cementitious encrustation: gypsum crystals are formed on a swallow pit of

main elements—Ca, S, Si, Fe—show more or less the same evolution, for the samples E4, E6 respectively,
the Cl being more important at sample E6.
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Fig. 8. Continued (caption on previous page).

cement industry deposits could be related to the
surface encrustations, particles rich in Fe to the rusty-
yellow patinas of the washed-out surfaces, the high
S-content of suspended particles and high SO,

concentrations lead to the gypsum formation, black
loose deposits and the black-grey crusts, where recrys-
tallized calcite shields amorphous deposit impurities
rich in S and Si compounds.
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Embedded salt crystals indicate a marine source for
some of the salts contributing to damage of the stone
surface. The processes that take place during the cre-
ation of the crusts are represented in the schemes,
shown in Fig. 8. Thus, the alteration of the micro-
porosity is confirmed as well as the alteration in the
chemical composition.
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