3. CHAPTER 3 - RESULTS AND DISCUSSIONS

3.1. FIELD EXPOSURE TESTS OF STONE SAMPLES

3.1.1. MINERALOGICAL-PETROGRAPHIC CHARACTERISATION OF STONE SAMPLES

3.1.1.1. Visual assessment and Observation of thin sections by Polarized Light Microscopy (PLM)
Carrara Marble

Macroscopic Observation

Marble selected for this study is white Carrara Marble, commercially classified as “Marmo Bianco Carrara
C/D (White Carrara Marble C/D)” (Primavori, 2015) (Figure 3.1). It was extracted from the Massa Carrara
area, located in the western Apuan Alps. This medium-fine grained metamorphic stone ranges from pearly
white to light grey in colour but the variety C/D stands out from C for the not perfectly white groundmass.
Many thin dark grey veins and grey patches up to centimetre size are observable with naked eyes all over the
stone surface. This dark veins with a predominant sub parallel orientation along with small graphite crystals
of nanometre dimension testify the bio-constructed origin of protolite. The material is compact and no
surface pores are detectable. Hoverer, it is known that the degradation produces a decohesion of the granules
and thus a secondary porosity can occur.

Figure 3. 1 Slab of Carrara Marble

Observation of thin sections by Polarized Light Microscopy
This lithotype is characterised by an granoblastic texture with polygonal crystals of average size of 300 um,
without preferential crystallographic orientation (isotropic matrix) crossed by anisotropic thick white and
less abundant thin black veins. The crystals of white and black veins are mainly hypidioblastic and to a lesser
extent idioblastic, with linear or rounded edges. Carbonate (calcite and rare dolomite) dimension range is
between 40 um and 700 um while the dimension of quartz, muscovite, opaque minerals (magnetite and
pyrite) are often < 40 um (Figure 3.2).
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The main mineral of the stone is the calcite, colourless in plane ggaldight (PPL) and characterised by
high birefringence and rhombohedral cleavage. Fluid inclusions are observable in stiteecoaltalsat
reflected light (Figure 3.B, C). Moreover, carbon crystallised as graphite is visible as dark areas between

grains both in plane and crossed polarised light. This can suggest that tH#éhpvee a bituminous
limestone.

e ¥l

W

« ¥l * i
L o0 5. =3 t“i . 300 micron Ny
V . R Fe, el - z A "",.
s e T %0 @ o R
©) D)

Figure 3.2 Micrographs (OM) of thin section of Carrara Marble before exposure ih () and CPL (B). C and D shows
the presence of fluid inclusions along calcite crystals in white veins (PPL).

Grey patches and veins are recognised by optical microscopy as turbid datk &ee@smitted light while it
is possible to recognise their xenoblastic calcite crystals only with reflecte@Highte 3.3).
Several opaque minerals, often xenoblastic but sometimes also with splerigalygonal habit, are

observable mainly in or along the edge of veins/patches (Figure 3.3). In reflebtedanligny of these are
white and luminescent in PPL and dark in CPL, likely identified as pyrite.
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Figure 3.3 Grey patch (on the right) observed by optical microscopy in tratezh(if, B) and reflected light (C, D) (PPL
in A and C while CPL in B and D). Opaque minerals are visible along the efdgeinsas luminescent in PPIC) while
opaque dark grey in CPL (D).

Rosso Ammonitico Veronese

Macroscopic observation
Limestone selected for this research is a Rosso Ammonitico Veronese extragiedalpolicella area, in
the venetian Prealps close to Verona (Bosellini et al., 1967). Regarding the ctahwiassification, this
lithotype is a sedimentary rock identified as Verona Red Marble (as leerealied) and in particular as
31 HPEUR HV WIRaQnMdpresents the lostestratigraphic unit of the Rosso Ammonitico Veronese
Formation deposited in the Middle-Upper Jurassic (170-140 million years ago).
This lithotype is a nodular rose limestone, more reddish in some areas whilgreyast-greenish in others
(Figure 3.4). Many discontinuities between nodules are visible as veins andcsjyinis of mainly red but
also greenish and white colour. Some orange-yellow patches are observable all over the surfateridhe m
appears in general compact and no surface macropores are detectable while a surface iogiseessd
also due to the presence of micro and meso pores.
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Figure 3.4 Slabs of Verona Red Marble more pinkish and with red veins (A aaitlideC) and lighter in
colour with the presence of greenish-grey veins in addition tomed (B and detail in D).

A high macroporosity is also conferred by the numerous veins and the stylolite peakgresence of
insoluble minerals, such as oxides and hydroxides, clay minerals and sulphidesheitbiglolite peaks
makes the Verona Red Marble less permeable despite the presence of very large planar dissontinuit

Observation of thin sections by Polarized Light Microscopy
Thin section analysis shows that the analysed lithotype is a pseudo-nodularibimhmestone (Figure 3.5
A). Optical microscopy allows to identify a carbonate mud (micrite) thatao@nimicrofossils such as
fragments of thin pelagic bivalves shells, crinoids, ostracods, radiolariansoarel primitive planktonic
foraminifera (probablyConoglobigerinasp) (Figure 3.5 BE). Moreover, it was observed that fragments of
thin lamellibranches prevail in some areas. Considering the texture, it idiexdbas wackestone (Duhman,
1962.
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300 micron

Figure 3.5 Optical micrographs of Rosso Ammonitico Veronese (A, B, D plane-polarisedriC, E cross-polarised
light). A) General overview of the limestone. B-E) examples of fragmdataadfibranches shells, crinoids, ostracods,
radiolarians and some primitive planktonic foraminifera detected in the mioniti@.

Both stylolitic joins and sparry-calcite veins are observable (Figure 3.6 A-®gnRtallisation of well-
formed rhomb-shaped crystals are abundant along stylolitic joints but they areablEsafso in the matrix
(Figure 3.6 C-F). Nevertheless, further analyses are necessary to discriminataittheystals of dolomite
or sparry calcite. Moreover, brownish-red veins observed in stylolitic joingestthe presence of oxides or
hydroxides of Fe or Mg.
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Figure 3.6 Optical micrographs of Rosso Ammonitico Veronese (A,G5 plane-polarised light and B, D,, IH cross-
polarised light). A-D) brownish-red stylolitic joints, along which crystallisataf dolomite is sometimes observable (C-D).
Euhedral to subeuhedral zoned dolomite crystals present in veins (B-&sbun the matrix.
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3.1.1.2. X-Ray Powder Diffraction (XRPD)

The XRD patterns of Carrara Marble and Verona Red Marble samples are shown in Fighi2 B7
Carrara Marble sample (Figure 3.7), the highest-intensity diffractions acatindi of calcited 104 x X c
JCPDS: 01-072-1652), dolomitd (o4x x A, JCPDS: 01-071-1662) and quartze{; x x A, JCPDS:
01-079-1914). Further information about the diffraction data are reported in Annex 1.
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Figure 3.7 Diffractogram of Carrara Marble sample.

Two samples of Verona Red Marble were assessed: one characterised by more greyigNBEbuand

one with more reddish colour (NBE2). The highest-intensity peaks of both sampladieativie of calcite

(d 104x X% c -&3-02-1652); in NBE2 sample the presence of dolomite was also detected (
1ws* x A, JCPDS: 01-074-1687) (Figure 3.8, 3.9). Moreover, powders diffraction patterns of both samples
show a small peak (d= 3.16 A) that probably refers to hydrated magnesium carboraténformation

about powders diffraction data are reported in Annex 1.
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Figure 3.9 Diffractogram of NBE2 sample.
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3.1.1.3. X-Ray Fluorescence SpectroscoliRF)

X-Ray fluorescence was performed on marble and limestone samples for a comprehemsalegical and
chemical characterisation of the lithotypes exposed.

Table 3.1 shows results of major and trace elements detected on 3 samples of NGaverg CBE_1,
CBE_2 and CBE_3) and 6 of Verona Red Marble (sample with more greyish coldai: BNBE1_2 and
NBE1_3; more reddish sample: NBE2_1, NBE2_2 and NBE2_3).

Results proved that Carrara Marble is mainly composed by CaO followed bya&iOMgO (Table 3.1).
These outputs confirm the presence of calcite (CaO), dolomite (CaO and MgO) azd(§i@) already
detected by XRPD. Moreover, small quantity of Sr (mean: 136.13 ppm) and S (mean: 44.20eppitedpr
among other trace elements.

Concentrating upon limestone, the highest value was of CaO followed by gD (mainly in more
reddish sample - NBE2), AD; and FgOs;. CaO and MgO prove the presence of calcium and magnesium
carbonate previously identified by XRPD (subchapter 3.1.1.2) while the deteotedtpges of Sig) Al,O3
and FgO; suggest the possible presence of small quantity of kaolinite. Among tracentdei@r (mean:
98.53 ppm) showed the highest value.
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LITHOTYPE

CARRARA MARBLE

VERONA RED MARBLE

SAMPLE CBE1 1 CBE1l 2 CBE1 3| NBE1 1 NBE1l 2 NBE1 3 NBE2 1 NBE2 2 NBE2 3
SO, 2.93 2.90 2.86 3.85 3.84 3.88 3.79 3.84 3.89
TiO, 0.00 0.00 0.00 0.02 0.02 0.02 0.02 0.02 0.02
AL,O; 0.47 0.46 0.45 0.74 0.74 0.75 0.73 0.73 0.73
Fe0, 0.49 0.49 0.48 0.59 0.59 0.59 0.68 0.67 0.68
MnO 0.00 0.00 0.00 0.04 0.04 0.04 0.04 0.04 0.04
MgO 1.59 1.57 1.58 0.39 0.39 0.39 1.36 1.43 1.41
caO 5293 5296 5272| 5155 5164 51.86 5024 5059  50.28
Na,O 0.05 0.05 0.05 0.04 0.04 0.05 0.05 0.05 0.05
K,O 0.00 0.00 0.00 0.22 0.22 0.23 0.19 0.19 0.18
P,0s 0.01 0.01 0.01 0.04 0.04 0.04 0.05 0.05 0.05
Lol 4152 4156  41.84| 4251 4242 4214  42.87 4239 4265
Totale 99.99 10000  99.99| 99.99  99.98  99.99 100.02 100.00  99.98
Anhyd. 5847 5844  5815| 5748 5756 57.85 5715 5761  57.33
Ba 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Ce 3.10 8.10  14.30| 21.80 1940  17.90 21.30 2500  19.50
Co 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cu 8.10 1.60 0.70 7.90 7.00 6.00 8.80 7.80 8.70
Ga 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Hf 0.50 0.30 0.70 0.50 0.70 0.80 0.60 0.40 0.40
La 16.10 0.00  17.40| 4690 3060 4020  46.50 0.00  30.20
Nb 3.30 4.80 5.20 4.40 4.50 5.60 5.30 5.60 5.10
Nd 0.00 0.00 0.00 0.00 0.20 0.30 0.00 0.00 0.00
Ni 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Pb 1620  17.30 1270/ 1860 2050  18.60  16.80  16.70  18.40
Rb 1.30 1.70 1.20 3.80 4.10 4.10 3.50 3.40 3.90
S 0.00  57.80  74.80 0.00 0.00 0.00 0.00 0.00 0.00
Sc 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Sr 133.30 13840 136.70| 9140 9960  98.90  99.80 101.50  100.00
Th 0.50 0.40 1.00 1.60 1.00 1.20 2.70 0.00 4.00

7.20 6.80 7.40| 1370  11.70 890 1260 11.80  10.60
Y 1.80 2.40 1.30| 14.40 1430 1470 1070 1270 1050
Zn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
zr 0.00 0.00 0.00 2.70 3.90 3.90 1.40 3.30 4.50

Table3.1 Major (wt%) and trace (ppm) element analyses of Carrara Marble and V&edaviarble.
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3.1.1.4. Mercury Intrusion Porosimetry (MIP)

Considering the porosimetry analysis, both lithotypes are characteriselbWwyporosity and it is noticeable
slightly higher values of accessible porosity in Carrara Marble (bativdd % and 1.66 %) than in Verona
Red Marble (from 0.05 % to 0.34 %), as shown in Table 3.2.

AVERAGE | MEDIAN MODEL
LITHOTYPE | SAMPLE égggzi'i"'z 'F')\'OAF%SEI?\S('BLE PORE PORE PORE
DIAMETER | DIAMETER | DIAMETER
(%) (%) (Hm) (Hm) (Hm)
CBE_1 1.66 0.01 0.4742 0.9602 1.7450
CARRARA
MARBLE CBE_2 1.11 0.02 0.3131 0.4372 0.2434
CBE_3 1.46 0.00 0.5637 2.1501 10.2940
NBE1_1 0.09 0.02 0.3717 3.4557 5.0212
NBE1_2 0.08 0.02 0.7608 1.1967 0.8343
VERONA NBE1 3 0.05 0.03 1.2440 2.5267 2.8127
RED
MARBLE NBE2_ 1 0.13 0.00 0.2936 0.9128 0.4680
NBE2_2 0.34 0.03 0.0960 0.1462 0.0803
NBE2_3 0.13 0.02 0.4358 1.6754 8.5057

Table 3.2 Porosity and pore size diameter of the marble and limestone.

In Carrara Marble, most of pore diameter was included in a range of 0.1000-10.000@humeamn pore
diameter between 0.3131 pum and 0.5637 pm. Mean values exceeded threshold of micropores range (i.e.
diameter of 0.2 um) based on Cardell et al. (2003). However, some differences were detacia pore
diameter (Table 3.2) and pore size distributions among replicas (Figure 3.10). BifjQreshows a
multimodal distribution of pore size in sample CBE_1 (with most pores haviigneeter between 0.2661

pm and 4.2036 um), a unimodal distribution around 0.2661 um in sample CBE_2 and a Histodation

in CBE_3 (with the highest peak around 11.4673 um and a smaller one at 0.2661 um).
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A) B)

C)

Figure 310 Pore size distribution of Carrara Marble samples: multimodal for CBE_1 (A), uninfiod@BE_2 (B) and bimodal for
CBE_3 (C).

Porosimetry highlighted that Verona Red Marble samples were characterised bydepater included in

a range 0.0131-11.4673 um, values that are considered as micro- and mesoporisity by @adq20as).

Mean pore diameters of the three replicas were between 0.2936 um and 1.2440 um but differences have been
observed in modal pore diameter (Table 3.2) and in size distribution (Figure 3.His degard, all three
specimens of sample with more greyish appearance (NBE1) displayed a multimoitaitdistwvith at least

64 % of relative volume comprised in the range 1.0000-10.0000 pum while replicas oknuish iIspecimen

(NBE2) showed slighy higher concentration of pores with smaller dimension (20-67 % ofvehadlume

was between 0.1000 pm and 1.0000 pm). Figure 3.11 displays also a unimodal distobpibre size in

sample NBE2_1 (around 0.1611 pm) and NBE2_2 (around 0.0759 pm) and a multimodal distributipn mostl
concentrated in the range 1.0000-10.0000 pm in NBE2_3.
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A) B)

C) D)

E) F)

Figure 311 Pore size distribution of Verona Red Marble samples: multimodal for NBE1_1 (A)Y_ISBB), NBE1_3 (C), and
NBE2_3 (F ) and unimodal for NBE2_1 (D) and NBE2_2 (E).
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Porosity features supply useful information about decay of stone materials bigéausiglely recognised
that the higher the porosity of stones, the faster the degradation (Amoroso, 260@¢. tBtal porosity, also
pore size distribution affects deterioration phenomena of stone materiaisiff@g2014) declared that
physical effects (such as frost) are more likely to occur in materialaatbedsed by a pore radius below 0.1
pm while in pores with radius higher than 1 pm and contaminated by solublettsalfsysicochemical
effect that determines the equilibrium pressure for solutions may also @adensation at lower relative
humidity. Furthermore, Arnold and Zehnder (1991) observed a higher crystallizasalsoih pores with a
diameter in the range 1-10 um. As the considered lithotypes have low porosityréhagt particularly
vulnerable to decohesion linked to salt crystallization and freeze-thaw cycles.

Final remarks:

f Carrara Marble and Verona Red Marble are both compact stones, characterised by
accessible porosity (mean values respectively of 1.41 % and 0.13 %).

f As the considered lithotypes have low porosity, they are not particularly vula¢oadbdcohesion
linked to salt crystallization and freeze-thaw cycles.
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3.1.2.COLORIMETRIC ANALYSIS

Colorimetric analysis has been performed to understand how the appearance ofNGaivErand Verona
Red Marble was changed during the exposure period and depending on the different sites.
The analysis was carried out on (Table 3.3):

x samples before exposure. For this stage, the choice of specimens took into atbmsidee
representativeness of stone as well as the aesthetic homogeneity of samples;
X selected specimens after 6, 12, 18 and 24 months of their location outdoor.

A portable spectrophotometer (subchapter 2.1.2) allowed to measure in situ vdliramosity (L*), red-

green component (a*) and blyelow component (b*). The results were compared in order to verify the
WRWDO FRORXU FKDQJH a4( RFFXUUHG DW GLIIHUHQW WLPH RI HJ
The colorimetric data were acquired including and excluding the specular compbtight (respectively

SCI and SCE). As previously said (subchapter 2.1.2VvDPSOHYV VXUIDFH IHDWXUHYV
wavelengths of light reflect off that object and thus affect its appearance lay huigiht. Therefore, | decide

to display the results including both specular and diffused reflected light, m&da@ngunaffected by any

surface conditions.

It is noteworthy that the values reported below are the averages of measuresoaoied different points

of the sample, repeated five times.

79



SITE

SAMPLE

BEFORE
EXPOSURE

AFTER 6
MONTHS OF
EXPOSURE

AFTER 12
MONTHS OF
EXPOSURE

AFTER 18
MONTHS OF
EXPOSURE

AFTER 24
MONTHS OF
EXPOSURE

BOLOGNA

BCH1
BCH9
BCO1
BCO9
BCV1
BCV9

<

<

1 < < 1

<

FERRARA

PTCH1
PTCH17
PTCH18
PTCO1
PTCO3
PTCO18
PTCV1
PTNH1
PTNH6
PTNH9
PTNH12
PTNH14
PTNH16
PTNH18
PTNH21
PTNO1
PTNO3
PTNOG6
PTNOS8
PTNO10
PTNO15
PTNO18
PTNO22
PTNV1
PTNV13

I <K< <K<K<K<K KL

< <.

1 < < 1

<< << <K<

<

<<,

FLORENCE

SMCH7
SMCH9
SMCH10
SMCH12
SMCH16
SMCO3
SMCO9
SMCO10
SMCO18
SMCV5
SMCV9
SMCV10
SMCV15

KKK <LK<LK<LK<LK<LK<LK<LKKLIK<LKKLK<LK<LKK<LKKLK<LK<LKK<LKKLK<LKKLKKLK (LK (KKK

<

Table 3.3 Specimens, subdivided in different sites and times of meas@&nh H[DPLQHG ZLWK FRORULPHWULF DQ

PHDQV WKDW WKH DQDO\VLVY ZDV QRW FDUULHG RXW RQ WKH VDPSOH
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Before exposure

Average colour parameters of Carrara Marble were measured on the selected specimendispidyad in

Table 3.4.

Considering Verona Red Marble, the significant heterogeneity of this stenmére reddish appearance of

some samples, the presence of yellow stains as well as of greenish ones in others) forced me to selected more
reddish and aesthetically homogeneous samples (PTNH1, PTNH18, PTNO1, PTNO18, RY B&kpge

the colorimetric parameters reported in Table 3.4. Considering the CIELAB cpace (subchapter 2.1.2),

it is clearly understandable that Carrara Marble has a light coloue Whilona Red Marble displays lower
lightness and a hue that results from a combination of red and yellow components.

L* ax* b*

Carrara Marble 89.60| -0.46| 0.14

Verona Red Marbld 67.29| 7.27| 16.65

Table 3.4 Average colorimetric parameters of
samples of Carrara Marble and Verona Red
Marble measured before their exposure.

BOLOGNA

Colorimetric data measured on surface of samples exposed in Bologna at different eexiposuare
reported in Table A2.1 (Annex 2).

After 6 months of exposure

After 6 months of exposure, colorimetric analysis was carried out on sample horizontally exposed.

Considering the mean value of measurements performed in 5 different points, the eexggoSarrara

Marble to the environmenDHG WR D GHFUHDYVH5RI A 10)kawd @Ha\ghght variation of b*
SDUDPHWHU WRZDUGYVY PRUH SRVLWLYH YDOXH UDPHWHKKUWOH D C
0.42 £ 0.04) (Figure 3.12). The variation of total colour reaches an average value of 5.65 + 0.93.

15.00
10.00

5.00

0.00 .

aL* ta* tb* OE*

-5.00 -

-10.00

-15.00-

Figure 3.12 Mean variation of the colorimetric CIE L*a*b* parameters and of total colou
DSSHDUDQFH ¢ Rl &DUUDUD ODUEOH VDPGDHRWKRWPRRYWD OO\ H[SR
compared to samples before exposure. Grey bars indicate the relatidastaleviation.
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After 12 months of exposure
After 12 months from the start of exposure, colorimetric analysis was pedoom samples placed Wit
different orientation. Those horizontally and obliguekposed show the highest and similar change of total

FRORXU

“( : DQG “( ¢ UHVSHFWLYHIOD LU® BXFH/G

towards negative values (-5.69 + 1.42 and -5.95 * 1.72) and more positive measures of b*teqdr@Ria
0.78 and 3.78 + 0.70) (Figure 3.13). On the contrary, colorimetric parameters of seenfibedy exposed

UHPDLQ

DOPRVW XQFKDQJHG “( :

15.00
10.00

5.00

0.00 -

-5.00

-10.00

-15.00 -
aLx ta* tb* UE*

mH mQ mvV

Figure 313 Mean variation of the colorimetric CIE L*a*b* parameters and of total colo

DSSHDUDQFH ¢ RI &DUUDUD ODUEOH VDP@WKV HRPBOVHG GQ %RORJIQ
to samples before exposure. Blue columns refer to samples horizontally, pexege ones

to those exposed obliquely and green ones to specimens platieallyeGrey bars indicate

the relative standard deviation.

After 18 months of exposure

At the end of 18 months of exposure, lightness and b* parameter are the coloriragables mainly
modified (Figure 3.14). In particular, horizontal, oblique and vertical sanyoldsrwent a decrease of L*
parameter compared to the initial value (-3.82 + 1.18, -4.27 = 1.15 and -2.66 + 3.16, respestiwely)as

a shift of b* toward positive values for samples horizontally and obligeghpsed (2.31 = 0.38 and 2.73
0.14) while toward lightly negative values for vertical sample (-0.07 £ 0.11)h&®wdntrary, almost no
change affected a* parameter, which never exceeded 1.00. However, the total colour cladirgpgfles
remains below 5.16.
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-5.00
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Figure 3.14 Mean variation of the colorimetric CIE L*a*b* parameters and of total colo

DSSHDUDQFH ¢ Rl &DUUDUD ODUEOH VDP@WHKV HRPBOVDHEH GEQ %RORJIQ
to samples before exposure. Blue columns refer to samples horizontally, pexege ones

to those exposed obliquely and green ones to specimens placedllyefdoay bars indicate

the relative standard deviation.

After 24 months of exposure

Horizontal and obligue samples exposed for 24 months underwent a similar varfatitad colour (7.90 +
4.85 and 8.63 * 2.11, respectively) while the colour of vertical specimen remained much rarécstirat
of stone before exposure (0.71 £ 0.11) (Figure 3.15). In particular, horizontal anqdeosfiecimens were
subjected to a decrease of L* parameter (-6.17 £ 4.66 and -7.43 £ 2.10, respectivelypaatioa of b*
toward positive values (4.70 £ 1.92 and 4.30 = 0.70, respectively) compared to thevatit@lwhile
changes of a* parameter were negligible.

15.00+
10.00

5.00 A

0.00 -

-5.00

-10.00

-15.00 -
aL* ta* tb* E*

mH mQ mv

Figure 3. 15 Mean variation of the colorimetric CIE L*a*b* parameters and of totdboo

DSSHDUDQFH G0( RI &DUUDUD ODUEOH VDP@WKYV HRPEBOHEEQ %ROJIJRQ
to samples before exposure. Blue columns refer to samples horizontally, pesege ones

to those exposed obliquely and green ones to specimens placedlyeogy bars indicate

the relative standard deviation.
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Comparison

Taking into consideration the variation of each colorimetric parameter dugrapthplete exposure time, it

appears that in general terms horizontal and oblique samples underwent the highestrahémaethe main

colour coordinates subjected to variation were L* and b* (Figure.3.16

%RWK KRUL]JRQWDO DQG REOLTXH VDPSOHV XQGHUZIQQWH  SVHLFRN. QNI
initial value before exposure, with a general increasing trend over titni® {.43) (Figure 3.16). Change

of L* was much more controlled in vertical samples (till to -2.66) and it was tbmegative values after 12

DQG PRQWKYV ZKLOH D VOLJKW VKLIW WRZDUG ZKLWHQLQJ "/ !
'XULQJ WKH H[SRVXUH SHULRG D FRRUGLQ DaMdithe hfréallvgriationsD O PRV
were towards positive values (Figure 3.6 0RUHRYHU D VKLIW WRZDUG \HOORZ FI
recorded in horizontal and oblique samples with a general increasing trendhev¢till to 4.70 and 4.30,
respectively), with exception of samples exposed for 18 months that underwent aletigdetse. On the
contrary, the variation of b* parameter of vertical samples is nearly impdaeepti all the period
(remaining below 1.00) (Figure 3.16).

Considering the contribution of all colorimetric parameters, total coloumticar was higher and in general
increasing over time in horizontal and oblique samples reaching values till to 7.90 and 8.63, edgpectiv

/ "D
2.00 4 2.00
0.00 1
-2.00 - l . !.
-4.00 -
1.00 -
-6.00 -
-8.00 -
-10.00
-12.00- 0.00 -
T6-TO T12-TO T18-TO T24-T0 T6-TO T12-TO T18-TO T24-TO
BEH QO BV BH mO BV
“E . (
7.00 4 14.00
6.00 - 12.00
5.00 4 10.00
4.00 - 8.00
3.00 4 6.00 -
2.00 4 4.00 -
1.00 2.00
0.00 1 0.00
-1.00 - -2.00 -
T6-TO T12-TO T18-TO T24-T0 T6-TO T12-TO T18-TO T24-TO
EH EQO WV EH mQ my

Figure 3.16 Mean variation of tH FRORULPHWULF &,( / D E SDUDPHWHUV DQ G IRIJWDIRW DOD® FROH
specimens after various time of exposure in Bologna. Blue, oranggraad columns refer respectively to samples horizontally,
obliquely and vertically placed. Grey bars indicate the relative standaviation.
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FERRARA
CARRARA MARBLE

Colorimetric data measured on surface of marble specimens exposed in Ferrara at different exposure time are
reported in Table A2.2 (Annex 2).

After 6 months of exposure

At the end of the first 6 months of exposure, colorimetric analysis carried out cortiakigpecimens shows

D VLIQLILFDQW YDULDWLRQ RI WRWD €&*f RBRXIBNUHVSHFWHG WR EH
In particular, these changes are mainly due to the varig@dn OLJKWQHVYV IROORZHG E\ E
shifted toward negative value (- * DQG "E WRZDUG WKH \HOORZ FRFSRQHQV
The variation of a* parameter, toward positive value, remained below 1 unit (0.65+0.09).

25.00
20.00
15.00

10.00- .
5.00 -

-5.00
-10.00
-15.00
-20.00
-25.00 -

aL* ta* tb* OE*

Figure 3.17 Mean variation of the colorimetric CIE L*a*b* parameters and of totaloco
DSSHDUDQFH a¢( Rl &DUUDUD ODUEOH VDPPOHWKRPRTRQRWD OO\ H[SR)\
compared to samples before exposure. Grey bars indicate the relatideustaleviation.

After 12 months of exposure

The exposure of samples for 1 year induced a variation of total colour higheizontalrsamples than in
obligue and vertical specimens (i.e., 13.60 £ 1.87, 2.44 + 1.21 and 1.28 + 0.31) (Figure 3.18).aHgrizont
and obliquely exposed samples underwent a shift toward darkening (-12.07 + 1.94 and -1.57 + 1.42)
respected to the initial values while a light increase of lightness was detectstical sample (1.26 = 0.32).
Furthermore, blue-yellow component was modified towards positive valuesseingliles (6.17 + 0.50, 1.65

“ DQG “ Z KL CeH vérp low (8.eHD+ Q08, 0.38 + 0.02 and 0.15 + 0.02 for
horizontal, oblique and vertical samples) (Figure 8.18
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Figure 3.18 Mean variation of the colorimetric CIE L*a*b* parameters and of totaloco

DSSHDUDQFH G Rl &DUUDUD ODUEOH VDRSQOMHW HBRYBGHGQWRUUDUD
samples before exposure. Blue, orange and green columns referctiesdgeto samples

horizontally, obliquely and vertically placed. Grey bars indicate thetiredastandard deviation.

After 18 months of exposure

After 18 months of exposure, the variation of total colour become more evidentizontalr and also in
obliqgue samples (19.35 + 3.11 and 12.39 + 0.89) while it remains almost unchangeitah sgetimen
(1.26 £ 0.32) (Figure 3.19). Figure 3.19 shows also considerable shift towards negaggeovadl* (-17.63

+ 3.22 and -10.71 + 0.95) and towards positive ones of b* (7.84 + 0.49 and 6.15 + 0.16)zfortaloaind
obligue samples respected to values before exposure. On the contrary, the exposure ougltioalof v
sample did not change its colour coordinates that remained below 1.00.
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Figure 3.19 Mean variation of the colorimetric CIE L*a*b* parameters and of total colou
DSSHDUDQFH ¢ Rl &DUUDUD ODUEOH VDPSCHRWPSDIRGHE R Q )HUUDUD

samples before exposure. Blue, orange and green columns refer respetdivsamples
horizontally, obliquely and vertically placed. Grey bars indicate thetinedastandard deviation.
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After 24 months of exposure

After 24 months of exposure, higher total colour variation was observéaifiaontal and oblique samples

(20.78 = 1.46 and 15.28 + 2.59, respectively) while vertical sample maintained a colour mediniiar

to that belonged to stone before exposure (1.05 + 0.33) (Figure 3.20). Figure 3.2G dilulahat higher

change of colorimetric parameters pertained L* and b* and affected mainly horizodtabbdique
VSHFLPHQV ,Q SDUWLFXODU KRULJRQWDO DQGQRIFOLTXKHB8BDPSOHYV
+ 1.53 and -13.32 £ 2.75, respectively) as well as a shift of b* toward moreeesiues (i.e. 9.19 + 0.28

and 7.32 £ 0.37).

25.00
20.00 A
15.00
10.00
5.00 -

aL* da* b* E*

EH WO BV

Figure 3.20 Mean variation of the colorimetric CIE L*a*b* parameters and of tatalour

DSSHDUDQFH a¢( Rl &DUuUDUD ODUEOH VDPSOHVUHGRVRG LQ )HUUDUD
samples before exposure. Blue, orange and green columns refectresly to samples

horizontally, obliquely and vertically placed. Grey bars indicate thkatike standard

deviation.

Comparison

The comparison of colour variation of Carrara Marble samples exposed iraHespected to their features

before H[SRVXUH VKRZV WKDW KRUL]JRQWDO VSHFLPHWKHZHUSRVXHEM HA
(10.88, 13.60, 19.35 and 20.78, respectively), with an increasing value over time (Figuré@.2bjique
VDPSOHV “( UHPDLQHG O RiZest&iXdl &Qabu RH4M¥hiFeRt@éw \diking the next 6

and 12 months (12.39 and 15.28). On the contrary total colour change remained constant in vepteal sam

for all the period (1.28, 1.26 and 1.05).

As already reported, L* parameter, followed by b*, underwent the highest changes dusimkhstudied

WLPH LQ UHVSHFW WR WKH LQLWLDO FRO®RW P BWWLLFG XD O XIHYF BH
towards negative values is detectable on horizontal samples during the exposogle neadhing its
PD[LPXP YDOXH DIWHU P R Q W KA8.5) wHi[eSdRIMuelspecirhentd display always a
FKDQJH WRZDUGY EODFNHQLQJ 7/ EXW O RREHBAmM@Eand-rozV W D Q\
evident after 18 and 24 months (-10.71 and -13.32). On the contrary, vertical samplegninédestable
VKLIW WRZDUG ZKLWH 7/ ! E 200y all &vBrHHe EdthSdaredepertdd. B ElIriRiIXr@r&hd

LY DOVR GLVFHUQLEOH FRPSDULQJ "E RI1 DOvalug(ghit tohamd Sedddy EXW |
the change of b* is higher and continuous in horizontal samples (from 4.82 to 8ct®3sing over time in

oblique samples (from 1.65 to 7.32) and very few over time in vertical samplesqdielayv 1.00) (Figure

87



3.21). Variation of a* results very small (always below 1.55) and always towardsvepogalues
independently from time of analysis and orientation of the samples.

/ "D
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-10.00 1.00 -
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T6-TO T12T0 T18T0 T24T0 T6-TO T12T0 T18T0 T24T0
BEH BEQ BV EH mQ my
£ “(
10.00+ 25.00+
8.00 1 20.001
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15.001
4.00
10.001
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0.00 - 5.001
-2.00- 0.00 -
T6-TO T12-T0 T18T0 T24T0 T6-TO T12-70 T18T0 T24T0
EH O BV EH EQO mYV

Figure 3.21 Mean variation of the colorimetric CIE L*a*b* parametUV DQG RI WRWDO FRORXU DSSHDUDQFH
specimens after various time of exposure in Ferrara. Blue, orange aed godumns refer respectively to samples horizontally,
obliquely and vertically placed. Grey bars indicate the relative standeviéhtion.

VERONA RED MARBLE

Results of colorimetric analysis performed on the surface of limestone sampledxipoFerrara at
different exposure time are reported in Table A2.3 (Annex 2).

After 6 months of exposure

After 6 months of exposure, colorimetric analysis was carried out on sampierially exposed. In
general, a slight variation of total colour was det€&kte ~ ( “ ) L J.)Cortdidering each
colorimetric coordinates, all of them underwent a shift towards negative vaigesy lior L* and b*
parameters (-3.65 + 0.95 and -1.61 + 0.58, respectively) and negligible for a* (-0.58 + 1.05).
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Figure 3.22 Mean variation of the colorimetric CIE L*a*b* parameters and of total colou
DSSHDUDQFH G0( RI 9HURQD 5HG ODUEOH VDRBOHWRRWKRQWDOO\ HJS
compared to samples before exposure. Grey bars indicate the relatidaustaleviation.

After 12 months of exposure

The variation of total colour measured on surface of specimens expose2 foonths is similar in all

samples (around 3.00) and some differences are detectable on L*, a* and b* parameiezs3(ER).
&RQVLGHULQJ WKH OLIJKWQHVV KRUL]JRQWDO VDPISEBH "XIUIBHUZHQW
1.97) while in oblique and vertical samples the change was toward moreeuesities (0.78 £ 2.26 and

2.39 + 2.12, respectively). Moreover, mean variation of a* remained around -1.00 in all thpdessahile

b* underwent a shift towards negative values, higher in oblique sample (-2.52 + 0.25) anslmjlgir in

horizontal (-1.70 £ 0.59) and vertical ones (-1.32 + 0.29).
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8.00 -
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0.00 - . — :

-2.00 - ! T ! !I
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aL* ta* b* UE*
EH mQO =V

Figure323 OHDQ YDULDWLRQ RI FRORULPHWULF &,( 0D ERISDUDPHWHUV DQ
Verona Red Marble samples exposed in Ferrara for 12 months compared to shefphes

exposure. Brown, red and lilac columns refer respectively to sampleofiatly, obliquely

and vertically placed. Grey bars indicate the relative standard tienia
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After 18 months of exposure

Changes of total colour are more evident after 18 months of exposure: tt®narare all towards positive

values, major in horizontal samples (7.74 + 0.81) than on oblique and venesa(275 + 1.22 and 3.20 +

1.02) (Figure 3.24

&RQVLGHULQJ "/ KRUL]JRQWDO DQG REOLTXH VRBFLPHITVardQGHU Z|
2.80 £ 1.13) while vertical one toward a more positive measure (1.48 + 1.88). Analysing a* change, it shifted
towards negative values in all samples, remaining below -3.00 in horizontal, obliqueracal samples (-

2.27 £ 0.58, -0.73 £ 0.36 and -0.72 £ 0.72). Moreover, horizontal and vertical samples wetedtdbjac

change toward the blue component (-2.38 + 0.28 and -1.99 + 1.20, respectively) while the olglique on
toward yellow (2.21 + 1.04) (Figure 324

10.00-
8.00 -
6.00 -
4.00 - .
2.00 - [

0.00 - L _—

2.00 - r !
4.00 -
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-8.00 1
-10.00 -

aL* ta* tb* E*
EH mQO mV

Figure 3.24 Mean variation of colorimetric CIE LY\aE SDUDPHWHUY DQG WRWDO FRORXU Qf
Verona Red Marble samples exposed in Ferrara for 18 months compared to shefples

exposure. Brown, red and lilac columns refer respectively to samples ritaligoobliquely

and vertically placed. Grey bars indicate the relative standard tienia

After 24 months of exposure

The exposure outdoor of limestone samples for 24 months led to a variation of total ligher for
horizontal specimens (7.62 + 1.29) than for oblique and vertical ones (4.38 = 1.19 andLQ3 (Figure

3.25.

Considering the change of L* respect to that assessed before exposure, horizontaigaedspbtimens

were subjected to a shift toward negative values (-6.76 = 1.33 and -3.59 + 1.80)entiikd sample toward

a more positive value (2.37 = 1.37) (Figure 3.25). Moreover, samples displayed a variafotoward
negative values independently from the orientation (-2.37 £ 0.66, -1.29 £ 0.7 and -0.86 + bz dortal,
obligue and vertical specimens, respectively) and a shift toward blue componentedbippleorizontal and
vertical specimen (-2.47 + 0.53 and -3.11 + 0.67) but toward the yellow one in oblique sample (0.25 £ 1.81).
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Figure 3.25 Mean variation of colorimetric CIE L*a*b* paramet&f DQG WRWDO FRORXU a¢( R
Verona Red Marble samples exposed in Ferrara for 24 months compared to shefphes

exposure. Brown, red and lilac columns refer respectively to samples ritatigp obliquely

and vertically placed. Grey bars indicate the relative standardatievi.

Comparison

In general, during the exposure period, horizontal samples underwent the highgstiohatal colour with

a decreasing trend after 12 months of exposure (2.91) respect to the previous 6 months (4.20) and an increase
after 18 months (7.74) and 24 months (7.62) (Figure 3.26Q WKH FRQWUDU\ "( RI REOL
samples remained almost constant over time (between 3.41 and 4.38).

,Q SDUWLFXODU WKH DVVHVVPHQW Rl OLJKWQBV¥MHRYKU WLPH K
horizontal samples, higher for analyses performed after 6 (-3.65), 18 (-7.00) &n6.78) months of
exposure (Figure 3.26). Oblique samples displays a very light variatieard positive value after 12

months of exposure (0.78) but negative after 18 and 24 months (-2.80 and -3.59, respectively)svhile
positive for vertical samples (2.39, 1.48 and 2.37).

The change of red-green component underwent a shift towards negative value over all tiemeaning

always below - LQ DOO VDPSOHV $OVR "E VKLIWty@ceaRiZgDoMe@Gime,Q HJ D W
higher in vertical samples (till to -3.11), except for analysis performed ogquebdipecimen after 18 and 24

months of exposure that showed a positive change (2.21 and 0.25) respect the initial value (Figure 3.26
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Figure3.26 OHDQ YDULDWLRQ Rl WKH FRORULPHWULF &,(0(D BRI SBUR®BWHIGYODQE O M/F
after various time of exposure in Ferrara. Brown, red and lilac colurefex respectively to samples horizontally, obliquely and
vertically placed. Grey bars indicate the relative standard deviation.

FLORENCE

Colorimetric data measured on surface of marble specimens exposed in Florenezeatt difposure time
are reported in Table A2.4 (Annex 2).

After 6 months of exposure

At the end of the first 6 months of exposure, horizontal sample underwent colariaretlysis. Figure 3.27
VKRZV DQ LPSRUWDQW FKDQJH RI WRWDO FRORXODFNHQLQJ "PDL(
13.47 £ 1.52). Considering the two chroma coordinates, b* underwent a shift toevaelithv component

(3.62 £ 0.51) while a* remained almost equal to the initial value.
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Figure 3.27 Mean variation of the colorimetric CIE L*a*b* parameters and of totallour
DSSHDUDQFH Q¢ Rl &DUUDUD ODUEOH VDPSOHRUKRBRRWKM OO\ H[SR
compared to samples before exposure. Grey bars indicate the relatidarstaleviation.

After 12 months of exposure

After 12 months from the beginning of the exposure, a change in total coloureacoouch higher in
horizontal (15.88 = 1.39) and oblique (13.24 + 2.37) samples than in vertical ones (1.69 (Figue
3.28). All samples underwent a shift to blackening respected to before exposureprormenced in
horizontal (-15.06 + 1.33) and oblique (-12.68 + 2.22) specimens. Blue-yellow componeriraftaband
obliqgue samples varied towards positive values (4.96 = 0.40 and 3.71 + 0.85) whilewddicaf sample
remained almost stable (-0.19 £ 0.06). a* component underwent a light variation towéids paksies but
remaining below 1.00.
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Figure 3.28 Mean variation of the colorimetric CIE L*a*b* parameters and of totaloco
DSSHDUDQFH a¢( R1 gahplds Bxpased D FlErénde for 12 months compared to
samples before exposure. Blue, orange and green columns referctiesdgeto samples
horizontally, obliquely and vertically placed. Grey bars indicate thetinedastandard deviation.
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After 18 months of exposure

After 18 months of exposure, the differences of CIE L*a*b* parameters in respect to the initial value become
more evident (Figure 3.29). Horizontal and oblique samples underwent an intense blaGken@dy+ 1.82

and -20.18 + 2.15) and a shift to yellow component (6.99 + 0.28 and 5.25 + 0.81), causing an important
change of E* (28.59 + 1.83 and 20.89 = 2.29). On the contrary, colour parameters of spetiaen
remained essentially similar to the initial ones.
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Figure 3.29 Mean variation of the colorimetric CIE L*a*b* parameters and of totaloco

DSSHDUDQFH G Rl &DUUDUD ODUEOH VDPSWKW FHRBEEBBVHEGC QYRORUHQF!
samples before exposure. Blue, orange and green columns referctigsgeto samples

horizontally, obliquely and vertically placed. Grey bars indicate thetiradastandard deviation.

After 24 months of exposure

The exposure outdoor of samples for 24 months led to an evident variation obtotelfor horizontal and
obliqgue samples (31.19 + 1.95 and 26.05 + 1.36), induced mainly by a change of lightness égaiivd n
values (-29.96 + 1.92 and -24.88 +1.37) and secondly by a shift of b* toward the yellow con{patgemt
0.37 and 7.53 = 0.24) (Figure 3.30). In contrast, colour parameters of vertical specimeeddraaically
similar to the initial ones.
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Figure 3.30 Mean variation of the colorimetric CIE L*a*b* parameters and of totaloco

DSSHDUDQFH G Rl &DUUDUD ODUEOH VDPSWKW FHRBEEBBVHEGC QYRORUHQF!
samples before exposure. Blue, orange and green columns referctieslpeto samples

horizontally, obliquely and vertically placed. Grey bars indicate the redagtandard deviation.

Comparison

During the whole exposure time, horizontal samples underwent the highest varidttal colour, with an
increasing value over time (13.97, 15.88, 28.59 and 31.19, respectively) (FigureAB8Xblique samples

VKRZ D VLPLODU WUHQG ZLWK PHDQ YDOXHV RI "( KLJKHU WKDQ
24 months of exposure). On the contrary, total colour of vertical samples was ecteillp a conspicuous

change, remaing constant around 1.50 (Figure 3.31

Taking into consideration the measures of lightness of all samples exposed in Feoventdene (Figure

331 LW zZzDV DSSUHFLDEOH D JHQHUDO VKLIWWWWRRDIU®GL & OD 6 NHDRQ@
evident and increasing over time in horizontal (-13.47, 15.06, -27.68 and -29.96) and oblique (-12.68, -20.18
and -24.88 after 12, 18 and 24 months of exposure) samples while more stable and resigdiedliones

(-1.64, -1.47 and -1.31 after 12, 18 and 24 months of exposure). Moreover, changes of a* paemmeter w
generally low (always below 2.00) during all exposure time, slightly higher irzdamdal and oblique
VSHFLPHQV 2Q WKH FRQWUDU\ WKH YDULDWLRQ®RWR & Wwiy® KH \H
samples was more noticeable and it gradually increased over time. Howeveas| wantiples continued to

display a value very similar to the original one (Figure 8.31
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Figure 3.31 Mean variation of the RORULPHWULF &,( / D E SDUDPHWHUV DQG RI WRWDO EF®RH R X
specimens after various time of exposure in Florence. Blue, orartygraen columns refer respectively to samples horizontally,
obliquely and vertically placed. Grey bars indicate the relative standevéhtion.

GENERAL COMPARISON

The comparison of colorimetric analysis performed on Carrara Marble horizontaksamplifferent sites

after 6 months of exposure with that carried out before exposure shows as lightneseninderevident

shift towards negative values, with increasing difference from Bologna (-5.0Bgrtara (-9.73) and

Florence (- ZKLOH "E PRYHG W Ritlf®& \ekcdediMgH5.00D(Eigie \8.32). Also the
variation of a* parameter was positive but they never reached 1.00. Moreover, the combingugothree

colour parameters highlights that total colour change is higher in sample expddetkite followed by

Ferrara and last Bologna. In addition, all samples underwent a change of total colouthiaighke value of
DFFHSWDELOLW\ “( 7 PHQWLRQHG E\ OLARIDQUHDWBG VWRQHBFR
absence of more proper limit for stone soiling on the basis of published literature.
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Figure 3.32 Mean variation of the colorimetric CIE L*a*b* parameters and of total colou

DSSHDUDQFH ¢ RI KRUL]RQWDO &DUUDUDWRWYHEQHGVSIHRIIHPGW YV H[SR
locations compared to samples before exposure. Blue, red and otlnens refer respectively

to samples exposed in Bologna (BO), Ferrara (FE) and Florence (FI). kaeyindicate the

relative standard deviation.

Also after 1 year of exposure higher change of colorimetric parameters was obmamibdin horizontal
samples but also on those obliquely exposed in all sites (Figure 3.33).
Compared to the initial measures, total colour of horizontal samples chahdéd88 in Florence despite

DQG Rl )HUUDUD DQG %RORJQD H[FHHG LriQdl6-D @dtiz\Thé YD O)>
DQDO\WHG "( ZHUH PLQRU LQ REOLTXH VDPSOH3M3DQIRUMRQHRRUH
was above the limit of acceptability (Miliani et al., 2007) for all horiabsamples and in general for
oblique ones (with exception of that exposed in Ferrara).
Considering each parameter, L* was subjected to relevant variation towards negative(wahig¢be
exception of vertical sample exposed in Ferrara), higher in specimens exposed in Hlbigunee 3.33)
Red-green compo@ W XQGHUZHQW D VKLIW WRZDUGV SRVLWLYHDYDOXH |
1.00). A change toward the yellow component was detectable in horizontal and oblique saitipledues
between 1.65 and 6.17) while it is around 1.00 in vertical ones.
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Figure3.330HDQ YDULDWLRQ RI WKH FRORULPHWULFO&XU D SFES HIDUDDPHHN HIYV RIQIGRRIIL WA
and vertical Carrara Marble specimens exposed for 12 months in differentsitgmred to samples before exposure. Blue, red and

ochre columns refer respectively to samples exposed in Bologna (BO), Féfiayand Florence (Fl). Grey bars indicate the

relative standard deviation.

Except for vertical specimens that remained very comparable to sample before expestompérison of
colorimetric analyses performed after 18 months of exposure and before exposurdtkigislithe trend of

" "D "E DQG "( DPRQJ GLITHUHQW H[SRVXUH ORFDWQ RIRUUHPD |
than obliqgue samples (Figure 3.34). Specifically, L* underwent a shift towac#esling both in horizontal

and obligue samples mainly in Florence (-27.68 and -20.18), followed by Ferrara (-17.63 and -10.71) and
Bologna (-3.82 and -4.27). A slight shift towards positive values is detectable for a* parameters, hgain hig

in Florence than in Ferrara and in Bologna, and for b*, more evident in Feilata 7t84 in horizontal

sample and 6.15 in oblique one) followed by Florence and Bologna. FirBfyhows an increasing value

from Bologna to Ferrara and Florence both on horizontal and oblique specimens, genemfy alw
overcoming limit of acceptability defined by Miliani et al. (2007).
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Figure3.34Meanvalr DWLRQ Rl WKH FRORULPHWULF &,(/ D EHBDDRQFHWIHUVRD KR RL ] RRW D
and vertical Carrara Marble specimens exposed for 18 months in differentsitgmred to samples before exposure. Blue, red and

ochre columns refer respectively to samples exposed in Bologna (BO)raFéfE) and Florence (Fl). Grey bars indicate the

relative standard deviation.

Differences of CIE L*a*b* parameters after 24 months of exposure in respect to thkvailtie become
more evident mainly for horizontal and oblique samples while vertical samgrt@ined much more similar

to marble appearance before exposure (Figure 3.35). In particular, horizontal and obliquesrspecim
underwent a change of total colour not acceptable by human sight (Miliani et al), 200& evident in
Florence than Ferrara and Bologna and mostly caused by a change of L* toward blackenign(b@&tl 7

and -29.6) and a shift of b* toward yellow component (between 4.40 and 9.19) (Figyre 3.35
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Figure3.350HDQ YDULDWLRQ RI WKH FRORULPHWULFO&RXU D FES HIDUDPHHNVNHYV RPQIGRRIL W
and vertical Carrara Marble specimens exposed for 24 months in differentaitggred to samples before exposure. Blue, red and

ochre columns refer respectively to samples exposed in Bologna (BO), Féfigyaand Florence (Fl). Grey bars indicate the

relative standard deviation.

Considering the same site of exposure (i.e. Ferrara) but different stone sspBitatee 3.36 displays the
difference of colorimetric parameters of horizontal samples between 6 naftghsexposure and before
EHVLGHV "D ZKRVH ERWK YDOXHV DUH ZFHOQRW HD WK D Q J
higher in Carrara Marble than in Verona Red Marble. In particular, both ltbéstghowed a shift toward
EODFNHQLQJ ~/

H[SRVXUH

OLPHVWRQH 7KHUHIRUH -~

ZKLOH E P
UHDFKHG LQ &DUUDUD ODUEOH DQ
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Figure 3.36 Mean variation of the colorimetric CIE L*a*b* parameters and of total colou

DSSHDUDQFH ¢ Rl KRULIRQWDO VSHFLPHQRPHEBRNG GVRRU PRQWKYV
samples before exposure. Dark and light green columns refer respectivElgriara and

Verona Red Marbles. Grey bars indicate the relative standard deviation.

Extending the time of exposure to 12 months, Figure 3.37 shows an evident mean change of E* respect to the
value before exposure in horizontal Carrara Marble sample (13.60), almost 5 tilmesthég recorded for
horizontal limestone sample (2.91). On the contrary, for obligue and verticaingpescthe differences of

“"E* between the two lithotypes are moderate, slightly higher in Verona Red Mablén Carrara Marble.
Comparing L* parameter of the two stones, a change towards negative values is detebtahl@arizontal
samples, much higher in Carrara Marble (-12.07) than in limestone (-1.48), opposed valbéguia
specimens (-1.57 for marble and 0.78 for limestone) and towards light positives vial both vertical
samples (Figure 3.37

Focusing on a* coordinate, Carrara Marble underwent a shift towards positive waluels, gradually
decrease from horizontal to oblique and vertical sam@gsL OH "D RI 9HURQD 5HG 3DUEOH
constant around -1 (Figure 3.37). The higher relative standard deviations of limestoneyaasditibable to

the intrinsic feature of the substrate, characterised by more reddish or more greenish veins.

FIQDOO\ "E VKLIWHG WRZDUG \HOORZ FRRUGLQDWRQMWD @ DRJIWHD U D
while it changed towards negative but rather constant values in limestone speeiraend ¢1.85) (Figure

3.37).
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Figure3.370HDQ YDULDWLRQ RI WKH FRORULPHWULF &J(DSsHEDSDQPR HWHURI WG E FRIPW
for 12 months in Ferrara compared to samples before exposure. Ddrkgdm green columns refer respectively to Carrara and
Verona Red Marbles. Grey bars indicate the relative standard deviation.

The difference of total colour of samples exposed for 18 months respect to vahmgad before exposure
increased in horizontal and oblique samples of Carrara Marble (19,35 and 12,39) and in hegeoimen
of Verona Red Marble (7,74) while it remained almost similar to values measure after 12 months of exposure
in all the other samples (Figure 3.38). In particular, L* of both lithotymelerwent an evident shift towards
negative values in horizontal (-17,63 and -7,00, respectively for marble and limestdnedlique samples
(-10,71and -2,80, respectively for marble and limestone) but small and towardsepeaitigs in vertical
specimens (0,47 for marble and 1,48 for limestone). Moreover, a* was subject tatiavaoiwards positive
values in all marble samples and toward negative measure in each limestone sp@écimiering blue-
yellow coordinate, Figure 3.38 shows a change of values towards yellow @aredira Marble samples and
for oblique limestone specimen while toward the blue component for horizontalesiichlvliimestone
samples.
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Figure 3.38 Mean variation of the colorimetric CIE L*a*b* parameters and of total colappearanFH 0 ( RI' VSHFLPHQV HJ[S
for 18 months in Ferrara compared to samples before exposure. Ddrkgdm green columns refer respectively to Carrara and
Verona Red Marbles. Grey bars indicate the relative standard deviation.

Figure 3.39 displays colorimetric differences among marble and limestone samples exp@gechémths

respect to colour features of lithotypes before exposure. Also after 24 months ofrexastara Marble

samples horizontally and obliquely placed confirmed to be more susceptible to a ohaotgl colour (till

to 20.78 and 15.28, respectively) than to the equivalent limestone samples (7.62 and 4.3Bheghire

vertical specimens underwett LJKHU “( WKDQ WKH YHUWLFDO PDUEOH RQH O
and marble oblique one exceeded the acceptability limit of total colour cfanigeman sight (Miliani et

al., 2007).

JREXVLQJ RQ "/ D VOLJKW ZKLW H QdttQuértiddlIdampés tile lall hofizbhkaFantH G
REOLTXH VSHFLPHQV XQGHUZHQW EODFNHQLQJ "/ QG L@RWKRW"
horizontally exposed (Figure 3.89

Considering chroma values (Figure 3.39"D VOLJKWO\ FKD QJHlGe WIRnefddoésanplesD W L Y |
and to positive ones in marble while higher change happened in b* parameter mainly insarapiés. In

WKLV UHJDUG KRUL]JRQWDO DQG REOLTXH PDUEOH K SHORLPHIND W EZ E

9.19 and 7.32, respectively.
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Figure3.390HDQ YDULDWLRQ RI WKH FRORULPHWULF &J(DSCsHEDSDQPR HWHURI WG E FRIPW
for 24 months in Ferrara compared to samples before exposure. Ddrkgdmt green columns refer respectively to Carrara and
Verona Red Marbles. Grey bars indicate the relative standard deviation.

Final remarks:

f Results proved that Carrara Marble underwent higher colour vulnerability tBeond/ Red
Marble. In general, horizontal and oblique marble samples often exceededeplaitity limit
of total colour change for human sight (Miliani et al., 2007).

f In general, total colour change of marble samples increased over time ie,akathing higher
values in Florence (till to 31.19).

f Horizontal samples, followed by oblique ones, were more subjected to colour change.

f “E* was mainly induced by a variation of lightness and secondly by change of éllow-y
parameter that led to a blackening effect and a shift toward yellow componentoté swaface,
respectively.
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3.1.3.TOTAL DEPOSITED PARTICULATE (TDP)

The amount of particulate matter deposited per surface unit on stone samples watedabgudiividing the
weight of particulate matter mechanically removed from each stone sarhpte \tilised for carbon
speciation, see subchapter 3.1.5) by the area of exposed surface of stone specimen (i.8. Ta# cm
complete list of investigated samples is reported in Table 3.5.

AFTER 6 AFTER 12 | AFTER18 | AFTER 24 WEIGHT OF
SITE | SAMPLE | MONTHS OF | MONTHS OF | MONTHS OF | MONTHS OF | |0 e oy o
EXPOSURE | EXPOSURE | EXPOSURE | EXPOSURE
BCH10 Vv - - - 18,2
< | BCH12 - Vv - - 32,2
2 | BCO2 - Vv - - 29,6
S | BCHs - - v - 9,3
5 |BCco1o - - v ; 20,1
@ | BCH14 - - - v 24,5
BCO5 - - - v 13,7
PTCH21 i - - - 30,7
PTNH21 Vv - - - 20,1
PTCH23 - Vv - - 63,8
PTNH17 - Vv - - 46,8
PTNO12 - Vv - - 36,0
< | PTCO12 - Vv - - 37,8
< | PTCH4 - - v - 120,8
x| PTNH4 - - v - 73,7
L |PTCO5 - - v - 86,2
PTNO14 - - v - 64,4
PTCH5 - - - v 141,8
PTNH11 - - ; v 114,4
PTCO4 - - - v 108,2
PTNO16 - - - v 68,4
SMCH1 Vv - - - 37.4
SMCO1 Vv - - - 40,8
& | sMCH4 - Vv - - 57,7
& | smco4 - Y% - - 51,2
g SMCH5 - - \Y; - 106,6
= | smcos - - v - 86,4
SMCHS - - - v 194,2
SMCO8 - - - v 146,5

Table3.5 Specimens, subdivided in different sites and times of measurement, from waaduthelated particulate matter was
FROOHFWHG DQG ZHLJKWHG UHSRUWHG [P NXKH VWRIVW FROWPERX ODIHHVR.D QY WH U 3;
the exposed surface of sample.

BOLOGNA

Table 3.6 shows the amount of particulate per surface unit deposited on stores samppked in Bologna
after different exposure time. The highest TDP of horizontal samples (223.61 ) gvasr measured after
12 months of exposure while TDP was lower during the other considered periodf TbRjue samples
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reached the highest value after 12 months of exposure (205.56 Y:@methgradually decreased after 18 and
24 months of exposure up to 94.79 pgdfable 3.6.

EXPOSURE TIME| SAMPLE | TDP
(month) (ng cmd)
H 6 | BCH10 126.39
H BCH12 223.61
12
0] BCO2 20556
H BCHS8 64.58
18
o BCO10 139.58
H BCH14 170.14
24
0] BCO5 94.79

Table 36 Total deposited particulate (TDP)
accumulated on horizontal (H) and oblique (O) Carrara
Marble samples exposed in Bologna at different
exposure time (6, 12, 18, 24 months).

FERRARA

Table 3.7 displays the amount of particulate matter per surface unit depositedexpdsed surface of CM
and VRM samples located in Ferrara after different exposure time.

cM VRM
EXPOSURE TIME| SAMPLE | TDP SAMPLE | TDP
(month) (g cnid) (ug cnid)
H 6 | PTCH21 213.19| PTNH21 139.58
H PTCH23 443.06| PTNH17 325.00
0 e PTCO12 | 262.50| PTNO12 | 250.00
H PTCH4 838.89| PTNH4 511.81
(e} 18 PTCO5 598.61| PTNO14 447.22
H PTCH5 984.79| PTNH11 794.44
0 # rcoa 751.39| PTNOI6 | 474.72

Table 3.7 Total deposited particulate (TDP) accumulated on horizohfglad
oblique (O) Carrara Marble (CM) and Verona Red Marble (VRM) samples edpose
in Ferrara at different exposure time (6, 12, 18, 24 months).

It can be observed that TDP on horizontal Carrara Marble samples increasethevieorii 213.19 g cin
after 6 months to 984.79 pg ¢émafter 24 months of exposure. Also horizontal limestone specimens
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underwent a gradual increase of deposited PM per surface unit over time blaweithvalues respect to
marble (from 139.58 pg cfrafter 6 months to 794.44 pg @rafter 24 months).

Higher TDP was observed also on obliqgue CM samples than on oblique limestone onesafiesitB and

24 months of exposure. The increasing trend of TDP over time of both oblique specimens was anyway minor
than those detected on the corresponding horizontal samples. Therefore, PM deposition raffsttyed
horizontal samples probably because of higher influence of gravitational settling zontedrsurfaces.

FLORENCE

TDP of horizontal and oblique samples exposed in Florence are reported in Table 3.8.

EXPOSURE TIME| SAMPLE | TDP

(month) (ug cm?)

H SMCHL1 259.72
6

o SMCO1 283.33

H SMCH4 400.69
12

o SMCO4 355.56

H SMCH5 74028
18

0] SMCO5 600.00

H SMCHS8 1348.26
24

o SMCOS8 1017.29

Table 3.8 Total deposited particulate (TDP) accumulated
on horizontal (H) and oblique (O) Carrara Marble
samples exposed in Florence at different exposure time
(6, 12, 18, 24 months).

TDP of horizontal samples increased over time passing from 259.72 figften 6 months of exposure to
1348.26 ug cm after 24 months. Also oblique samples were characterised by a growing TDP aver tim
(from 283.33 ug ci after 6 months to 1017.29 pg érafter 24 months of exposure) but with smaller
values than the corresponding horizontal samples.

COMPARISON

The comparison of TDP among different sites shows that horizontal samples exp&#dgima never
reached 225.00 ug ¢hwhile TDP detected in horizontal specimens exposed Ferrara and Florence almost
always exceeded this value (Figure 3A10 In particular, the amount of particulate matter deposited per
surface unit on horizontal specimens exposed in Ferrara and Florence underwentasmgntmend over

time reaching the highest values after 24 months of exposure (984.79 figrmun1348.26 pg cf
respectively).

Considering the same exposure site, also horizontal limestone specimens undegraeloahincrease of

TDP over time but with slight lower values respect to marble ones (Figure 3.40 A). As both lithotypes are
characterised by low porosity (subchapter 3.1.1.4) and polished surface, TDP differ@mdas due to
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different stone texture (micritic for limestone and granoblastic for marisigbehapter 3.1.1.1) that led
higher compactness to Verona Red Marble.
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Figure 3.40 Comparison of the amount of particulate matter deposited per surfacenu@itlcand VRM horizontal (A) and oblique
(B) samples exposed in Bologna, Ferrara and Florence at diffexpoisere time (6, 12, 18, 24 months).

Concentrating upon oblique samples, TDP was detected in Bologna and Ferrara after 12, 18@mti24
of exposure while after all time periods in Florence (Figure 3.40 B). TDP increasedime in samples
exposed in Ferrara and Florence (but with lower values than the corresponding horizapltzd)sadile it
displayed a decreasing trend in specimens exposed in Bologna.

Therefore, the deposition of coarse particles by gravitation settling on horigarfeedes may explain the
general higher TDP detected in horizontal samples. In addition, results shows as partictdadepagition
prevailed in Ferrara and Florence as TDP increased over time on stones suifaceatmnal removal
processes (e.g. wind) along with accumulation occurred after 18 and 24 months of exposure in Bologna.
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3.1.4.I0N CHROMATOGRAPHY (IC)

lon chromatography of the material deposited on stone specimens was performed in each etgesarg si
6 months from the starting of stone exposure, using stone samples with differerdtiorienthenever a
suitable amount of particulate matter was accumulated on their surface. The corspleteahalysed
samples is reported in Table 3.9.

SITE SAMPLE

AFTER 6
MONTHS OF
EXPOSURE

AFTER 12
MONTHS OF
EXPOSURE

AFTER 18
MONTHS OF
EXPOSURE

AFTER 24
MONTHS OF
EXPOSURE

BCH11
BCH13

< <,

BCO3 -
BCH7 -
BCO11 -
BCH6 - -
BCO12
BCV2
PTCH22
PTNH22
PTCH18
PTNH19
PTNO11 -
PTCO11 - -
PTCH12 - - \%
PTNH12 - - \%
\%
\%

BOLOGNA
s <<,

< <<

s < <

< << <

PTCO6 - -
PTNO15 - -
PTCH13 - - -
PTNH13 - - -
PTCO7 - - -
PTCO20 - - -
PTNO17 - - -
PTNO20 - - -
PTCV2
PTNV3
SMCH2
SMCO2
SMCH3
SMCO3
SMCHG6 -
SMCO6 -
SMCH7 - - - \%
SMCO7 - - - Vv
SMCV3 - - - Vv

FERRARA

< <LK<LK<LK<LKLKLK <K,

< <

s < <

\%
\%

FLORENCE

Table3.9 Specimens, subdividddQ GLIITHUHQW VLWHYV DQG WLPHV RI PHDVXUHPHQW H[DP
PHDQV WKDW WKH DQDO\VLYVY ZDV QRW FDUULHG RXW RQ WKH VDPSOH

Please note that the reported concentration of water-soluble ions in ppb refest/sed data normalised to
the selected volume of 100 mL.
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BOLOGNA

Concentrations of water-soluble ions (ppm) measured in material deposited on marble eapused in
Bologna at different exposure time are reported in Table A3.1 (Annex 3).

After 6 months of exposure

Investigation about water-soluble ions was performed only on horizontally exposetespeCionsidering
anions, the deposited matter resulted to be composed mainly by chlorid€liotifollowed by nitrate iont

NO; +and few sulphate iontSO,” +(Figure 3.41). The analysis of cations revealed the prevalence of
sodium ion +Na" +over calcium ion+C&" +and magnesium io®Mg®* + while the detected amount of
potassium ion+K™ +and ammonium iontNH," +is negligible (Figure 3.41).

Figure 341 Soluble ions concentrations (ppm) measured in material accumulated on
sample horizontally exposed for 6 months in Bologna.

Moreover, Table 3.10 reports the amount of soluble ions detected in the solutesolutien per surface
unit.

cr NO; SO” Na" NH," K* Mg?* ce’
(ugen®) (ugen?)  (ugent) (ugen)  (ugent) (ugcm®)  (ugent)  (ug cni)
BCH11  25.00  10.65 411  17.16 0.30 0.74 4.86 8.46

Table 3.10 Soluble ions concentrations per surface unit measured in materiakiteghaon sample horizontally
exposed for 6 months in Bologna.

After 12 months of exposure

Concentration of soluble ions was measured in material deposited on horggahtdilique samples. Figure
3.42 shows that C(26.35 ppm) of the deposit accumulated on horizontal samples was detected héth hig
concentration respect to the other anions (15.35 ppm fof Bi@ 8.05 ppm for S£). Moreover, it
exceeded also the concentration of all cations analysed on the same sample. Among Gati@2s8N
ppm) was more abundant than ¥@nd K (5.08 ppm and 1.75 ppm, respectively) while ;Nind C&'
were below the limit of detection.

110



Material deposited on oblique stone sample was characterised by the prevalencearobr) anionic
species and Naamong cations but with lower concentration respect to those measured on horizontal sample:
21.35 ppm and 20.36 ppm, respectively (Figure 3.42). Considering the other ions, there age no bi
differences respect to values measured in the horizontal sample but it was possible to de{€c2 X ppm)

and C4" (4.88ppm).

Figure 3.42 Soluble ions concentrations (ppm) measured in material accumulated on
sample horizontally (green) and obliquely (ochre) exposed for 12 monthoignao

Data of each ion measured per surface unit are reported in Table 3.11 and show &enuitarthe related
concentration reported in ppm.

cr NO; SO~ Na" NH," K* Mg ca’

(ugen?) (ugen?) (ugen?) (ugent) (ugen) (ugen) (g cn) (ug cni)
BCH13 18.30 10.66 5.59 15.88  <LOD 1.22 353 <LOD
BCO3 14.83 10.29 6.02 14.14 0.15 1.06 4.32 3.39

Table3.11 Soluble ions concentrations per surface unit measured in material tapasi horizontal and oblic
samples exposed for 12 months in Bologna.<LOD means below the ldateofion.

After 18 months of exposure

The analysis of the material accumulated on horizontal and oblique samples dispiayssigatificant
amount of Cl Na and C&" in both samples but with always higher values in horizontal specimen than in the
oblique one (Figure 3.43). Sulphate ion was detected with slightly higher concentration in the oblique sample
(6.25 ppm) than the horizontal one (4.43 ppm) while similar values on both sameptesissessed for'K

(0.55 ppm for BCH7 and 0.65 ppm for BCO11) and®M&.94 ppm for BCH7 and 5.61 ppm for BCO11).
Moreover, NQ and NH" were below the limit of detection in both samples.
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Figure 3.43 Soluble ions concentrations (ppm) measured in material accumulated on
sample horizontally (green) and obliquely (ochre) exposed for 18 month&ignao

Findly, Table 3.12 shows the concentration of all water-soluble ions per unit of esutfdaected on the
material accumulated horizontally and obliquely exposed samples.

cr NO; SO” Na" NH," K* Mg?* cet

(Hgent)  (ugent) (Hgeni®) (ugent) (ugent) (Mg eni®)  (ug ent)  (ug cnt)
BCH7 2146  <LOD 3.08 1513 <LOD 0.38 413 1267
BCO11 1940 <LOD 434 1361 <LOD 0.45 3.90  11.15

Table 3.12 Soluble ions concentrations per surface unit measured in material tepasi horizontal and oblique
samples exposed for 18 months in Bologna. <LOD means below the Igateofion.

After 24 months of exposure

After 24 months of exposure, ion chromatography was carried out on the material depokibeidanal,

oblique and vertical samples. The results show in general low values in all eedmapecimens (Figure

3.44). In particular, ion concentration detected on material accumulated on vertical sample was always below
1.00 ppm. Considering other samples, among ar8@jS is more abundant than"@0.97 ppm of horizontal

sample and 1.68 ppm on the oblique one) and X&©10 ppm of horizontal sample and 2.00 ppm on the
obligue one), with higher value on oblique specimen (4.22 ppm) respect to the horizor{&b8ngpm).

Taking into consideration cations, Cavas more abundant (5.87 ppm on horizontal sample and 4.77 ppm of
the oblique one) than N&0.62 ppm on horizontal sample and 1.03 ppm of the oblique one) while all the
other cationic fractions were close to 0.00 ppm.
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Figure 3.44 Soluble ions concentrations (ppm) measured in material accumulated on
sample horizontally (green), obliquely (ochre) and vertically (blue) explos€dl months
in Bologna.

Observing ion concentration per surface unit (Table 3.13), it is evident that all valuesvydmw

cr NO; SO” Na" NH," K* Mg?* cet

(ugen®)  (ugen?)  (ugent) (ugen)  (ugent) (ugem®)  (ugent)  (ug cni)
BCH6 0.67 1.46 1.86 0.43 0.01 0.05 0.12 4.08
BCO12 1.17 1.39 2.93 072  <LOD 0.16 0.14 3.31
BCV2 0.08 0.18 0.28 004  <LOD 0.00 0.02 0.54

Table3.13 Soluble ions concentrations per surface unit measured in material depositedrizontal, obliqgue and
vertical samples exposed for 24 months in Bologna. <LOD means belamithef Idetection.

Comparison

Comparing anions concentration per surface unit detected in all specimens ahtdégrosure time, it is
evident that in general lower values of all anions were measured in all sangeslahonths of exposure
respect to samples assessed during previous months. Moreowveas@he most abundant anion measured in
horizontal and oblique samples till 18 months of exposure, reaching values betweengleh®apd 25.00

ng cm?(Figure 3.45) while Sg3 prevailed over other anions on samples remained exposed for 24 months.
Concentrating upon the variation over time of each aniorgddkentration decreased after 12 ad 24 months
of exposure while higher values were measured after 6 and 18 months of exposure, hégicbirgmount

on horizontal samples than in the oblique ones (with exception analysis on specimens exposaoritn24
whose values were similar). NGnalysed on horizontal and oblique samples remained alike after 6 and 12
months of exposure (around 10.53 pg3mdecreased below limit of detection after 18 months and
underwent a slight growth after 24 of exposure (about 2.40 [f). &imally, the amount of anions detected
on vertical sample after 24 months of exposure was negligible.
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Figure 3.45 Concentration of soluble anions per surface unit (ugfcmeasured in material
accumulated on horizontal (H), oblique (O) and vertical (V) samples remakpesed for 6,
12, 18 and 24 months in Bologna.

Na’, Mg®* and C&" were cations detected with higher concentration in all samples consideringrdiffer
exposure time and orientation. Nghowed higher concentration among other cationic species for horizontal
and oblique samples analysed till 18 months of exposure (with values between 17.18 arpch3.61 pg
cm®) while samples exposed for 24 months were characterised by the predominancgafodad 3.70 ug
cm?) (Figure 3.46). The concentration per surface unit of §fadually decreased within 18 months of
exposure with slightly higher values on horizontal samples than the oblgse followed by a radical drop
after 24 months of exposure. Considering'@anount per surface unit, it underwent a decrease after 12 and
24 months of exposure while higher values were measured after 6 and 18 months of expgsumerai

with higher values on horizontal specimens (with the exception of horizartglle exposed for 12 months
where C4&" was below the detection limit). The amount of ¥Mper surface unit was rather constant (around
4.15 ug cnf) on horizontal and oblique specimens within 18 months of exposure while tHearéased
around 0.00 ug cfm NH," and K displayed concentration close to 0.00 pg?an below limit of detection

all over the period.

Figure 3.46 Concentration of soluble cations per surface unit (ugfcmeasured in material
accumulated on horizontal (H), oblique (O) and vertical (V) samples remainexsexgor 6,
12, 18 and 24 months in Bologna.
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FERRARA
CARRARA MARBLE

Concentrations of water-soluble ions (ppm) measured in material deposited on marble eapused in
Ferrara at different exposure time are reported in Table A3.2 (Annex 3).

After 6 months of exposure

Investigation of water-soluble ions was performed only on horizontally exmpssiimen. Among anions,
Cl was measured with higher concentration followed by, N@d SG (Figure 3.47). Moreover, Naand
c&* were abounding while the concentration of JYHK* andMg?* were lower (Figure 3.47

Figure 3.47 Soluble ions concentrations (ppm) measured in material accumulated on
Carrara Marble sample horizontally exposed for 6 months in Ferrara.

The amount of soluble ions per surface unit of sample expasefi fnonths, reported in Table 3,14
confirms the prevalence of CNa" and C&'.

cr NO; SO* Na' NH," K* Mg?* ca*
(ugem?)  (ugen?)  (ugeni) (ugen)  (ugent) (ugem?)  (ugent) (g cn?)
PTCH22  20.71 8.74 486  14.08 0.10 0.99 407  10.68

Table 3.14 Soluble ions concentration per surface unit measured in materialsdegd on Carrara Marble sample
horizontally exposed for 6 months in Ferrara.

After 12 months of exposure

Horizontal sample exposed for 12 months was characterised by the prevalencanobi@ anions even if

the amount of N® andSQ,> was not so unlike (Figure 3.48). Among cations! Was detected with the
highest concentration while the others were lower or below the detection limit.

The concentrations of CNa and Md* measured on the oblique sample were slightly higher those detected
on horizontal specimen, thus suggesting a likely common source (Figure 3.48). On thy,dé@yaS0O,”

and K" were lower on obliqgue samples than the values measured in the horizontal samplg, aodiere

NH," was below limit of detection while an appreciable quantity 6f Gas assessed.
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Figure 3.48 Soluble ions concentrations (ppm) measured in material accumulated on

Carrara Marble samples horizontally (green) and obliquely (ochre) expfusel?2 months
in Ferrara.

Furthermore, Table 3.15 shows concentration of ions per surface unit calculated for both samples.

cr NOs SO Na' NH," K* Mg** ca’
(Mgcn®)  (ugent) (ugeni®) (dgen)  (ugent) (ugeni®)  (pg ent)  (ug cni)
PTCH18  12.00  11.10 859  11.43  <LOD 1.33 357 <LOD

PTCO11 12.22 9.11 6.47 12.11 <LOD 1.08 4.18 6.29

Table 3.15 Soluble ions concentrations per surface unit measured in matenmsided on horizontal and oblique
Carrara Marble samples exposed for 12 months in Ferrara. <LOD means beldimihef detection.

After 18 months of exposure

Observing the concentrations of anions measured on horizontal and obliqgue sampéssai@ed the most
abundant (31.64 ppm in horizontal specimen and 28.04 ppm in the oblique one) but alsotint of S¢&

was considerable (18.98 ppm in horizontal sample and 23.66 ppm in oblique one) whilwad@ower

(13.21 ppm in horizontal specimen and 12.13 ppm in the oblique one) (Figure 3.49).

Considering cations, similar values of NMg?* and C&* were measured in horizontal (23.77 ppm, 6.52
ppm and 17.01, respectively) and oblique (22.46 ppm, 6.66 ppm and 17.04 ppm) samples while lower

amount of NH" and K was detected in oblique specimen (0.09 ppm and 1.63 ppm) than the horizontal one
(2.55 ppm and 3.92, respectively) (Figure 3.49).
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Figure 3.49 Soluble ions concentrations (ppm) measured in material accumulated on
Carrara Marble samples horizontally (green) and obliquely (ochre) expfuset8 months
in Ferrara.

Furthermore, Table 3.16 displays ions concentration per surface unit of both sangpleghting the
prevalence of Cland SG* among anions and Kland C&" among cations.

cr NOs SO Na' NH," K* Mg** ca’

(Mgen®)  (ugent) (ugeni) (ugen)  (ugent) (ugeni®)  (Hg ent)  (ug cnt)
PTCH12  21.97 018  13.18 1651 1.77 2.72 453 11.81
PTCO6 19.47 8.42 16.43  15.60 0.06 1.13 4.62 11.83

Table 3.16 Soluble ions concentrations per surface unit measured in material depositbdrizontal and oblique
Carrara Marble samples exposed for 18 months in Ferrara.

After 24 months of exposure

After 24 months of exposure, ion chromatography was carried out on materiaitetbpws horizontal,

obligue and vertical samples exposed on the roof terrace and on oblique specimen located at window balcony
(here indicated as O_W). Figure 3.50 shows that anions measured on the horizontal sampleg had quit
similar concentration while Gastood out from the other cations.

Sample obliquely exposed on roof terrace was characterised by high concentratiof eh&@4a" while

other ions were lower or imperceptible (Figure 3.50). In contrast, much lowsesvédr all ions were
detected in obliqgue sample exposed in window balcony.

Finally, vertical sample was characterised by rather considerable amounf?oft&DC4" while the other

ionic species were lower or below limit of detection gYHFigure 3.50).
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Figure 3.50 Soluble ions concentrations (ppm) measured in material accumulated on
Carrara Marble samples exposed for 24 months in Ferrara. Greenegaaid blue bars
refer to samples horizontally, obliquely and vertically located on thetescdce while red

bars to specimen obliquely placed on window balcony.

Furthermore, soluble ions concentrations per surface unit shows, 22680 C4" prevailed over the other
ions in all samples, indicating probable ongoing sulphation process, while nativefis of Cland Na
on horizontal sample suggest the presence of halite (Table 3.17).

cr NO; SO” Na" NH," K* Mg?* cet

(ugen®) (ugen?)  (ugent) (ugen) (ugent) (ugcem®)  (ugent)  (ug cni)
PTCH13 4.36 3.01 4.38 2.34 0.12 1.31 0.38 7.94
PTCO7 3.06 3.78  13.94 1.72 0.32 0.56 0.65  14.84
PTCO20 * 0.51 1.10 2.11 0.26 0.03 0.10 0.14 2.63
PTCV2 0.60 0.87 5.11 032  <LOD 0.09 0.09 2.76

Table 3.17 Soluble ions concentrations per surface unit measured in materialsiegh on horizontal, oblique and
vertical Carrara Marble samples exposed for 24 months on the roof &emaEerrara. * refers to specimen obliquely
placed on window balcony. <LOD means below the limit of detection.

Comparison

Focusing on anions concentration per surface unit measured in all samples at different exposurevase, Cl
the most abundant anion measured in horizontal and oblique samples till 18 months of erpoging,
between 12.00 pg cfrand 21.97 pg cihwith higher values detected after 6 and 18 months of exposure,
while a drop of values was assessed after 24 months of exposure. The comparison ofitionsestiows
higher values on horizontal samples than the oblique and vertical ones with excéptieasorements
performed after 12 months of exposure that provided similar values (Figure 3.51).

NO; analysed on horizontal samples was rather constant (around 9.67°ugftem6, 12 and 18 months of
exposure while a decreased was measured after 24 months of exposure. In generalspdtiquens
showed similar values of NOto horizontal samples with exception of samples analysed after 12 months
where NQ was higher on horizontal sample (Figure 3.51). Moreover, values measured on O_W and vertical
samples after 24 months of exposure were the lowest ones detected among all analysed samples.
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Considering S@, it increased in horizontal and oblique specimens within 18 months (Figure 3.5&) whil
lower values were measured after 24 months of exposure. Furthermqfey@@es of oblique samples
exceeded those measured on horizontal specimen after 18 and 24 months of exposure. Pldzgeisnote
valid for obligue sample exposed in the roof terrace because much lower value was deteCted/.
concentration detected on vertical sample was not negligible.

Figure 3.51 Concentration of soluble anions per surface unit (u&)cmeasured in material accumulated on
horizontal (H), oblique (O) and vertical (V) Carrara Marble samples remainedsexptor 6, 12, 18 and 24
months in Ferrara. O_W refers to obligue sample exposed on window balcony.

Figure 3.52 compares the cationic species measured on samples with different orientatiexysosmnic
time. Within first 18 months Naprevailed over the other cations in all samples, with a slight decrease after
12 months of exposure followed by a growth after 18 month of exposure while its felubsyn in all
samples after 24 months of exposure. Moreovef; ®as detected in rather high amount over all analysed
period, with increasing values over time for oblique specimens, with ecoegftiO_W that was lower and
similar to the concentration of vertical sample. Considering horizontagdleanpanalysis shows lower values
of C&" after 12 and 24 months of exposure.

Mg?* displayed a rather constant amount (4.20 pg)dmall samples during the first 18 months of exposure
while lower values were detected on samples with different orientation after 24 months of@xposur
Finally, values of K were very low (below 2.72 pg ¢t in all samples as well as NH whose
concentration was often below limit of detection.

Figure 3.52 Concentration of soluble cations per surface unit (p&f)cmeasured in material accumulated on
horizontal (H), oblique (O) and vertical (V) Carrara Marble samples remainedsexptor 6, 12, 18 and 24
months in Ferrara. O_W refers to oblique sample exposed on window balcony.
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VERONA RED MARBLE

Concentrations of water-soluble ions (ppm) measured in material deposited on levszstgpies exposed in
Ferrara at different exposure time are reported in Table A3.3 (Annex 3).

After 6 months of exposure
lon chromatography was performed only on horizontally exposed specimen after 6 moaxmosire.

Among anions, Clwas detected with higher concentration followed by;N&d SG* (Figure 3.53).
Moreover, Na was higher than G§ Mg*, K* andNH," (Figure 3.53).

Figure 3.53 Soluble ions concentrations (ppm) measured in material accumulated on
Verona Red Marble sample horizontally exposed for 6 months in Ferrara.

Table 3.18, presenting soluble-ions concentration per surface unit, shows higheo¥&ieNO;, Na“ and

ca”.

cr NO5 SO Na' NH," K* Mg** ca’
(Mgcm®)  (ugent) (ugeni)  (ugen)  (ugent) (ugeni®)  (Hg ent)  (ug cnt)
PTNH22  19.24 7.69 205  13.58 0.04 0.70 3.55 7.31

Table3.18 Soluble ions concentration per surface unit measured in material depositédrona Red Marble sample
horizontally exposed for 6 months in Ferrara.

After 12 months of exposure

Anions concentration of horizontal and oblique samples shows higher values, foll@ed by NQ and

SO (Figure 3.54). In particular, horizontal samples (22.24 ppm, 17.04 ppm and 6.53 ppm, regpectivel
always displayed higher amount than the oblique ones (19.61 ppm, 13.30 ppm and 4.76 ppm).
Concentrating upon cations, a rather high amount éfves measured in both samples, slightly more in
horizontal specimen than the oblique one (Figure 3.54). Was detected only on oblique sample while it
was below limit of detection in horizontal sample. Moreover®Mgd similar values in both samples (6.34
ppm and 6.61 ppm on horizontal and oblique samples, respectively) while the concenfrblity” and K
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were lower (0.27 ppm and 1.68 ppm on horizontal specimen and 0.01 ppm and 1.47 ppm on the oblique
one).

Figure 3.54 Soluble ions concentrations (ppm) measured in material accumulated on

Verona Red Marble samples horizontally (green) and obliquely (o@xpdsed for 6
months in Ferrara.

Soluble-ion concentration per surface unit (Table 3.19) shows the prevalence MOClnd Na among
other ions.

cr NO5 Slo%s Na' NH," K* Mg** ca’
(Mgcn®)  (ugent) (ugeni®)  (ugen)  (ugent) (ugeni®)  (Hg ent)  (ug cnt)
PTNH19 15.44 11.83 4.54 15.14 0.19 1.17 4.40 <LOD

PTNO11 13.61 9.24 3.31 13.17 0.01 1.02 4.59 5.03

Table3.19Soluble ions concentration per surface unit measured in matexpadgited on Verona Red Marble samples
horizontally and obliquely exposed for 12 months in Ferrara. <LOD means/liblimit of detection.

After 18 months of exposure

Among anions, Figure 3.55 displays a clear predominance’ ov& NQ and S@Q on horizontal sample
while lower concentrations were detected on the oblique specimen. Moreover, horizonta sa®pl
characterised by abounding amount of ‘C&* and N&. On the contrary the concentration of K the
obliqgue sample was much lower (1.00 ppm) while rather high amount ‘ofaih C&" were measured
(Figure 3.55). Furthermore, NHand Md"* displayed lower values than the other cations in both samples.
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Figure 3.55 Soluble ions concentrations (ppm) measured in material accumulated on
Verona Red Marble samples horizontally (green) and obliquely (o@xpdsed for 6
months in Ferrara.

lons concentration per surface unit (Table 3.20) shows the clear abundanc@dfa8l g cif) and similar
values of N4 K*and C&" (around 14.04 g ch) on the horizontal sample while the prevalence of i
and C4" on oblique sample.

cr NOy SO” Na" NH," K* Mg?* cat
(ugen®)  (ugen?)  (ugeni) (ugen)  (ugent) (ugem?)  (ugent)  (ug cni)
PTNH12  31.28 6.22 263 1371 0.75  13.95 3.96  14.47

PTNO15 14.81 4.59 1.55 12.13 0.71 0.69 3.60 9.88

Table3.20Soluble ions concentration per surface unit measured in mateeisited on Verona Red Marble samples
horizontally and obliquely exposed for 18 months in Ferrara.

After 24 months of exposure

After 24 months of exposure, ion chromatography was carried out on materialtetbpws horizontal,
oblique and vertical samples exposed on the roof terrace and on oblique specimen located at window balcony
(here indicated as O_W). In general, ion concentration detected after 24 months of expaliaealysed
samples was rather low (Figure 3.56). Moreover, comparing anions of all sampfesfS@rtical sample
stood out for higher value as well as’Oarevailed over other cations, mainly on the horizontal specimen.
Concentrating upon each sam@),*> was slightly more abundant than N@nd Cl on horizontal sample
while among cations it was characterised by higher concentratiorf ofu@hlower amount of NaNH,", K*
and Md".

Both obligue samples were characterised by low concentration of anions amd,cafth slightly higher
values on sample placed in the roof terrace (Figure 3.56). OAlyh@d a more considerable amount (6.48
ppm and 3.46 ppm on horizontal and oblique samples, respectively).

On vertical sample, S® and C4' prevailed over the other ions that displayed values below 1 ppm.
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Figure 3.56 Soluble ions concentrations (ppm) measured in material accumulated on
Verona Red Marble samples exposed for 24 months in Ferrara. Green, ochbéua bars

refer to samples horizontally, obliquely and vertically located on thetevcdice while red

bars to specimen obliquely placed on window balcony.

Observing ion concentration per surface unit of all samples (Table 3.2 gvident that in general SO
prevailed over the other anions, mainly on the vertical sample, while among catférdisptayed higher
values mostly on the horizontal specimen while other cation amount was lower 2% jig alirsamples.

cr NO; SO” Na" NH," K* Mg?* cet

(ugen®) (ugen?)  (ugent) (ugen)  (ugent) (ugcem?)  (ugent)  (ug cni)
PTNH13 1.07 1.69 2.16 0.76  <LOD 0.30 0.29 7.69
PTNO17 0.69 1.34 1.23 0.52 0.21 0.09 0.19 4.50
PTNO20 * 0.31 0.84 1.02 0.17 0.08 0.08 0.06 2.40
PTNV3 0.21 0.26 5.65 0.14  <LOD 0.06 0.05 3.27

Table 3.21 Soluble ions concentrations per surface unit measured in materialsiegh on horizontal, oblique and
vertical Verona Red Marble samples exposed for 24 months on the roof terr&egréma. * refers to specimen
obliquely placed on window balcony. <LOD means below the limittetten.

Comparison

Concentrating upon soluble anions concentration per surface unit measured in saripldéfexent
orientation and exposure time, @las the most abundant anion measured in horizontal and oblique samples
till 18 months of exposure, ranging between 13.61 pgand 31.28 pg cif with lower values measured

on oblique samples (Figure 3.57). After a first general reduction at 12 matlxpadure, Clconcentration
drastically decreased after 24 months of exposure in all samples.

Figure 3.57 shows also an increasing trend of M@ount after 12 months of exposure (reaching 11.83 ug
cm?) followed by an incessant decrease in all samples of subsequent analysed Peniodg different
orientation of exposure, horizontal samples showed higher concentration respect to the others.
Considering S@, its concentration increased after 12 months and underwent a slight decread® after
months on both horizontal and oblique samples. Horizontal and oblique samples after (2} disphayed
similar values to those measured on the related specimens exposed for 18 months. Furthegfore, SO
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concentration measured on vertical sample after 24 months showed the highesvealuseasured on
Verona Red Marble specimens.

Figure 3.57 Concentration of soluble anions per surface unit (ugcmeasured in material accumulated on
horizontal (H), oblique (O) and vertical (V) Verona Red Marble samples remained dXpo$e 12, 18 and 24
months in Ferrara. O_W refers to oblique sample exposed on window balcony.

The comparison of cation concentration per surface unit among all samples (Figurehd\s8)abundant

and rather similar values of Nin all samples within 18 months of exposure (between 12.13 [fgacith

15.14 pg cif) while an evident drop in concentration happened after 24 months of exposure in sarhples wit
different orientation.

In general, C& was detected in rather high amount during all analysed period, with exceptiorizomtabr
sample exposed for 12 months (that was below limit of detection), reaching the highest value after 18 months
of exposure for both horizontal and oblique samples.

Mg?* displayed a rather constant amount (4.02 pg)dmall samples during the first 18 months of exposure
while it decreased lower than 1.00 pgtim all samples measured after 24 months of exposure.
Concentrations of Kand NH" were always very low in all analysed specimens with different orientation
with exception of K detected on horizontal sample exposed for 18 months (13.95f)g cm

Figure 3.58 Concentration of soluble cations per surface unit (u¢fcmeasured in material accumulated on
horizontal (H), oblique (O) and vertical (V) Verona Red Marble samples remained @xXpo$e 12, 18 and 24
months in Ferrara. O_W refers to oblique sample exposed on window balcony.
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FLORENCE

The amount of water-soluble ions (ppm) measured in material deposited on marble sampled Expos
Florence at different exposure time is reported in Table A3.4 (Annex 3).

After 6 months of exposure

lon concentration was measured on horizontal and oblique samples exposed in Florenceofitinsé m
Considering the analysis of material accumulated on horizontal sample (FigureCB.58)s detected with
higher concentration than the other anions. Among catiorisaddhC&" were abounding while lower values
of Mg®*, K* and NH" were measured.

lon chromatography performed on oblique sample shows an ion trend similar to thegddetehorizontal
samples but with always lower concentrations (Figure 3.59).

Figure 3.59 Soluble ions concentrations (ppm) measured in material accumulated on
sample horizontally (green) and obliquely (ochre) exposed for 6 monthsrenEé

Table 3.22 presents that concentration of different ions per unit swffde@izontal sample were higher
than those detected on oblique samples but both samples were characterised bylbighef €1, Na” and

ca™.

cr NOsy SO* Na’ NH," K* Mg?* ca*
(ugcn®)  (ugen®)  (ugent) (ugem?)  (ugen?)  (ugeni)  (ugent)  (ug cntd)
SMCH2 24.91 10.91 6.46 17.27 0.46 1.05 5.43 14.12

SMCO2 20.07 7.98 5.69 13.52 <LOD 0.87 3.97 11.15

Table 3.22 Soluble ions concentrations per surface unit measured in material t&gpasi horizontal and oblique
samples exposed for 6 months in Florence. <LOD means below the lirateofidn.

After 12 months of exposure

Deposit material analysed on stone samples exposed for 12 months displays cleazonighetration of
each ion on oblique sample than the horizontal one (Figure 3.60). In this regand, @mons 32.33 ppm of

CI', 13.99 ppm of N@ and 14.65 ppm of SO were measured on oblique sample respect to 14.78 ppm, 6.36
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ppm and 5.71 ppm of the horizontal sample (Figure 3.60). Moreover, high concentraticniats\#etected
(29.48 ppm and 11.81 ppm on horizontal and obligue samples, respectively) while the titmesr ca
concentration was lower {KandMg**) or below limit of detection in both samples (Ntnd C&").

Figure 3.60 Soluble ions concentrations (ppm) measured in material accumulated on
sample horizontally (green) and obliquely (ochre) exposed for 12 monthsrenEé.

lon concentration per sade unit of all samples (Table 3.23) displays in general higher valuesiohglbn
obliqgue sample with exception for NHand C&', whose values of both specimens were lower limit of
detection. Furthermore, the prevalence ofa@tl Na is evident in both samples.

cr NOy SO” Na" NH," K* Mg?* cat
(ugcn?®)  (ugen®)  (ugent) (ugem?)  (ugen?)  (ugeni)  (ugen)  (ug cntd)
SMCH3  10.27 4.41 3.97 820 <LOD 0.40 034 <LOD

SMCO3 22.45 9.71 10.17 20.47 <LOD 1.82 4.08 <LOD

Table 3.23 Soluble ions concentrations per surface unit measured in material tapasi horizontal and oblique
samples exposed for 12 months in Florence. <LOD means below the ldeteofion.

After 18 months of exposure

Anions concentrations measured on horizontal sample exposed for 18 months were characteiggea by

values of Clfollowed by S@* and NQ while among cations Nand C&' prevailed over the other cations
(Figure 3.61).

Furthermore, the concentrations of ions detected on oblique sample were really tiose mwbtained from
horizontal sample, with exception of C#hat was higher on oblique specimen (Figure 3.61).
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Figure 3.61 Soluble ions concentrations (ppm) measured in material accumulated on
sample horizontally (green) and obliquely (ochre) exposed for 18 montharenEeé.

lon concentration per surface unit of all samples (Table 3.24) displays iralgsingitar values of ions on
both samples with exception for €athat was higher on oblique sample. Additionally, the prevalence of Cl
Na" and C&' is perceptible in both samples.

cr NO; SO” Na" NH," K* Mg?* cat
(mgent)  (ugen?) (Hgen®)  (ugent) (ugent) (Mg eni®)  (ug ent)  (ug cnt)
SMCH6  25.22 7.07 942  17.91 0.25 1.07 450  13.43

SMCO6 24.98 6.81 8.55 18.04 0.28 1.01 5.05 16.92

Table 3.24 Soluble ions concentrations per surface unit measured in material tepasi horizontal and oblique
samples exposed for 18 months in Florence.

After 24 months of exposure

After 24 months of exposure, ion chromatography was carried out on the material depokibeidanal,
oblique and vertical sample. In genera),> prevailed over the other anions, showing higher value on
obligue sample (15.98 ppm) than horizontal (13.82 ppm) and vertical (8.73 ppm) ones. Caomcenft(ait

and NQ were similar on horizontal (6.04 ppm and 5.37 ppm) and oblique (4.26 ppm and 4.27 ppiasam
while lower values were measured on vertical sample (0.83 ppm and 2.44 ppm) (Figure 3.62).

Among cations, C& overcame in all samples, with higher value on oblique specimen (22.84 ppm) respect to
horizontal (15.92 ppm) and vertical (6.34 ppm) ones (Figure 3.62). Moreovenva$a appreciable fo
oblique (3.31 ppm) and horizontal (3.23 ppm) specimens while it was low on verticabs@8l ppm).
Finally, the other measured cations were negligible for all samples.
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Figure 3.62 Soluble ions concentrations (ppm) measured in material accumulated on

sample horizontally (green), obliquely (ochre) and vertically (blue) explos€dl months
in Ferrara.

Comparing ion concerdtion per surface unit (Table 3.25), each sample was characterised by the prevalence
of SO* and C& among other ions and in particular, more abundant values were detected on oblique

specimen.
cr NOy SO” Na" NH," K* Mg?* cat
(ugcn?®)  (ugen®)  (ugent) (ugem®)  (ugen?)  (ugeni)  (ugent)  (ug cntd)
SMCH?7 4.19 2.96 9.60 2.24 0.16 0.28 0.26  11.06
SMCO7 3.73 296  11.10 2.30 0.02 0.58 0.37  15.86
SMCV3 0.58 1.70 6.07 0.34  <LOD 0.24 0.06 4.41

Table 3.25 Soluble ions concentrations per surface unit measured in material depositedrizontal, obliqgue and
vertical samples exposed for 24 months in Florence. <LOD means below thef lii@iection.

Comparison

Comparing anions concentration per surface unit detected in all specimens entdékgosure time (Figure
3.63), high values of Civere measured in all samples within 18 months of exposure (with values between
10.27 pg cif and 25.22 pg cif) while a decrease happened on all samples remained exposed for 24

months.

NO;, ranging between 1.70 pg érand 10.91 pg cihconsidering all samples, showed the highest value for
horizontal sample after 6 months of exposure (10.91 i) amd for oblique sample after 12 months 9.71

g cn while lower values were measured after 24 months of exposure in all samples.

SO showed concentration rather constant over time (with values between 3.97 pgail.10 pg cif),

slightly higher on obliqgue samples after 12 and 24 months of exposure.
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Figure 3.63Concentration of soluble anions per surface unit (uf)cmeasured in material accumulated on

horizontal (H), oblique (O) and vertical (V) samples remained exposed for 6181and 24 months in
Florence.

Among cations, Naand C&" prevailed over time in all samples (Figure 3.64). In particulaf, W more
abundant within first 18 months of exposure both in horizontal and oblique sampleahilvas detected

all over the period (between 4.41 pgtend 16.92 ug cif) with exception of measurement after 12 months
(<LOD). Moreover, C& displayed higher values on oblique samples than horizontal one during last 2
examined periods.

Mg?* remained in general rather constant in all samples (median value of 4.2%ugitimn 18 months of
exposure while it diminished in all samples after 24 months of exposure.

Finally, NH," and K concentrations were negligible over time because they remained below 2.00°ug cm
(K*) or 1.00 pg i (NH,") in all samples.

Figure 3.64 Concentration of soluble cations per surface unit (u&fcmeasured in material accumulated on

horizontal (H), obliqgue (O) and vertical (V) samples remained exposed fb2,618 and 24 months in
Florence.
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GENERAL COMPARISON

Concentring upon amount of anions measured per surface unit on all horizontal Carrara Maplds sa
(Figure 3.65 A), Clwas more abundant than Bl@nd SQ in all sites within 18 months of exposure, with
slight decrease after 12 months of exposure, while its concentration underwentdnoglesfter 24 months

of exposure. Concentration of §Qvas in general rather constant in all site and exposure time, with lower
values after 24 months of exposure. Moreover,’Sfesented lower concentration than N@®ithin 12
months of exposure while then it exceeded values of (dfler 18 months) and also  Chfter 24 months of
exposure) in all exposure sites. In general, Ferrara and Florence showed higher valy&stafrSBologna.
Among cations (Figure 3.65 B), Narevailed over the other cations within 18 months of exposure in all
sites. Also C& was detected in considerable amount in all exposure sites and periods with exception of
samples analysed after 12 months of exposure, whose values were below the detect@ongiiering ion
chromatography results after 6 and 24 months of exposufé a@munt gradually increased passing from
Bologna to Ferrara and Florence while more similar values in all sitesmesasured after 18 months of
exposure.

Furthermore, amount of Mgproved to be almost constant within 18 months of exposure while it visibly
decreased after 24 months of exposure. Small quantity’ @l much lower of NI was assessed in all
sites over time.
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A)

B)

Figure 3.65 Concentration of anions (A) and cations (B) per surface unit measunethe exposed surface of
Carrara Marble stone samples horizontally exposed in Bologna (BO), Ferr&tpdnd Florence (FI) for 6, 12, 18
and 24 months.

Figure 3.66 compare ion concentration per surface unit measured on oblique Carrara Marbénspecth
sites at different exposure time. Given that ion chromatography of obliqgue saafi@e$ months of
exposure was performed only on samples exposed in Florence, also for obliqgue specindesmagéd
higher values than NQand SG in all sites within 18 months of exposure, while its general decrease was
measured after 24 months of exposure (Figure 3.66 A).
Concentration of N@was in general rather constant in all site and exposure time, with lower values after 24
months of exposure. Moreover, $0was in general lower than the amount of ;N®ithin 12 months of
exposure (excepted sample exposed in Florence for 12 months) while it exceeded valDgqafteéd 18
months) and also C(after 24 months of exposure) in all exposure sites. In general, Ferrara ande-lorenc
showed higher values &0, than Bologna.
Focusing on cations (Figure 3.66 B),"Nevailed over the other cations within 18 months of exposure in all
site while after 24 months the most abounding cation was Bareover, C& was detected in considerable
guantity in all exposure sites and periods with exception of samples analysed aftenth® of exposure.
Ca* amount was higher on samples exposed in Florence, followed by Ferrara, thanabedénpBologna.

131



Furthermore, amount of Mgwas almost constant within 18 months of exposure while it clearly decreased
after 24 months of exposure. Finally, all sites had few concentratiori ahé negligible amount of NH

over time.
As already written, concentration of all ions measured on sample exposed on the roof terrace was higher than

that measured on sample located on the window balcony.

A)

B)

Figure 3.66 Concentration of anions (A) and cations (B) per surface unit measunethe exposed surface of
Carrara Marble stone samples obliquely exposed in Bologna (BO), FerrargaifdEFlorence (FI) for 6, 12, 18 and
24 months. Fe_W refers to oblique sample exposed on window balcony in Ferradamonths.

Finally, concentrations of ions measured on vertical specimens after 24 months of exgosurery low in
all samples (Figure 3.67). In particular, values of all ions measured on sample expBsdogna were
close to 0.00 pg ciwhile SQ% and C&" were slightly higher detected in samples located in Florence than

those exposed in Ferrara.
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A)

B)

Figure 3.67 Concentration of anions (A) and cations (B) per surface unit measured on
the exposed surface of Carrara Marble stone samples vertically exposedagn8ol
(BO), Ferrara (FE) and Florence (FI) for 24 months.

The comparison of anions measured on horizontal samples of different lithotypes expdsedsame
location shows in general the prevalence of der NQ and S@ in both kind of stones during each
analysed period, with exception of Carrara Marble samples after 24 months of exploseS @ reached
concentration similar to C{Figure 3.68 A). In particular, Cbf Carrara Marble sample was slightly more
abounding than that assessed on Verona Red Marble specimens after 6 and 24 montharefwkjje the
contrary happened after 12 and 18 months of exposure. Moreover, the amount afadGimilar on
samples of both lithotypes, with slightly higher values on the marble tkdimtastone. Finally, amount of
SO, measured on Carrara Marble was double that detected on Verona Red Marble duwonpitdhered
periods, reaching even 5 times higher concentration after 18 months of exposure.

Comparing cations concentration measured on both lithotypes (Figure 3.68" RyeMailed over the other
cations within 18 months of exposure for both Carrara Marble and Verona Red Marlgkessain
particular, analysis on the marble revealed slightly higher amount'adfiéa 6, 18 and 24 months respect to
the limestone.

ca* was generally rather abundant in both kind of samples, with exception after ¥&mbakposure that
reached values below limit of detection. However, the reciprocal correlation of its conoantraisured on
both kinds of stone changed over time becaus& ®as higher on marble sample after 6 months of
exposure, below on marble specimen after 18 months of exposure and similar on both lithibeyp2$
months.
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Final remarks:

f Concentrating upon Carrara Marble samples, the amount ‘'om&isured per surface unit
prevailed over the other anions (up to 25.22 ug)dmhorizontal and oblique samples in all sites
within 18 months of exposure. Besides a general reduction of ion concentration aftent®$
in all sites, SGF was more abundant than the other anions, suggesting an ongoing sulph
process, with general higher values in Ferrara (till 13.94 |if) amd Florence (up to 9.60 pg tm
%). Among cations, significant concentration per surface uniN@f followed by C4&‘, were
detected in samples exposed in all sites within 18 months @hffeprevailed over the other
cations after 24 months of exposure.

f lon chromatography performed on vertical marble specimens after 24 months of exposure sl
lower ion concentration than the corresponding horizontal and oblique specimensicliigoart
values of all ions measured on sample exposed in Bologna were close to 0.08 whilenthe
concentration per surface unit of §0and C&" was slightly higher in samples located i
Florence than those exposed in Ferrara.

f Soluble ions detected in material accumulated on Verona Red Marble showed a trendcsim
that observed in marble samples exposed in the same site (i.e. Feham)terised in general
by the prevalence of CINa" and C&" within 18 months of exposure. In addition to a commo
reduction of ion amount, material deposited on limestone samples analysed after 24 mon
exposure was dominated 80, and C&, likely indicating an ongoing sulphation process. i
particular, the concentration of $Owas much higher on marble samples than on limestone or|
suggesting a higher reactivity of marble to sulphation process.

f The sources of major soluble ions detected on the surface of stone sampléd® citrituted to
marine origin and de-icing salts (C5Q*, Na" and C&"), resuspended dust (mainly X)aand
vehicular traffic beside industnsQ,* and NQ).
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3.1.5.CARBON SPECIATION AND RELATED ISOTOPIC ANALYSIS

Quantification of carbon fractions and the related isotopic ratio were pedoom material deposited on
exposed surface of stone specimens in order to assess the different carbon componertgevand ac
information about their possible emission sources.

The analysis was carried out by thermally-based separation every 6 months on the matdvadically
removed from the whole exposed surface of a sample from each exposure site and &sreatation,
whenever a suitable amount of particulate was observed on specimens surface (cf. suBcha@pter
Unfortunately, no data about carbon fractions of stone slabs vertically exposadadable because the
quantity of the material deposited on them was always insufficient to be analyseA-IRMS. The
complete list of investigated samples is reported in Table 3.5.

BOLOGNA

The amount of carbon fractions measured as weight percent of material accumulatedlensamaples
exposed in Bologna at different exposure time is reported in Table A4.1 (Annex 4).

After 6 months of exposure

Investigation about carbon content was performed only on specimen horizontallydexplosedeposited

matter resulted to be composed by 14.70 wt% of total carbon, characterisedidiyt aredominance of

NCC (8.55 wt%) over CC (6.15 wt%) (Figure 3.71). Specifically, the non-carbaaat®h was constituted
by 7.38 wt% of OC and 1.17 wt% of EC with a OC/EC ratio of 6. Caltogatie different carbon portions
as percentage of TC, OC represents half of TC while CC is 42 % and EC 8 &avistoiknowledge about
the quantity of each carbon fraction deposited per unit of surface on sampigd(€an provide further

information about the possible deterioration of a stone surface exposed outdoor (Figure 3.71).

Figure 3.71 Blue bars indicate TC, CC, OC and EC concentrations weighted in powder
deposit collected from sample horizontally exposed for 6 months in Bolelgile pink
rhombuses represent the amount of each carbon fraction per surfacefuhie same
sample.
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JLQDOO\ WKH*®RHLEFEX DOECH DQG F D OEX)Wsbtvpikl ratios were respectively -
A R5.48 A D @8.7 A (Table 3.26).

Tcsurface CCsurface OCsurface ECsurface / 13CTC / 13CCC / 13COC / 13CEC OC/EC
(Mgem®) (ugen®) (ugen®) (ugen?) | (A)  (A) (A (A)
BCH10 18.58 7.77 9.33 1.48| -14.7 0.9 -255 -28.7 6

Table 326 Information related to carbon fractions (carbon fractions measuredveight per surface unit, isotopic
ratios and OC/EC) of horizontal Carrara Marble sample after 6 months of exposBadgna.

After 12 months of exposure

The exposure outdoor of samples for 12 months in Bologna led the analysis of carbionsfratctthe
particulate matter deposited on both horizontal and oblique specimens. Figure 3.72 shohty diglher
concentration of TC in horizontal sample (16.61 wt%) than in tilted one (15.93 wt%). In particular{leC of
material collected from horizontal and oblique samples (6.03 wt% and 5.43aat¥)nted respectively for
36 % and 34 % of TC while NCC prevailed (10.58 wt% and 10.50 wt%). Furtherm@rea® detected in
higher amount than EC in both samples, displaying a OC/EC ratio of 2 and Hé&rifmmtal and oblique
samples, respectively (Table 3.27). Considering the different samples orieri&jddC and EC were more
concentrated in horizontal specimen while OC prevailed in oblique sample (9.8&syétt to 7.54 wt% of
horizontal sample) (Figure 3.72).

Figure 3.72 TC, CC, OC and EC concentrations detected in powder deposit collected from
samples horizontally (blue) and obliquely (red) exposed for 12 monthsagrizol

ORUHRYHU “ auef@ ach carbon fraction were assessed in both samples (see Tablh8.27).

same table displays also the amount of each carbon portion accumulated per suriafcstomé (Gyaco
(Table 3.27).
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TCsutace CGCsuace OCsurace EGsutace | /°Crc /P°Ccc MCoc  /MCec | OCIEC
(ugen?)  (ugen®) (ugem?) (ugend) | (A)  (A)  (A)  (A)
BCH12| 3715 1349  16.87 6.79| -163 07 -253 -27.7 2
BCO2 32,74 1117  20.20 137| -168 01 -255 -265 15

Table 327 Information related to carbon fractions (carbon fractions measuetveight per surface unit, isotopic

ratios and OC/EC) of horizontal and oblique Carrara Marble samples after I2hs@f exposure in Bologna.

After 18 months of exposure

The material accumulated on horizontal sample resulted to be composed by 14.64 wt%7 08Ta% of

CC and 7.57 wt% of NCC (Figure 3.73). The latter was characterisde lpyrévalence of OC (5.74 wt%)
over EC (1.82 wt%). Therefore, considering the percentage of each carbon fractiorteeldie€C (48 %)
slightly prevaied over OC (39 %) and EC (12 %). The analysis of material deposited on the sample
obliquely exposed shad a concentration of TC (14.25 wt%) similar to that measured on halzarmple
(Figure 3.73 but with a clear prevalence of NNC (8.42 wt%) over CC (5.82 wt%). Inicpkat, OC (7.57

wt%) was much higher than EC (0.85 wt%) and they corregabtiod53 % and 6 % of TC respect to 41 %

of CC.

) X UW K H U’ Rflblith gamples werd LPLODU ZLWK S R VCW whvlel méd @egadive foR U /

Figure 3.73TC, CC, OC and EC concentrations detected in powder deposit collected from

samples horizontally (blue) and obliquely (red) exposed for 18 monthsagrizol

[*Coc D Q BCi (Table 3.28.

Finally, the calculated amount of each carbon fraction per surface unit highliggher values for oblique
sample than for horizontal one of all C portions (Table 3.28) because theygohmntiaterial deposited on

oblique specimen (20.1 mg) was much higher that of horizontal sample (9.3 mg).
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TCoutace  CCsurtace  OCsutace  EGsurtace | /°Crc  [°Cocc Coc  /PCec | OC/EC
(ugen?)  (ugen®) (ugem?) (ugend) | (A)  (A)  (A)  (A)
BCHS8 9.46 4.57 3.71 1.18| -13.4 1.1 -25.8 -30.8 3
BCO10 19.89 8.13 10.57 1.19| -14.8 09 -25.6 -25.3 9

Table 328 Information related to carbon fractions (carbon fractions measuetveight per surface unit, isotopic
ratios and OC/EC) of horizontal and oblique Carrara Marble samples after I8hs@f exposure in Bologna.

After 24 months of exposure

The material accumulated on horizontal sample resulted to be composed by 12.73 wt%.6BW2% of
CC and 6.16 wt% of NCC (Figure 3.74). However, the small amount of cdllpatéiculate matter was not
enough for analyse the concentration of OC and EC. Higher concentration of TC (Zb)l@as detected

in deposit of obligue sample (Table 3.29 and Figure 3.74). In particular, OC represeried43C
followed by EC (33 %) and CC (19 %).
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Figure 374 TC, CC, OC and EC concentrations detected in powder deposit collected from

samples horizontally (blue) and obliquely (red) exposed for 24 monthsagrizol

TC isotopic ratio of oblique sample was more negative than that measured in the horizontal one (Tjable 3.29

TCsurface

CCuutace  OCsurtace  ECsurtace | /°Crc Cec Coc  /°Cec | OCIEC

(ugcn?®)  (ugen®)  (ugent) (ugem?) | A A A A
BCH14 21.67 11.19 n.d. nd.| -12.7 1.6 n.d. n.d. n.d.
BCO5 20.00 3.78 9.72 6.50| -21.6 1.1 -26.1 -28.0 1

Table 329 Information related to carbon fractions (carbon fractions measured as tveigthsurface unit

isotopic ratios and OC/EC) of horizontal and oblique Carrara Marble samples aftenchths of exposure in
Bologna. n.d. stands for not detected.

Considering carbon fraction per surface unit (Table 3.29),d&was slightly higher in horizontal sample
(21.67 pg cil) than in oblique one (20.00 pg én
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Comparison

Considering the amount of carbon fractions of material accumulated on stone samplediffarerg time
of exposure, TC remained always between 14.25 wt% and 21.10 wt% both for samples expassdihoriz
and obliquely (when available).

Moreover, the percentage of OC per TC is higher than CC/TC, with exceptitve diotizontal sample
analysed after 18 months of exposure, while EC/TC displays always the lmlgst(Figure 3.75) Also
CCI/TC of horizontal sample analysed after 24 months is significant (52%@aind OC concentrations
were not detected.
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CC mOC mEC

Carbon fraction / %

Figure 3.75 CC (green), OC (purple) and EC (orange) fractions calculated as percentage
of TC measured in the material deposited on horizontal (H) and obl@ust¢ne samples
exposed for 6, 12, 18 and 24 months in Bologna.

Figure 3.76 aims to clarify how much carbon portions were accumulated on the wbo$ed surface of
stone specimens during the investigated period. In general, the trend of each carbmn dedetited on
horizontal specimens shows increasing values till 12 months of exposure followed byaseexter 18
months of exposure and an increase after 24 months. This tendency is observable alglesnokdiouely
exposed (Figure 3.76). It is noteworthy that the horizontal sample exposed for 1% mecdrded the
highest amount of EC ever among all analysed samples while the oblique samplesarinéhexposure
period showed the highest quantity of OC ever. On the contrary the overalt \mligss of each carbon
fraction were detected in the particulate matter collected from horizontal sampleeéreaposed fol8
months, with exception of CC amount that reached the lowest value on oblique aftemp®t months of
exposure (Figure 3.76
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Figure 3.76 Carbon fraction amount per surface unit calculated on the material tedlec
from the exposed surface of stone samples horizontally (H) and obl{@)edxposed for 6,
12, 18 and 24 months in Bologna. Grey, green, purple aadge refer respectively to
TCsurface CCsurface Ocsurfaceand EQurface

Considering *C of all samples, the isotopic ratios remained almost constant for all samplesalutirey

analysed periods (Tables 3.26-3.297Cc remained between -12.& RHhorizontal sample exposed for 24

months and -21.6A Roblique specimen exposed for 24 montiCec LV DOZD\V DURXQG A
[*Coc D Q €Cqt are more negative: around- A DQG eBHWZHA DQG A UHVSHFWLYHO\

FERRARA
CARRARA MARBLE

The amount of carbon fractions measured as weight percent of material accumulated ensamaptds
exposed in Ferrara at different exposure time is reported in Table A4.2 (Annex 4).

After 6 months of exposure

The amount of deposited material was considered enough for carbon speciationtmrigamtally exposed
sample. The elemental analyser detected 15.72 wt% of TC, 3.22 wt% of CC and 22.40NEC (Figure
3.77). The latter was composed mainly of OC (11.24 wt%) and only slightly of E€ \{t%). OC/EC ratio,
equal to 10, highlights the prevalence of OC (Table 3.30). Furthermore, Figure laysdaso the amount
of each carbon fraction per surface unit deposited on the stone slab.

The evaluation of different carbon portions as percentage of TC underlinesCthapf@sergd almost one
third of TC (72 %) while CC is 21 % and EC 7 %.
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Figure 3.77 Blue bars indicate TC, CC, OC and EC concentrations weighted in powder
deposit collected from Carrara Marble sample horizontally exposed for Bth®on
Ferrara while pink rhombuses represent the related amount of each céwdudiion per
surface unit of the same sample.

&RQVLGHULQJ WK FfCrrdrWeR S L FA UKW DH\D Q BC were increasingly negative (-
A DQG A UHVSHFad ¥30)0 \

TCsurface Ccsurface Ocsurface Ecsurface / 13CTC / 3 C / 13COC / 13CEC OC/EC
(ugen?)  (ugen?®) (ugen?) (ugem?) [ (A)  (A) (A (A)
PTCH21 33.30 6.87 23.96 247 -20.2 -0.7 -248 -295 10

Table 330 Information related to carbon fractions (carbon fractions measuredveight per surface unit, isotopic
ratios and OC/EC) of horizontal Carrara Marble sample after 6 months of exposkezriara.

After 12 months of exposure

The exposure outdoor of samples for 12 months in Ferrara led the analysis of cadtionsfrof the
particulate matter deposited on both horizontal and oblique specimens. TC anmalysegdrticulate matter
deposited on horizontal stone sample was 16.91 wt%, whose 73 % consisted of NCO®G4rid 19 %
EC) and the remaining 27% of CC (Figure 3.78). The OC/EC ratio confirmed that OC is almostEoubl
The analysis of material deposited on the obliquely exposed sampledhawncentration of TC (16.56
wt%), CC (3.91 wt%) and NCC (12.65 wt%) similar to that measaretiorizontal sample (Figure 3.78).
Nevertheless, a higher amount of OC (11.37 wt%) over EC (1.27 wt%) was detedtelijoa specimen
than in the horizontal one (Figure 3.78). This is clear also observing OC/ECi.aati®) and the calculated
percentage of NCC components respect to TC (69 % of OC and 8 % of EC).
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Figure 3.78 TC, CC, OC and EC concentrations detected in powder deposit collected from
Carrara Marble samples horizontally (blue) and obliquely (red) expdsed2 months in
Ferrara.

However, considering the quantity of material collected from the two sampksntbunt of carbon
fractions calculated per surface unit showed thai,£& of horizontal specimen is almost double that of
oblique sample (74.90 ug éhand 43.47 pg cif) and therefore all the othek Gcefractions resulted higher
in the horizontal sample than the oblique one (Table 3.31).

TCsurface CCsurface OCsurface ECsurface / lscTC / 13CCC / lscOC / 13CEC OC/EC
(Mgen?) (ugen®) (ugen?) (ugen?) | (A)  (A) (A (A)
PTCH23 74.90 20.51 40.32 14.07| -18.3 1.0 -245 -285 3

PTCO12 43.47 10.27 29.85 3.34| -19.0 0.3 -265.2 -22.7 9

Table 331 Information related to carbon fractions (carbon fractions measueaveight per surface unit, isotopic
ratios and OC/EC) of horizontal and oblique Carrara Marble samples after I2hs@f exposure in Ferrara.

7KH P HD VGdf It samples waD URX Q G Ae BadpO rdtios/ of OC and EC components
were PRUH QH JoWwwashetween- A DQG A D &FGchbetween - A DQG A
respectively for the horizontal and oblique samples) (Tablg.3.31

After 18 months of exposure

The material accumulated on horizontal marble sample after 18 months of expaswemposed by 14.11
wt% of TC, 3.10 wt% of CC, 8.11 wt% of OC and 2.90 wt% of EC (11.01 wt% & )N&s shown in Figure
3.79. In particular, OC was the dominant component of TC (57 %) while EC and CC addouat similar
percentage to TC (21 % and 22 %, respectively). Considering the proportioe dfC& components,
OC/EC ratias equal to 3.

Figure 3.79 displays also that the amount of TC (14.22 wt%) and OC (11.85 wt%) measoitdid|umn
sample was slightly higher than that of horizontal specimen whgatklilower valuesvere recorded for
CC (2.37 wt%) and EC (2.51 wt%), always attesting the prevalence of NCC @&%4FrC (17 %) respect
to TC.
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Figure 3.79TC, CC, OC and EC concentrations detected in powder deposit collected from
Carrara Marble samples horizontally (blue) and obliquely (red) exposed&amonths in
Ferrara.

However, the abundance evaluation of each carbon component to all the collected mateedkteshdo
surface unit highlighted highersgace Of all components in horizontal sample than the oblique one (Table
3.32.

Tcsurface CCsurface OCsurface ECsurface / 13CTC / 13CCC / 3 C / 13CEC OC/EC
(ugen?)  (ugen®) (ugem?) (ugend) | (A)  (R)  (A)  (A)
PTCH4 118.35 26.02 68.02 24.32| -20.0 -1.1 -26.0 -234 3

PTCOS5 85.10 14.16 55.91 15.03| -19.9 04 -259 -16.6 4

Table 332 Information related to carbon fractions (carbon fractions measueav@ight per surface unit, isotopic
ratios and OC/EC) of horizontal and oblique Carrara Marble samples after 18hs@f exposure in Ferrara.

Considering the isotopic ratios in Table 3.32C;c was very similar in both samples while higher
differences wereR E V H U Y B’E-Q euialQo £ A LQ WKH KRUL]RQW DO L\DDWEBGIHRE QG
one.

After 24 months of exposure

The material accumulated on horizontal marble sample after 24 months of expasemmpased by 15.51
wt% of TC, 1.80 wt% of CC, 7.00 wt% of OC and 6.72 wt% of EC (13.72 wt% &)N&s shown in Figure
3.80. Considering the related percentage to TC, OC (45 %) and EC (43 %) percemtagenilar and both
were higher than that of CC (12 %).

Figure 3.80 displays also that the amount of OC (7.67 wt%) and CC (2.06 wt%) measured orsabljuae
was slightly higher that of horizontal specimen while slightly lower eslwere recorded for TC (13.68
wt%) and EC (3.96 wt%), always attesting the prevalence of NCC (85 %) over CC (156} tesTC.
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Figure 380 TC, CC, OC and EC concentrations detected in powder deposit collected from

Carrara Marble samples horizontally (blue) and obliquely (red) expose@4anonths in
Ferrara.

Csurrace Of all fractions resulted higher in horizontal sample than in the oblique ones (3&3). Moreover,
the isotopic ratio of all carbon fractions was similar in both samples (Table 3.33

TCsurface CCsurface OCsurface ECsurface / 13CTC / 13CCC / l3COC / 13CEC OC/EC
(Mgen?) (ugen®) (ugem®) (ugen?) | (A)  (A) (A (A)
PTCH5 152.75 17.68 68.94 66.14| -20.7 -0.7  -254 -21.2 1

PTCO4 102.82 15.50 57.59 29.72| -20.4 -1.3  -254 -20.7 2

Table 333 Information related to carbon fractions (carbon fractions measueaveight per surface unit, isotopic
ratios and OC/EC) of horizontal and oblique Carrara Marble samples after 2dhw@f exposure in Ferrara.

Comparison

Comparing the amount of carbon fractions of material accumulated on stone sdomes different
exposure time, TC remained always between 13.68 wt% and 16.91 wit% both for samples exposed
horizontally and obliquely (when available).

In general OC was the main component of TC in all analysed samples, contributing always to more than half
of TC, with exception of deposited particulate matter on horizontapleaafter 24 month of exposure
(Figure 3.81). Moreover, considering the components of NCC, OC/EC ratio decreased duexgothee

time in both horizontal and obliqgue samples (Tables 3.30-3.33). Along with a natuealse of EC/TC over

time, it should be considered that the deposit samples collected after 24 moatipoaire was analysed

using 400°C rather than 430°C as temperature to detect OC concentrationa fesd to an additional
increase of EC respect to OC.
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Figure 3.81 CC (green), OC (purple) and EC (orange) fractions calculated as percentage
of TC measured in the material deposited on horizontal (H) and obli@)eCérrara
Marble stone samples exposed for 6, 12, 18 and 24 months in Ferrara.

Taking into consideration {ace both horizontal and oblique specimens underwent a gradual increase of
TCsurrace OVEr time, showing higher values in horizontal samples than in the corresponding obkgue on
(Figure 3.82). Also all the others§acefractions display a similar increasing trend over time of both kinds of
samples, with exception of OC and CC fractions of deposit exposed for 24 mioaitlienhained almost
similar to the values of the previous period (Figure 3.82

Csun‘acz! Hg cny?

H6MH 12MO_12MH_18MO_18MH_24MO_24 M
mTC ®mCC mOC WEC

Figure 3.82 Carbon fraction amount per surface unit calculated on the material tedlec
from the exposed surface of Carrara Marble stone samples horizontally (H) haqaebjp (O)
exposed for 6, 12, 18 and 24 months in Ferrara. Grey, green/|epamd orange refer
feSpeCtiV@'Y to Tgrface CCsurface OCsurfaceand EQurface

) L Q D 8@ rerhained constant in all sample of all exposure time in between 2071 KRUL]RQWDO V|
exposed for 24 months and -18.3 of horizontal specimen exposed for 12 months (Tables 3.3%#&:33)
D Q BCdc remained constant in all analysed samples with mean value oA-0BQG A UHVSHFWLYF
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After 12 months of exposure

Respect to time of investigation, the exposure outdoor of samples for 12 monttes &tcumulation of
atmospheric material enough for the analysis of carbon fractions on both haor{#érfamg) and oblique
(36.0 mg) samples.

The particulate matter deposited on the horizontal sample was composed by 17.16Tt%2.G0 wt% of
CC, 9.26 wt% of OC and 5.11 wt% of EC (Figure 3.84). Specifically, TC was madaiaty mf OC (54
%), followed by EC (30 %) and CC (16 %).

The weight % of TC and CC related to the measured portion of oblique sangptemitar to that assess in
the horizontal specimen (Figure 3.84). On the contrary, concerning the NCC componeritpuef sdrhple,
OC (14.30 wt%) was much more abundant than EC (1.98 wt%), having an OC/EC ratrespiect to 2
calculated for the horizontal sample. Moreover, OC acaalfior 75 % of TC, CC for 14% and EC for 10
%.

Figure3.84 TC, CC, OC and EC concentrations detected in material collected from Verona
Red Marble samples horizontally (blue) and obliquely (red) exposed fandifzhs in
Ferrara.

However, the amount of carbon fractions calculated per surface unit showgthafr@ctions of horizontal
specimen were higher than those detected from the obliqgue sample with exceptiog,for @@ble 3.3%.
Moreover, each isotopic fraction of horizontal samples was similar ab dh the oblique one, with
increasingly more negative vAIH | URCR: W BCéc D Q BCy: (Table 3.35 'Crc is equal to - A
in both sample.

TCsurface Ccsurface Ocsurface Ecsurface / 13CTC / 3 C / 13COC / 13CEC OC/EC
(Mgen?)  (ugen®) (ugen?®) (ugen?) | (A) (A (A (A)
PTNH17 55.76 9.07 30.10 16.60| -21.7 -1.1 244 -28.1 2

PTNO12 47.43 6.72 35.75 496 | -21.7 -0.9 -251 -257 7

Table 335 Information related to carbon fractions (carbon fractions measuetveight per surface unit, isotopic
ratios and OC/EC) of horizontal and oblique Verona Red Marble samples afternt@shad exposure in Ferrara.
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After 18 months of exposure

The material deposited on the horizontal sample was composed by 13.90 wt% of TC, 20f30@%4.1.38
wt% of OC and 0 wt% of EC (Figure 3.85).

Also the analysis performed on obliqgue sample showed C fractions results sintilasg¢canalysed on the
horizontal sample with 14.87 wt% of TC, 3.13 wt% of CC, 11.42 wt% of OC and 02WEC (Figure
3.85). Considering the NCC fraction, OC represents 77 % of TC while EC only 2 %.

Figure3.85 TC, CC, OC and EC concentrations detected in material collected from Verona
Red Marble samples horizontally (blue) and obliquely (red) exposed fandi8hs in
Ferrara.

Furthermore, the quantity of carbon fractions calculated per surface unit iortatisample was higher
than that measured in the oblique one, with kG equals to 71.14 ug chand 66.49 ug cif respectively
(Table 3.36.

TCsurface CCsurface Ocsurface Ecsurface / 13CTC / 3 C / 13COC / 13CEC OC/EC
(Mgen?) (ugen?) (ugen?®) (ugen?) | (A)  (A) (A (A)
PTNH4 71.14 14.06 58.25 0.00| -20.1 -04 -25.9 n.a. n.a.

PTNO14 66.49 13.99 51.09 1.41| -20.6 -0.6 -26.0 -22.6 36

Table 336 Information related to carbon fractions (carbon fractions measueaveight per surface unit, isotopic
ratios and OC/EC) of horizontal and oblique Verona Red Marble samples &fteofiths of exposure in Ferrara.
n.a. means not available data.

Table 3.36 reports also the isotopic ratios of each carbon fraction afdnojties, evidencing similar values
for each C component.

After 24 months of exposure

Particulate matter deposited on the horizontal sample was composed by 13.40 wt%2 @8Tt% of CC,
8.00 wt% of OC and 3.32 wt% of EC (Figure 3.86). Specifically, TC was made upyrmai@lC (59.7 %),
followed by EC (24.8 %) and CC (15.5 %).
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In general, the weight percent of carbon fraction of particulate matter cdliigote oblique sample was
slightly higher than that assess on the horizontal specimen, with exception(Big@fe 3.86). In particular,

OC accounted for 62.89 % of TC, CC for 12.13 % and EC for 24.98 % b&CO@quals to 3) was similar
to then calculated for horizontal sample (i.e. 2).
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Figure 386 TC, CC, OC and EC concentrations detected in material collected from Verona

Red Marble samples horizontally (blue) and obliquely (red) exposed fondhs in
Ferrara.

Furthermore, the quantity of carbon fractions calculated per surface unit oritatisample was higher
than that measured in the oblique one, with kG equals to 106.47 pg ¢hand 84.24 pg ci respectively

(Table 3.37. Table 3.37 reports also the isotopic ratios of each carbon fraction of botlesaayitiencing
similar values for each C component.

TCsurface CCsurface OCsurface ECsurface / 13CTC / 13CCC / 13COC / 13C:EC OC/EC
(Mgen?) (ugen?) (ugen?®) (ugen?) | (A)  (A) (A (A)
PTNH11 106.47 16.55 63.56 26.37| -21.0 -06  -25.1 -237 2

PTNOI6 84.24 10.22 52.98 21.04| -21.6 -0.9 -253 -222 3

Table 337 Information related to carbon fractions (carbon fractions measueveight per surface unit, isotopic
ratios and OC/EC) of horizontal and oblique Verona Red Marble samples afterr@dsd exposure in Ferrara.

Comparison

Comparing the amount of carbon fractions of material accumulated on stone sdomibes different
exposure time, TC remained always betweemM@3wt% and 18.97 wt% both for samples exposed
horizontally and obliquely (when available) (Tables 3.34-3.37).

Comparing horizontal and obligue samples over time, OC is the main component pfallCanalysed
specimens, contributing always to more than half of TC, apart from the holizgantple exposed for 6
months of which was possible to detect only NCC (Figure 3.87). Moreover, ©nhamcreased so much
after 18 months of exposure respect to EC that OC/EC ratio increased duringpdsarexime in both
horizontal and oblique samples reaching up to 36 (Tables 3.34-3.37). However, after 24 mexplusafe
there was an increase of EC, as shown in Figure 3.87. It has to remain that deposg salhepted after 24
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months of exposure was analysed using 400°C rather than 430°C as temperature to deiaceQitatio
and thus this could have influenced the higher amount of EC respect to OC.
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Figure 3.87 CC (green), OC (purple) and EC (orange) fractions calculated as percentage
of TC measured in the material deposited on horizontal (H) and oblQu&érona Red
Marble stone samples exposed for 6, 12, 18 and 24 months in Ferrara.

Concerning upon &ace both horizontal and obliqgue specimens underwent a gradual increase,@feTC
over time, showing higher values in horizontal samples than in the corresponding abies (Figure 3.88).
Moreover, CGyuiace resulted almost similar in horizontal and oblique samples, with a sfigtdase over
time, while EGceresulted less in oblique specimen than in the horizontal one, when detaageneral,

OCuraceinCcreased over time with higher concentration on the horizontal samples tesgexbblique ones
(Figure 3.83.

H6M H12MO_12MH_18M O_18MH_24M O_24 M
ETC mCC mQOC FEC
Figure 3.88 Carbon fraction amount per surface unit calculated on the materliated from
the exposed surface of Verona Red Marble stone samples horizoRjabynd obliquely (O)

exposed for 6, 12, 18 and 24 months in Ferrara. Grey, greemlepand orange refer
feSpeCtiV@'Y to Tgrface CCsurface OCsurfaceand EQurface
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After 24 months of exposure

Particulate deposited on horizontal sample exposed for 24 months was composed by 8.9 Git%. 86
wt% of CC, 3.10 wt% of OC and 1.99 wt% of EC (Figure 3.92). In particular, TC wgsoseah by 43 % of
CC, 35 % of OC and 22% of EC.

Also oblique specimen displayed similar values to those of horizontal sample,slightly higher
concentration of EC (Figure 3.92). Thus OC/EC identified in oblique sarfggieal to 1) was half than that
detected in the horizontal sample (equal)}to 2
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mHmQO

Figure 392 TC, CC, OC and EC concentrations detected in material collected from
samples horizontally (blue) and obliquely (red) exposed for 24 monthsrenEt

Nevertheless, the amount of carbon fractions calculated per surface unit resutied foigall carbon
fractions in horizontal sample than in the oblique one, as presented in Table 3.41. The sasteoWatdéso
similar isotopic ratio of each carbon fraction among different samples.

TCsurface CCsurface Ocsurface Ecsurface / 13CTC / 3 C / 3 C / 13CEC OC/EC
(ugen?)  (ugen?) (ugen?) (ugem?) | (A) (A (A (A)
SMCHS8 120.63 52.00 41.80 26.84| -134 -0.8 -26.0 -18.3 2

SMCO8 90.12 34.87 30.52 2473 -14.2 -0.9 -26.1 -184 1

Table 341 Information related to carbon fractions (carbon fractions measureteight per surface unit, isotopic
ratios and OC/EC) of horizontal and oblique Carrara Marble samples after 2¢hs@f exposure in Florence.

Comparison

The quantity of carbon fractions deposited on all analysed stone samples in Flemateed always
between 8.86 wt% and 14.50 wt%, with higher values measured on samples exposaddnths2(Table
3.38-3.41). In particular, this increase detected after 12 months of exposure seemsitd\bmauced by

NCC, which reached values of 11.77 wt% in the horizontal sample and 10.39 wt% in djue alole, while

CC fraction is higher in the oghperiods of analysis (Table 3.38-3)41

This trend is also confirmed by Figure 3.93 that evaluates the pereaitagch carbon fraction over TC.
Furthermore, OC represented always half or more of TC, with exception of oblique samples measured after 6
and 24 month of exposure.
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Figure 3.93 CC (green), OC (purple) and EC (orange) fractions calculated as percentage
of TC measured in the material deposited on horizontal (H) and obliqust§®® samples
exposed for 6, 12, 18 and 24 months in Florence.

However, Guace Of stone samples highlighted an increase of, £t and OGyqtce OVer time for both
horizontal and oblique samples (Figure 3.94) & underwent a decrease after 12 months of exposure for
then regained after 18 and 24 months of exposure whilg:E&howed a higher value after 12 and 24

months of exposurédCrace aNd EGuiace Were slightly higher in the horizontal samples than the oblique
ones all over time.
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Csurtace/ Hg cn?

H6MOG6M H12 O 12 H 18 0. 18 H 24 O 24
M M M M M M

= TCsurface = CCsurface m OCsurface = ECsurface

Figure 3.94 Carbon fraction amount per surface unit calculated on the material ¢tedec
from the exposed surface of stone samples horizontally (H) and dpli@)eexposed for 6,

12, 18 and 24 months in Florence. Grey, green, purple and eraefgr respectively to

TCsurface CCsurface Ogurfaceand EQurface

)L Q D &0r} of/both samples was always between - A DQG A ZLWK VOLJKWO\ PRU
values after 6 and 24 months of exposure, while the isotopic ratio of CCwasaround - A DQG WKDW
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of OC around 25,68 2Q WKH FRQWUDU\ VRPH GLIHaW becatise Vt résuitedHmerel U F H L
positive in horizontal specimens (between - A DQG A WKDQ W KhtsRoEt@def - A
and -18.4A

GENERAL COMPARISON

The comparison of the amounts of accumulated TC per surface unit on horizontal Man@esamples
highlights that Ferrara recorded the highest,f&.in each studied period while Bologna the lowest one;
Florence shows an intermediate trend (Figure 3.95). In particular, a gradual increameer TG tace
was detected in Ferrara and Florence samples while Bologna underwent to an increasg.e4ffe 6 and

12 months of exposure followed by a decrease after 18 months and a slight incera2 mibnths. Also
TCsurtace OF Oblique samples exposed in Ferrara and Florence progressively increased owiilérobliqgue
specimen exposed in Bologna underwent a decreasegf,L@fter 18 and 24 months of exposure (Figure
3.95). TCuurace OF Oblique sample analysed after 18 months in Bologna resulted higher (19,89 uiham
the value measured on the equivalent horizontal sample (9,46 figndrite all other TGyaceanalysed on
oblique samples were similar or lower than that measured on the corresponding horizontal specimens
All values of CGacerelated to different exposure time, site and orientation remained always between 4.00
ng cm? and 52.00 pg cih On the contrary, the tendency of Qf..measured in all kind of samples is very
similar to that of TGuce but with lower values (i.e. between 3.00 pgZamd 69.00 pg ciin horizontal
samples and between 9.00 ugzand 58.00 pg ciin the oblique ones). Thus, higher values of Q&

for each exposure period were detected in Ferrara while the lowest ones inaB@ofoth horizontal and
obligue samples (Figure 3.95).

ECuumace Of all studied samples remained always between 1.00 |fgarm 67.00 pg ci showing an
increasing trend over time in Ferrara where was reached the highest value buér kind of samples after
24 months of exposure (Figure 3.95).
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Figure 3.95 Carbon fractions amount per surface unit calculated on the matesisdcted from the exposed surface of Carrara
Marble stone samples horizontally (H) and obliquely (O) exposed in diffexposure sites for 6, 12, 18 and 24 months. Blue, red
and green bars refer respectively to samples exposed in Bologna (B@aF@fE) and Florence (FI). Carbon analysis was not
possible for oblique samples exposed in Bologna and Ferrara for 6 saonth

The assessment of the percentage of each carbon fraction respect to TC higlaligh@®Q always prevails
over CC for both horizontal and oblique Carrara Marble samples in all theuegites, with exception of



horizontal sample exposed in Bologna and the oblique one placed in Ferrara after 24(Rigntes3.96).
Considering all the analysed carbon fractions, in general EC was detected viitvakeconcentration in

both horizontal (7-23 %) and oblique (3-33 %) samples exposed for different expogune different sites

while OC resulted to be in general the predominant component (35-72 % for horizontal samples and 29-69 %
for the oblique ones) (Figure 3.96). Nevertheless, some exceptions were idehifiebntal sample
exposed for 12 months in Florence was mainly composed by OC (59 %) followed (8@ E€} and CC (19

%) while the prevalence of CC was evaluated in the horizontal specimen exposed o8 imBologna,

in horizontal ones exposed for 24 months in all sites, in the oblique one expogethonths in Florence

and in the oblique ones exposed in Ferrara and Florence after 24 months.
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Figure 3.96 CC (green), OC (purple) and EC (orange) fractions calculated as percertéd€smeasured in the material deposited
on horizontal (H) and oblique (O) Carrara Marble stone samples exposegl fi2, 18 and 24 months in Bologna (BO), Ferrara
(FE) and Florence (FI). Carbon analysis was not possible for oblique samytesed in Bologna and Ferrara for 6 months.

2EVHUYLQJ WKH LVRWRSLF UDWLR PHDVX@QWG HR S RIVO HaIMAaYP R QW D
ranged between -20.A D QG A showing slightly more negative values in samples collected from
Ferrara (Figure 3.97 Ccc continuously remain&6 FRQVWDQW DURXQG At DOO
displayed stable values in each sites over time but more negative (mean equals & -2V K DQ WKRVH
[PCcc (Figure 3.97 2Q WKH FTQ uhdebagnt the highest variations among exposure sites, with
more positive measures in Florence (mean -18.7WKDQ LQ %RORJQHB DRBUMNHIHJDUD P
25,6 A

[**Crc measured in oblique samples are similar to those evaluated in horizontahespeciith values

between -20.4A D Q12.7 A: Other affinities were detected in the isotopic ratios of the other carbon

| UD F WERQIVQ ¥BCd always remained around - A DQSBH A  UHVSH F@L, YrHgeneral
GLVSOD\HG YDOXHV RO,Pi adplesvéxposediiRBotbgRal and Florence while more positive
measures are observable in specimens exposed in Ferrara (Figire 3.97
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Figure 3.97 Isotopic ratio identified on the material collected from the exposedacurbf Carrara Marble stone samples
horizontally (H) and obliquely (O) exposed in Bologna (BO), Ferrara) (&id Florence (FI) for 6, 12, 18 and 24 months. Grey
UKRPEXVHV JUHHQ VTXDUHV SXUSOH WULDRWOWERD G . RECOQDE EELUGadéhy UHS UH
analysis was not possible for oblique samples exposed in Bologna aadaHer 6 months.

Moreover, the comparison of carbon fractions detected on different kind of stone expd3=dam is
summarised in Figure 3.98. Carbon fractions on obligue samples of marble and linaésio6enonths of
exposure were not analysed as the deposited material was too lQwacIdE horizontal Carrara Marble
samples remained always higher than that detected on limestone specimens througinalysad period.
Concentrating upon oblique specimensgfecwas similar for both lithotypes after 12 months of exposure
while it revealed slightly higher value on marble sample after 18 amdo2hs of exposure. Nevertheless,
both lithotypes showed an increasing trend over time both for horizontal and obliqiraesebut with
higher values on horizontal samples.

CCuriace Of horizontal samples gradually increased for both lithotypes till 18 monthsaares\detected after
24 months remained close to those of 18 months, always displaying more abounding citmcdatrat
Carrara Marble than Verona Red Marble (Figure 3.98). Also oblique specimens uridergrewth over
time for both lithotypes, though Gfi.ce Was higher on marble than on limestone after 12 months of
exposure while their values were similar after 18 and 24 months of exposure.

As already said, the amount of material accumulated on Verona Red Marble horiaompé¢ sifter 6
months of exposure was not enough to detect the fractions of NCG.Q&halysed on horizontal samples
was always higher on marble than on limestone samples, independently frometio¢ ¢éxposure, and both
lithotypes showed higher Qaccafter 18 and 24 months that after 12 months of exposhigirend is also
appreciable for oblique specimens of both lithotypes.

Values of EGyce Were rather similar on both lithotypes after 12 months of exposure congid®ih
horizontal and oblique samples but more abundant on horizontal specimens. On conirastWag higher
on marble samples than on limestone ones after 18 and 24 months of exposure fofeetit difentations
of samples.
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Figure 3.98 Carbon fractions amount per surface unit calculated on the matesldoted from the exposed surface of Carrara
Marble (CM) and Verona Red Marble (VRM) stone samples horizontally (bidedtzliquely (red) exposed in Ferrara for 6, 12, 18
and 24 months.

The percentage of each carbon fraction respect to TC highlights that M@ adrevails over CC for both
Carrara Marble and Verona Red Marble samples horizontally and obliquely expapa® @P9). In this
regard, NCC, when detectable, was always predominantly composed by OC while EC repriesdonezist
portion, with exception of deposit analysed on limestone after 24 months of exposmsde@ng
horizontal samples, OC ranged between 45 % and 72 % for marble samples and between 86 % fand
limestone ones while EC remained between 7 % and 43 % for marble samples aed Beowand 60 %
for limestone ones, thus highlighting a more intense variation of carborofimain limestone over time.
Oblique samples experienced higher accumulation of OC on limestone samples regecbteesponding
marble specimen of the same exposure period, always remaining by far higher than EC, pitoregte
deposit analysed on limestone after 24 months of exposure (Figure 3.99)
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Figure 3.99CC (green), OC (purple) and EC (orange) fractions calculated as percentbg€smeasured in the material deposited
on horizontal (H) and oblique (O) Carrara Marble (CM) and Verona Redlié (VRM) stone samples exposed for 6, 12, 18 and 24
months in Ferrara. Carbon analysis was not possible for oblique samples expo6adonths.
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Comparing the isotopic ratio assessed on horizontal samples at different exjposyfégure 3.100), both
ith RW\SHV VKRZHG VY®Rdod ting BlighKyHndrd pbsitive in Carrara Marble samples (mean
value: -19.8 A WKDQ LQ 9HURQD 5HG 0D UE OAl MBreoMey, simiMrdiesDairang
lithotypes over time were detected f6Ccc (constantD U R X Q G, /*Cof (mean value equals to -25.2
A DQG Afor marble and limestone, respectively) aAtCec (average value equalsto - A DQG

A IRU PDUEOH DQG OLPHVWRQH UHVSHFWLYHO\
[**Crc measured in oblique samples were similar to those evaluated in horizontal espesiith mean
values between -19.4 IRU PDUBROHADIR® OLPHVWRQHY g ®IAEN reh@nédR /
VWDEOH RYHU WLPH DQG VLPLODU WR WKRVH RI KRUUR@MDO ASH
and - A UHVSHFWL Y H@\: shevred Hiffekehtes/based on stone type, reaching more positive
values on marble samples (2000 WKDQ RQ OLPBYWRQH RQHV
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Figure 3.100 Isotopic ratio identified on the material collected from the exposéacsuof Carrara Marble (CM) and Verona Red
Marble (VRM) stone samples horizontally (H) and obliquely (O) exposed inr&doa6, 12, 18 and 24 months. Grey rhombuses,
green squares, purple triangles and orange circlé$d SUHV HQW B4y $8&k WHCKH® &Cd.. Carbon analysis was
not possible for oblique samples exposed for 6 months.

CONSIDERATIONS ABOUT ISOTOPIC RATIO

Relative proportion of stable carbon isotopes is different in each carbon resemdithus it can provide

useful information about the sources of emission of atmospheric aerosol. The carbon ojes iastive

exchange of CODPRQJ WKH DWPRVSKHUH WHUUHVWULDO HFRVEWWHP DC
the atmospheric COs around - A EXW GXULQJ SKRWRV\QWKHVLV FDUERQ IL[H
depleted in*& UHVSHFW WR WKH DWPRVSKHULF YDOXH OHDGY®af WKH W
- A KWWSV ZZZ HVUO QRDD &siYcarbonR&niatidn pathivayslit) pladts (i.e. C3-
andC4SODQWV F DXV H®Moa téird3taliagts B@ GB-OD QW V D EohetvberiH B /

and - A Z KL Qptang (maize in temperate regions, aquatic plants, desert plants, salt maishaptin

tropical grasses) are less depleted’i® VKRZLIQdom-/ A WR A &DFKLHU 7KHUF
FRPEXVWLRQ DQG ELRJHQLF HPLVVLRQV RI WKHVHV& LGIH GEQHD WU/
signatures.

Considering minerals, calcite is enrichedi®& E\ DURXQG A U B\2EE. RAwa voRse§u@nce
VHGLPHQWDU\ FDUERQB& MWD CRIM DOQ\V IKPIY HUR P A WR A ORUI
SURFHVVHV QRUPDOO\ Yevuesl bl carbbRatels BddiH the@sotopic signature of the pre-
metamorphic material (Salmimen, 2014).

JRVVLO IXHOV ZKLFK EDVLFDOO\ GHULYH 7&RWPHDOQ RHHKE tivtRe G\DKQHW A
kerogen that depends on the types of organisms preserved and on the substrate on swvlicth @@,
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:LGRU\ V W ¥Gih F&il Wed &hd combustibles used in Paris characterized by values between
+ A WR + A IRU FRDA EG®EHRQ OLTXLG IXHOVADRGGEA WRZWHHQ
natural gas (composed by 90 % of methane and 8 % of ethane). However, the isotapicesigf the
aerosol could be the same of the source but oxidation and aging of aerosol can potejde ¢hanges
(Figure 3.101). Compounds originated from oxidation processes are generally depleteier isotopes
(Martinsson et al., 2017 and related references). Furthermore, photochenmgabfagiganic aerosol leads

to a loss of organic carbon from the particles and thus to a gradual enrichifi€nofithe remaining aerosol

phase 0 D & D @alL,\&G17).

A) B)

Figure 3.101 /*C distributions in fuels and combustibles (A) and of combustion particles (B). FromyW#a066).

Therefore, it is often difficult to assess the major sources of carbonaaeoasol because there is a
FRQVLGHUD E dig syatlte©umtsin Bk gources of fossil fuel combustion even if liquid dnels

even more gaseous ones are more depleted than solid combustibles. Fossil fuel sourceseirajpinitiv

W KHE values of C3 plants that are released as biogenic aerosol or from biomass burning.

ORUHRYHU WKH SURYHQDQFH RI IRVVLO IXHQOW ®@HEY WO W HEK W RJ KO
*O R E D®00Of crude petroleum shows fairly high degree of variability (between A DQ G A

depending on the geographic origif D aD O D LW HR& éxd@nple, Eastern Europe reliant on Russian
JDVROLQH GLHVHO ZKRVH FRPEXVWCROQMH P LA/ WLR & V WEKIV\S ODL\ | TH WX ¢
*C typical of biomass burning (between - A DOGA 2Q FRQWUDVW :HVWHUQ (XUR:
HQULFKHG LQ KHDYLHU FDUERQ LVRYVCR&uUé¢VthaWideX of RUSsMNL QriginPlBRUH S
FRQILUP¥OofHestl - A DQG XQOHBGHR IBUDRWILGOHYV PHDVXUHG LQ
(2006).

The study of carbon isotopic ratio of each carbon fraction is useful to distinguigbs$ible sources as EC

LV UHFRJQLVH WR EH D PDUNHU RI LQFRPSO'#CW eanfoR BENOSE IR Q R
IHZHU SRVVLEOH VRXUFHV 2Q WKH FRQWUIDUQ3IC¢L eatise OCQrall UW D L
originate from a large number of factors such as various biogenic sources and combustion.

All these information obtained from literature help to recognise the likelyces of carbon fractions
GHWHFWHG LQ GLIIHUHQW H[SRVXUH VLWHYV RSCHdigst blRays s&dRQFH QW
-0.3 A FRQILUPLQJ WKH SURYHQDQFH IURP VRmh®alGde¢mwsited) VW R
material.
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**Coc remained constant in deposit collected from all samples independently from |aadi@xposure
time, showing a mean value of -25'5 A 7KLV PHDQV D WHPSRUDO FRQWLQXLW
over time that suggest a significant contribution of vehicular traffic along vagebic sources.
ORUH GLVFUHSDQFLHV DPRG&CVLWRO/RDOB S UWYETRWERROKL.GAL O D U
horizontal and oblique samples over time (with exception after 24 months of ex@silitee related mean
value is around -27.8 + 1.8 &RPSDULQJ ZLWK GDWD DFTXLUHG LQ OLWHUDW
emission source such as traffic and in particular to diesel emissions. On contrass Was characteride
E\ D VOLJKW YD vWitnd® @ithRrloré positive values after 18 and 24 months of exposure.
[**Cec values detected from the deposit accumulated on horizontal and oblique specimenswesre bet

A DQG A ZLWK D PHDZB.V¥HM RKHUHIRUH KHUH WKH UHVSR(
sources could be different (e.g. gasoline, diesel, natural gas and biomass burnirgjsadiffi¢ult to
discriminate. Finally, atmospheric material studied in Florence revealegedifes among horizontal and
REOLTXH VDR &alys&d on horizontal specimens remained constant over time but was enriched in
heavier carbon isotopes (mean value: -16.7 + A6 UHVSHFW WR WKH DYHUDJH YDOX
samples (-23.1 + 3.4

Final remarks:

f In general, the analysis O1Cg,ace Of material deposited on all Carrara Marble samples show
always the highest values in Ferrara specimens and the lowest ones in those expolegphin
Moreover, a gradual increase over time ofyffe was identified in Ferrara and Florence
samples.

f The percentage of each carbon fraction respect to TC measured in marble specimeggshégh
general prevalence of NCC over CC. In particular, the concentration of OC adha@sts
prevailed over that of EC as displayed also by OC/EC that ranged from 1 to 20.

f The comparison of carbon fractions detected on different kind of stone exposed ara Fe
displayed higher TGacein Carrara Marble samples than in limestone specimens throughout
analysed period and independently from orientation. Both lithotypes showed easingrtrend
over time both for horizontal and oblique specimens. In particular, NCC apvayailed over
CC also for material accumulated on Verona Red Marble and it was commonly compose
prevailing OC over EC.

f The isotopic ratio of all analysed CC remained always constant arount -0.3 A FRQIL
WKH SURYHQDQFH Rl && IURP VRLO ¥ \sWowedUstabld/ RaDés
(average equals to - “ A LQGHSHQ G HignWitoatype Bridl eRpRJui Wime.
Therefore, the continuity of OC in all selected sites over time suggests &aignifontribution
of vehicular traffic along with biogenic sources. Finally, mo¥eD U L H W®Occ Rrong sites,
exposure time and stones makes the distinction among combustion sources more difficult.
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3.1.6.ENVIRONMENTAL SCANNING ELECTRON MICROSCOPY (ESEM-EDX)

Material deposited on the surface of stone samples exposed for 24 months in diffpremnire sites and
with different orientation was analysed with Environmental Scanning Elebtraroscopy equipped whit
EDS x-ray microanalysis in order to identify its morphology and chemical composition.

Table 3.42 displays all analysed specimens and main results are reported hereafter.

SITE SAMPLE ORIENTATION

BCH16 Horizontal
BOLOGNA

BCO6 Oblique

PTCHS3 Horizontal

PTCO7 Oblique

PTCO19 Oblique - windowsill
FERRARA PTCV3 Vertical

PTNH3 Horizontal

PTNO17 Oblique

PTNO19 Oblique - windowsill
SMCH12 Horizontal
FLORENCE SMCO11 Oblique

SMCV4 Vertical

Table 342 Specimens, subdivided in different sites, examined with ESEM-
EDX.

BOLOGNA

The observation was concentrated upon horizontal and oblique samples as there wamatesiajtior the
analysis. In general, assessment of material deposited on samples exposed in Boleglea ithe
prevalence of soil and mineral dust particles along with biological particles (Figure/3.102

Among inorganic material, mineral particles of different composition were dabémnall analysed samples,
showing higher dimension (up to 70 um) in horizontal sample. This is possible becausgadiise are
preferably deposited by gravitational settling that affects mainly horizonfalceu Most of these particles
are composed by Si, Al, K and Na, as shown in Figures 3.102 B-3.104.
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A) B)

Figure 3.102 ESEM photomicroghraph of portion of material deposited on BGHithple. A) Overview of a portion of deposited
material with a big (250 um long), pointed biological particle in thatee surrounded by inorganic particles. B) Biological
particles (probably pollens) are encircled. Numbered particles are inorganic, minegahéiats. Red dots represent the points of
EDS analysis.

El AN Series unn. C norm. C Atom. C Error (1 Sigma)

[wt.%)] [wt.%] [at.%)] [wt.%)]
cps/eV.
30; O 8 K -series 54.13 42.78 43.61 5.76
J C 6 K -series 39.16 30.95 42.03 4.30
1 Sil4K -series 16.76 13.24 7.69 0.74
1 K 19K -series 7.52 5.94 2.48 0.25
25 ] Al13K -series 7.32 5.78 3.50 0.37
4 Na1llK -series 0.75 0.60 0.42 0.07
1 Fe 26 K -series 0.30 0.24 0.07 0.03
1 Mg 12K -series 0.28 0.22 0.15 0.04
20 N Cu29K -series 0.19 0.15 0.04 0.03
] Ba 56 L -series 0.05 0.04 0.01 0.03
4 Mo 42 L -series 0.05 0.04 0.01 0.03
15 Ivo Ba cu Total: 126.52 100.00 100.00
1" B |
i Al si Fe cu
10 —
5
J | —
(O e e e e e e e B e L e e e e BB ,,',,,,',,,',,,,',,,,',
0 6 7 8 9
keV

Figure 3.103 ESEM-EDS spectrum of point 1 shown in Figure B.102
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El AN Series unn. C norm. C Atom. C Error (1 Sigma)

[WE.9%] [wt.%] [at.%] [wt.%]
oslev 08 K-series 44.09 3885 38.07 4.74
30 C 6 K-series 41.76 36.80 48.03 4.59
1 Sil4 K-series 1553 13.68 7.64 0.69
] Al13 K-series 6.06 5.34 3.10 0.31
] Na 11 K-series 451 3.97 271 0.32
25 — Fe 26 K- series 0.87 0.77 0.22 0.05
. Cu29 K-series 0.23 0.20 0.05 0.03
1 Ca20 K-series 0.20 0.18 0.07 0.03
] Mg 12 K-series 0.2 0.1 0.07 0.03
20 ] K 19 K-series 0.06 0.05 0.02 0.03
] Ti22 K-series 005 0.04 0.1 0.03
g S 16 K-series 0.02 0.02  0.01 0.03
s K = Total: 113.49 100.00 100.00
4S|Ti Fe
< [e] Na Al Si 5] K Ca Ti Fe Cu
4 Ca
10 —
5]
o JLIAI m -i\h—&L
B S B S B B s B
0 1 2 3 4 5 6 7 8 9

keVv

Figure 3.104 ESEM-EDS spectrum of point 2 shown in Figure B.102

Among other mineral fragments, also barium sulphate was identified (Figures 3.13)20B), probably
deriving from hills surrounding Bologna.

ElI AN Series unn. C norm. C Atom. C Error (1 Sigma)

cpslev [wt.%] [wt.%)] [at.%] [wt.%)]

30 O 8 K -series 22.94 31.14 40.57 2.46
Ba 56 L - series 22.75 30.87 4.69 0.65
C 6 K -series 20.92 28.39 49.28 2.29
S 16 K -series 537 7.29 4.74 0.22

25 Br35K -series 099 1.35 0.35 0.06
Sr 38 L -series 0.46 0.62 0.15 0.04
Na1lK -series 0.14 0.19 0.17 0.03
Cu29K -series 0.10 0.14 0.05 0.03

20

Total: 73.67 100.00 100.00
15

10

ﬁﬁﬁﬁ—v—!ﬁﬁ—v—*ﬁﬁ—ﬁ—*ﬁ—h—*ﬁ—ﬁﬁﬁ—hﬁ—ﬁ—*ﬁﬁﬁﬁ—ﬁ_ﬁ_ﬁﬁ_—v‘_—'ﬁ

1 2 3 4 5 6 7 8 9
keV

Figure 3.105 ESEM-EDS spectrum of point 3 shown in Figure 3B.02
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Furthermore, microscopic observation allowed to detect the presence of aggregated ofatemall
dimension (from 20 pum to submicrometers) that consist of a mixture of minemgndnts (e.g.
aluminosilicates and carbonates) deriving from soil dust (Figures 3.1061-3.109
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Figure 3.106 ESEM photomicroghraph of aggregated material
deposited on BCH16 sample. Red dots represent the points of EDS

analysis.
El AN Series unn. C norm. C Atom. C Error (1 Sigma)
[Wt.%] [wt.%)] [at.%] [wt.%)]
(cosfey 0 8 K -series 59.99 49.15 52.45 6.65
] C 6 K -series 31.39 25.72 36.55 3.52
80 Ca 20K -series 28.31 23.19 9.88 0.85
] Sil4K -series 0.75 0.61 0.37 0.06
1 Al13K -series 0.48 0.40 0.25 0.05
70 o Fe 26 K -series 0.47 0.39 0.12 0.04
i Na 11K -series 0.36 0.29 0.22 0.05
] Mg 12K -series 0.24 0.20 0.14 0.04
607 K 19K -series 0.06 0.05 0.02 0.03
50 Total: 122.04 100.00 100.00
40 K (Fe Mg
1 €o Na Al Si K Ca Fe
] ca
BOj
20
10
o | et b -
S e e e o e BN A s e e s s e e e e e e e e e e e e e B e e e e e
1 2 3 4 5 6 7 8 9

keVv

Figure 3.107 ESEM-EDS spectrum of point 1 shown in Figure 3.106.
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ElI AN Series unn. C norm. C Atom. C Error (1 Sigma)

[wt.%] [wt.%)] [at.%] [wt.%]
_cps/eV
] O 8 K -series 55.94 47.47 49.73 6.20
] C 6 K -series 30.97 26.28 36.67 3.54
807 Ca20K -series 18.47 1567 6.55 0.56
] Mg 12 K -series 9.95 8.44 5.82 0.57
70 3 Si1l4K -series 1.02 0.86 0.51 0.07
] Al13K -series 0.68 0.58 0.36 0.06
] Na 11K -series 0.33 0.28 0.20 0.05
60 Fe 26 K -series 0.31 0.26 0.08 0.04
j K 19K -series 0.11 0.09 0.04 0.03
1 S 16 K -series 0.07 0.06 0.03 0.03
50 4
1K Total: 117.84 100.00 100.00
408 |Fe Na , Al ‘
1 €lo M Si s K ca Fe
1 Ca ‘
30t
20 -
10—:
0_‘ .”l \L.‘ “.L ‘
B B e e e e e e e L A A e e e e e e e B e e e e e e e
1 2 3 4 5 6 7 8 9

Figure 3.108 ESEM-EDS spectrum of point 2 shown in Figure 3.106.

El AN Series unn. C norm. C Atom. C Error (1 Sigma)

w
o

N
o

-
o

” 901 | (BRE B 1|

ﬁﬁf?—ﬁﬁﬁ—r—\fv‘v LI B s
1 2 3 4 5 6 7 8 9

[Wt.%] [wt.%] [at.%] [Wt.%]
_cpsleV O 8 K -series 54.16 43.16 43.78 5.90
] C 6 K -series 39.06 31.12 42.05 4.44
] Sil4K -series 14.35 11.43 6.61 0.64
80 Al13K -series 9.42 7.51 4.51 0.48
B K 19K -series 3.29 262 1.09 0.13
§ Fe 26 K -series 2.18 1.74 0.50 0.09
07 Mg 12 K - series 152 1.21 0.81 0.11
] Ca20K -series 0.71 0.57 0.23 0.05
60 - Na 11K -series 0.57 0.46 0.32 0.06
] S 16 K -series 0.18 0.14 0.07 0.03
] P 15K -series 0.06 0.05 0.03 0.03
50 7
:S Total: 125.51 100.00 100.00
40 K lFe Mg
]1K€o Na Al Si P S K [Ca Fe
1|ca

o

Figure 3.109 ESEM-EDS spectrum of point 3 shown in Figure 3.106.

In addition, flyash(Figure 3.112) and iron-rich (Figure 3.111) particles were also identified (Figurg.3.110
Both have a spherical shape but fly-ash particles have a smooth surface and are corapbged silicon

and aluminium with minor amounts of Mg, Fe, Ti and S (Figure 3.11). They are representatiaie wbod

and oil combustion (Ausset et al., 1998; Urosevic et al., 2012; Bonazza and SabbioniTB@l@¢tected
iron-rich particles had different dimension (from less than 2 pniotilO um), a dendritic surface (Figure
3.113) and a composition made mainly of Fe with the presence also of other mgtafs (€u, Mn, Cr)
(Figures 3.111, 3.115). Fe-rich particles can be related to combustion processe$ fofefessi emissions
from metallurgical high temperature processes (Esbert et al., 2001; Weinbruch et al., 2014).
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"1

Figure 3.110 ESEM photomicroghraph of material deposited on
BCH16 sample. Particle 1 and 2 are Fe-rich and fly-ash particles,
respectively. Red dots represent the points of EDS analysis.

EI AN Series unn. C norm. C Atom. C Error (1 Sigma)
[wt.%] [wt.%)] [at.%] [wt.%]

C 6 K -series 48.95 33.59 50.35 5.46

O 8 K -series 48.67 33.40 37.58 5.33

Fe 26 K -series 23.17 15.90 5.13 0.64

Zn 30K -series 13.89 9.53 2.62 0.41
Sil4K -series 3.24 223 143 0.16
cps/e Mn 25K -series 1.74 1.20 0.39 0.07
%] Na1lK -series 1.56 1.07 0.84 0.13
: Al13 K -series 1.11 0.76 0.51 0.08
] Ca20K -series 1.03 0.71 0.32 0.06
i Mg 12 K - series 0.79 0.54 0.40 0.07
20 - Cu29K -series 052 0.36 0.10 0.04
| Cr24K -series 0.36 0.24 0.08 0.04
] K 19K -series 0.20 0.14 0.06 0.03
g S 16K -series 0.19 0.13 0.07 0.03
q P 15K -series 0.17 0.11 0.07 0.03
Cl17K -series 0.13 0.09 0.04 0.03

Total: 145.73 100.00 100.00

- Mn Fe Cu

keV

Figure3.111 ESEM-EDS spectrum of point 1 shown in Figure 3.110.
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El AN Series unn. C norm. C Atom. C Error (1 Sigma)

[wt.%] [wt.%] [at.%] [wt.%)]
cosfe O 8 K -series 39.66 38.86 39.54 4.39
30 C 6 K -series 33.99 33.30 45.14 3.92
. Al13K -series 11.74 11.50 6.94 0.59
] Si14K -series 10.36 10.15 5.89 0.47
] Fe 26 K -series 2.27 2.22 0.65 0.09
25 - K 19K -series 2.09 2.05 0.85 0.09
] Ca20K -series 0.77 0.75 0.30 0.05
i NallK -series 0.49 048 0.34 0.06
1 Ti 22K -series 0.30 0.29 0.10 0.04
207 Mg 12 K - series 0.27 0.27 0.18 0.04
i S 16K -series 0.12 0.12 0.06 0.03
‘5|T ' Total: 102.06 100.00 100.00
e Fe g i
4 CoO S Fe
4 Ca
10 —
5]
O.AJL\ nJ 'L—n— e A, —
0 6 8 10

keV

Figure 3.112 ESEM-EDS spectrum of point 2 shown in Figure 3.110.

Furthermore, Fe-rich particle was also detected together with carbonaceous faigigies 3.113-3.115).
This last had a sub-spherical porous surface with circular pores and wdg cmsnposed by C (Figure
3.114). Carbonaceous particles are mostly related to oil or distilled oil combustaoniestic heating
systems and electric power plants (Sabbioni, 1995) and to vehicle exhaust (Chabas and Lefevre, 2000).

Figure 3.113 ESEM photomicroghraph of material deposited on
BCH16 sample. On the left there is a carbonaceous particle with a
spongy structure while in the centre a Fe-rich particle with
dendritic surface. Red dot and red rectangle represent areas of
EDS analys.
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El AN Series unn. C norm. C Atom. C Error (1 Sigma)

[wt.%)] [wt.%] [at.%] [wt.%]
C 6 K -series 69.88 69.88 77.12 7.51
cps/eV O 8 K -series 24.71 24.71 20.47 2.92
] Nal1llK -series 1.78 1.78 1.03 0.14
4 Fe 26 K -series 0.73 0.73 0.17 0.05
12 - P 15K -series 0.63 0.63 0.27 0.05
b S 16 K -series 0.43 0.43 0.18 0.04
1 K 19K -series 0.37 0.37 0.13 0.04
] Cl17K -series 0.36 0.36 0.13 0.04
107 Sil4K -series 0.34 034 0.16 0.04
] Ca20K -series 0.31 0.31 0.10 0.04
i Mg 12 K - series 0.27 0.27 0.15 0.04
8- Al13 K -series 0.19 0.19 0.09 0.03
1 CII( Total: 100.00 100.00 100.00
6-S Fe IMg
o Na [Alsi P s ¢l Fe
ca
4
P
o ‘ L—‘“HH,,H,,H
1 5 6 7
keV

Figure 3.114 ESEM-EDS spectrum of point shown in Figure 3.113.

EI AN Series unn . C norm. C Atom. C Error (1 Sigma)
[Wt.%] [wt.%] [at.%] [Wt.%]
Fe 26 K - series 45.24 39.13 14.23 1.22
O 8 K -series 39.72 34.36 43.60 4.35
_cpsleV C 6 K -series 27.98 24.20 40.91 3.22
45 4 Mn 25K-series 1.37 1.19 0.44 0.06
] Si14K -series 0.68 0.59 0.42 0.05
] Al13K -series 0.24 0.21 0.16 0.04
407 Na1lK -series 0.18 0.15 0.14 0.04
] Ca20K -series 0.11 0.10 0.05 0.03
35 4 S 16 K -series 0.05 0.05 0.03 0.03
] K 19K -series 0.04 0.03 0.02 0.03
30{ Total: 115.60 100.00 100.00
25
] Mn
1s| o
207 ¢ JFe INal AlSi s K ca Mnl  Fe
] Ca
15 -
10
5
oi“h [ R R R TSR
1 2 3 4 6 7 8 9

5
kev

Figure 3.115 ESEM-EDS spectrum of area shown in Figure 3.113.

Among biological particles, many spherical/sub-spherical pollens were obsErgacké 3.102 B, 3.116)A
while elongated, 15 pm length carbon-rich, clud-shaped particles may be identifidterasia spores
(Figure 3.116 B
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A) B)

Figure 3.116 ESEM photomicroghraph of portion of material deposited on BCO6 n&)BLH16 (B) samples. A) Red circle
highlights the presence of a Pinaceae pollen. B) Biological particlelylfiecognised as Alternaria spores.

Finally, many well-formed, cubic, small (each face around 2 um long or smaller) salt partidesbaernved

in the material collected from oblique sample (Figures 3.117-3.120). Cubic shape suggests that they probably
were halite crystals and chemical analysis confirmed their Na- and Cl-righosdion. Salt particles were

found on the surface of soil dust fragments, suggesting their provenance from atmdsghgpiort as sea

spray or de-icing salt. It has to be considered that Bologna can rarely be reachathieyair masses (more
frequently in wintertime) because of its distance from the coast (> 10@randhe weak circulation of this

region. Therefore, Tositti et al. (2014) attributed the seasalt component deteBtiddgna during another
monitoring campaign mostly to de-icing salts. Furthermore, Peré-Trepat 20@F) (found that de-icing

salts have higher dimension than marine salt and that the first one can hedhsgheter with crustal
elements that identify the sand commonly spread with the salt.

Figure 3.117 ESEM photomicroghraph of portion of material deposited on BCO6 with relalEd-E®S spectrum. Lighter cubic
particles are NaCl crystals.

175



Figure 3.118 Photomicrographs of BCO6 sample representing the EDS-maps analyses catrr@@dtbe area shown in Figure
3.117: a. EDS-map of C; b. EDS map of O; c. EDS map of Na; d. EDS mapeofECIS map of Ca; f. EDS map of Si; g. EDS map
of Mg; h. EDS map of Al; i. EDS map of P; I. EDS map of S; m. EDS migmoEDS map of Fe; 0. EDS map of Ti.

Figure 3.119 ESEM photomicroghraph of portion of material deposited on BCO6 with relalEdE®S spectrum. Lighter cubic
NaCl crystals are attached on the surface of Si-rich particle.
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Figure 3.120 Photomicrographs of BCO6 sample representing the EDS-maps analyses catrriedtbe area shown in Figure
3.119: a. EDS-map of C; b. EDS map of O; c. EDS map of CI; d. EDS map ef BRS map of Ca; f. EDS map of Si; g. EDS map
of Mg; h. EDS map of Al; i. EDS map of P; I. EDS map of S; m. EDS hkgmoEDS map of Fe.

FERRARA

Observation of material deposited on the surface of samples exposed in Ferrara desmagsgicuous
presence of biogenic particles, mineral fragments and soil dust aggregates.

The analysis of a portion of the material accumulated on horizontal €aM&ble sample (Figure 3.121
showed prevailing carbonates and aluminosilicates, typical components of soil iduse (8.122). In

addition, spherical metal oxide particles (Fe-rich) of different dimensiom(ft pm to 12 pm) were also
detected (Figure 3.122), proving emissions from anthropogenic sources.
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Figure 3.121 ESEM photomicroghraph of portion of material deposited on PTCH3 wittedeBSEM-EDS spectrum. Besides
aluminosilicates and carbonates a spherical iron oxide particle is detedtatiie centre. Red rectangle shows the area subjected to

EDS-maps.

Figure 3.122 Photomicrographs of PTCH3 sample representing the EDS-maps analyses catragdthe area shown in Figure
3.121: a. EDS-map of O; b. EDS map of C; c. EDS map of ED8.map of Ca; e. EDS map of Al; f. EDS map of Na; g. EDS map
of Fe; h. EDS map of S;i.. EDS map of K; |. EDS map of Cl; m. EDS nhg; of. EDS map of P.

Small fragments of minerals and metallic particles were detected as assemldddl raln on oblique
samples exposed on windowsill, sometimes having a spherical shape probably induel bgllimg
(Figure 3.123).
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A) B)

Figure 123 ESEM photomicroghraph of portion of material deposited on R¥CG@mple. A) Spherical aggregate material. B)
Laminated mineral fragment on the left and aggregate material on the rightid®depresent the points of EDS analysis.

Chemical analysis of another examples of these aggregated materials confipnesémee of carbonate (in
this case calcium carbonate but mixed Mg and Ca carbonate was also identifietl)essPe-rich particles
with irregular shape deriving from soil dust (Figures 3.124, 3.125

El AN Series unn. C norm. C Atom. C Error (1 Sigma)

[wt.%] [wt.%] [at.%] [Wt.%]
cpslev C 6 K -series 37.43 38.99 63.82 4.15
T Fe 26 K - series 36.34 37.86 13.33 0.99
50 O 8 K -series 14.07 14.66 18.02 1.64
1 Ca20K -series 2.10 218 1.07 0.09
: Sil14 K -series 1.94 2.02 142 0.11
] Cu29K -series 1.50 1.56 0.48 0.07
40 - Al13K -series 1.01 1.06 0.77 0.07
4 Mg 12K -series 0.84 0.87 0.71 0.07
4 K 19K -series 0.50 0.53 0.26 0.04
4 Ti 22K -series 0.21 0.22 0.09 0.03
9 S 16 K -series 0.04 0.04 0.02 0.03
30 TIT. Cl17K -series 0.02 0.02 0.01 0.03
Total: 96.00 100.00 100.00
cu
A
L e e L (L ) L A (L
8 10 12 14 16 18 20
keV

Figure 3.124 ESEM-EDS spectrum of point 1 shown in Figure 3B.23
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ElI AN Series unn. C norm. C Atom. C Error (1 Sigma)

_cpslev [wt.%)] [wt.%)] [at.%] [wt.%]
%07 C 6 K -series 41.96 40.97 59.46 4.69
] Ca 20K -series 34.99 34.15 14.86 1.05
] O 8 K -series 22.67 22.13 24.11 2.84
] Si14K -series 1.21 1.18 0.73 0.08
40 4 Al'13 K -series 0.72 0.70 0.46 0.06
7 Fe 26 K -series 040 0.39 0.12 0.04
1 K 19K -series 0.26 0.25 0.11 0.03
1 Mg 12 K - series 0.21 0.21 0.15 0.04
1 S 16 K -series 0.02 0.02 0.01 0.03
Total: 102.43 100.00 100.00
Fe
T T T ' T T T ' T T T ' T T T ' T T T ' T T T ' T T T ' T T T
6 8 10 12 14 16 18 20

keV

Figure 3.125 ESEM-EDS spectrum of point 2 shown in Figure 3B.23

Figure 3.123 B displays the presence also of a phyllosilicate 82 um long, compueiagdby Al, Si and K
and a small pyrite (Figures 3.126, 3.127).

El AN Series unn. C norm. C Atom. C Error (1 Sigma)

[wt.%] [wt.%)] [at.%)] [wt.%)]
cps/eV. O 8 K -series 45.10 38.33 37.79 4.99
] C 6 K -series 44.00 37.40 49.11 4.97
] Al13 K -series 11.45 9.73 5.69 0.57
50 Si14K -series 10.64 9.04 5.08 0.48
. K 19K -series 4.94 420 1.69 0.18
1 Fe 26 K -series 0.66 0.56 0.16 0.05
] Na 11 K -series 0.49 0.42 0.29 0.06
40 Mg 12 K - series 0.28 0.23 0.15 0.04
i S 16 K -series 0.09 0.08 0.04 0.03
1 Total: 117.65 100.00 100.00
30 —
§ s
1 AI Si s K Fe
20 —
10 —
0 2 3 4 5 6 7 8 9
keV

Figure 3.126 ESEM-EDS spectrum of point 3 shown in Figure 3B.23
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El AN Series unn. C norm. C Atom. C Error (1 Sigma)

[wt.%] [wt.%] [at.%)] [wt.%]
cps/eV C 6 K -series 70.29 58.26 75.03 7.64
) O 8 K -series 18.11 15.01 14.51 2.12
: Fe 26 K - series 15.42 12.78 3.54 0.43
50 — S 16 K -series 11.72 9.71 4.69 0.44
- Si14 K -series 1.97 1.64 0.90 0.11
1 Al13K -series 1.76 1.46 0.84 0.11
] K 19K -series 0.60 0.50 0.20 0.04
20 -} Ca 20K -series 0.58 0.48 0.18 0.04
i Mg 12 K - series 0.14 0.11 0.07 0.03
- Na 11 K -series 0.07 0.06 0.04 0.03
2 ) Total: 120.65 100.00 100.00
71 K
1s! Fe Mg
71 Co Na Al Si S K Ca Fe
4 Ca
20 —
10 —
o | I ULn L
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keV

Figure 3.127 ESEM-EDS spectrum of point 4 shown in Figure 38.23

Ferich particles were found not only with spherical shape but also as irréiggarents of around 3 till to
20 um length (Figures 3.128-3.130). These particles can be interpreted as metdhykioeisies of
terrigenous origin or from building materials.

A) B)

Figure 128 ESEM photomicroghraph of portion of material deposited on PTN@hple. Pollens (sub-spherical dark particles),
Fe-rich particles (bright fragments), aluminosilicates particle (round and light) @laith mineral fragments are visible. Red dots
and red circle represent the points of EDS analysis.
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El AN Series unn. C norm. C Atom. C Error (1 Sigma)

[wt.%)] [wt.%)] [at.%)] [wt.%]
60 _cpsleV
] Fe 26 K - series 66.49 62.63 27.56 1.79
R C 6 K -series 33.08 31.17 63.76 4.18
b O 8 K -series 535 5.04 7.75 0.82
50; Si1l4K -series 0.41 0.39 0.34 0.05
] Al13K -series 0.20 0.19 0.17 0.04
b Mn 25K-series 0.18 0.17 0.08 0.03
7 Na 11K -series 0.18 0.17 0.18 0.04
40: Ca20K -series 0.15 0.14 0.09 0.03
] S 16 K -series 0.08 0.08 0.06 0.03
1 Mg 12 K - series 0.02 0.02 0.02 0.03
30 I Total: 106.15 100.00 100.00
Mn
1s ol
1 c FelNa AllSi S Ca Mn [Fe
1 lca
20
10
0; u -\i“ h—-‘
L e e e
0 1 2 3 4 5 6 7 8 9
keV
Figure 3.129 ESEM-EDS spectrum of point shown in Figure 3A4.28
El AN Series unn . C norm. C Atom. C Error (1 Sigma)
[Wt.%] [wt.%)] [at.%)] [wt.%]
_cpsleV C 6 K -series 58.99 49.21 74.23 6.65
] Fe 26 K - series 43.96 36.67 11.90 1.19
10 4 O 8 K -series 13.29 11.09 12.56 1.70
4 Ca20K -series 1.19 0.99 0.45 0.06
4 Zn 30K -series 0.77 0.65 0.18 0.05
4 Cu29K -series 0.71 0.59 0.17 0.05
. Si14 K -series 0.62 0.52 0.33 0.05
] P 15K -series 0.13 0.11 0.06 0.03
Al13 K -series 0.09 0.07 0.05 0.03
1 Na 11 K -series 0.07 0.06 0.05 0.03
T S 16 K -series 0.05 0.04 0.02 0.03
6
1 Zn Total: 119.87 100.00 100.00
Cu
“s|lcre Al
1C Na Si B S Ca Fe Cu Zn
4 ca
2
o—ﬁﬁﬁ—ﬁﬁﬁ—y—r—wﬁ—ﬁ—ﬁh e ‘, ,‘ e
2 4 6 8 10

keVv

Figure 3.130 ESEM-EDS spectrum of circle shown in Figure 3828

Some spherical, aluminosilicate particles were also identified (Figures 3.128 B, 3.131).
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EI AN Series unn. C norm. C Atom. C Error (1 Sigma)

[wt.%] [wt.%] [at.%] [wt.%]
cpslev C 6 K -series 42.49 38.48 50.44 4.94
O 8 K -series 40.42 36.61 36.02 458
9 Si14K -series 15.27 13.83 7.75 0.68
Al 13K -series 7.42 6.72 3.92 0.38
K 19K -series 2.29 2.08 0.84 0.10
8 Na1lK -series 0.85 0.77 0.53 0.08
Ca20K -series 0.65 0.59 0.23 0.05
7 Pb 82 L -series 0.37 0.33 0.03 0.05
Fe 26 K -series 0.31 0.28 0.08 0.04
Mg 12 K - series 0.24 0.22 0.14 0.04
6 Ti 22K -series 0.11 0.10 0.03 0.03
5 Total: 110.42 100.00 100.00
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Figure 3.131 ESEM-EDS spectrum of point shown in Figure 3B.28

No differences were detected on the accumulated material of horizontal amakeafdmples. However,
higher presence of biological particles was observed on samples exposed omadkeharr those placed on
the windowsill.

FLORENCE

The observation was concentrated upon horizontal and oblique samples as higher amountabtharter
deposited on them than on vertical samples.

Material accumulated on surface of specimens exposed in Florence is mainly composedeta mi
fragments and soil dust particles. In this regard, the analysis of a portizaterial deposited on horizontal
sample (Figures 3.132, 3.133) confirmed the presence of carbonates, aluminoaitidagatphates, typical
of mineral dust. A spherical Fe-rich particle, detectable on the left of Figure &hii3Rith a diameter of 16
pm, can confirm emissions from anthropogenic sources while small partics ahd Cl identified the
presence of salt crystals deriving from sea spray or de-icing salts spread on road durirignesintert
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Figure 3.134 shows the presence of a laminated mineral (phyllosilicate), around WhguifA), and
aggregate material (B) with a spherical shape (with a diameter of 28 um) also on oblique sample.

Figure 3.134 ESEM photomicroghraph of portion of material deposited on SMCO11 sa&plaminated mineral highlighted by
red circle. B) Spherical aggregate material.

Carbonaceous particles of around 11 um of diameter were recognised by their sphesgpaksigal shape,
spongy appearance and C-rich composition (Figure 3.135 A, 3.136). They are prodigtticlef exhaust
(Chabas and Lefevre, 2000) and of oil combustion in domestic heating systems and electric power plants
(Sabbioni, 1995).

Also aluminosilicates particles, characterised by smooth, round surface with a diamétetO pm were
observed in the deposited material (Figure 3.135 B, 3.137) as consequence of coal aor(Bakbioni,

1995) and wood burning (Ausset et al., 1998).

A) B)

Figure 3.135 ESEM photomicroghraph of portion of material deposited on SMCO1llarfd) SMCH12 (B) samples. A)
Carbonaceous particle with a spongy structure encircled in red. B)Aluminosifieatiele with smooth, round surface. Red dots
represent areas of EDS analysis.
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EI AN Series unn. C norm. C Atom. C Error (1 Sigma)

[wt.9%] [Wt.%] [at.%] [wt.%]
C 6 K -series 80.28 80.28 86.41 8.39
cpsleV O 8 K -series 14.14 14.14 11.43 1.67
] Ca20K -series 1.82 1.82 0.59 0.08
] S 16K -series 1.77 1.77 0.71 0.09
25 Si14K -series 0.80 0.80 0.37 0.06
. Na 11K -series 0.34 0.34 0.19 0.05
1 Fe 26 K -series 0.29 0.29 0.07 0.03
) Al 13K -series 0.27 0.27 0.13 0.04
1 Mg 12 K - series 0.12 0.12 0.06 0.03
20 Cu29K -series 0.09 0.09 0.02 0.03
] K 19K -series 0.06 0.06 0.02 0.03
] Cl 17K -series 0.04 0.04 0.01 0.03
] V 23K -series 0.01 001 0.00 0.03
15 —
e Total: 100.00 100.00 100.00
Ts Iv Fe
J CcCoO a Al SI Ca A\ Fe Cu
71 Ca
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5
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Figure 3.136 ESEM-EDS spectrum of point shown in Figure 3A.35

EI AN Series unn. C norm. C Atom. C Error (1 Sigma)

cpsleV [wt.%] [wt.%)] [at.%] [wt.%)]
O 8 K -series 40.01 43.37 49.41 4.36
90 C 6 K -series 17.42 18.89 28.66 2.09
Sil4 K -series 12.46 13.50 8.76 0.56
Al 13K -series 10.32 11.18 7.56 0.52
80 Ti22K -series 4.00 4.34 1.65 0.14
Ca20K -series 2.85 3.09 141 0.11
Fe 26 K -series 2.74 297 0.97 0.10
70 K 19K -series 1.40 152 0.71 0.07
Mg 12 K - series 0.77 0.83 0.62 0.07
Na 11 K -series 0.28 0.30 0.24 0.04
60 Total: 92.25 100.00 100.00

o
o

c o Mg Al Si K Ca [ ] Fe

IS
o

w
o

IN)
o

-
o

T T T T T N T T T T T S T YT N [ S B M

o

2 3 4 5 6 7

o

Figure 3.137 ESEM-EDS spectrum of point shown in Figure 3B.35

Other spherical particles of around 20 um diameter stood out from the otharddbdritic appearance and

a Fe-rich composition (Figures 3.138 3.139). These particles can be related to combustion processes of
fossil fuels or emissions from metallurgical high temperature processes (Esbert et al., 260dydvet al.,
2014). Moreover, analysis of deposited material highlighted the presence of oti@egavith Fe-rich

186



composition but irregular shapes (Figures 3.138 B, 3.140). These reached a dimémgiquontiland could

represent metal oxides/hidroxides from soil dust or building materials. Inadditithese, other smaller
particles (around 1 um) were characterised by different metal composition, suchgatert probably

released by hard-metal facility (Figures 3.138 B, 3)141

A) B)

Figure 3.138 ESEM photomicroghraph of portion of material deposited on SMCO1jlesaf) Spherical Fe-rich particle with
dendritic surface. B)Metal-rich particles with irregular shapes. Red rectanglelatsdrepresent areas of EDS analysis.

El AN Series unn. C norm. C Atom. C Error (1 Sigma)

cps/eV.

i [wt.%] [wt.%)] [at.%] [wt.%]
35 O 8 K -series 40.73 35.40 39.23 4.40

E C 6 K -series 33.92 29.48 43.53 3.77

] Fe 26 K - series 15.62 13.58 4.31 0.44
30 -] Al13 K -series 7.09 6.16 4.05 0.36

4 Sil4 K -series 6.82 5.93 3.74 0.32

] Ca20K -series 6.19 5.38 2.38 0.21

| Mg 12 K -series 3.81 3.31 241 0.23
25‘_ K 19K -series 0.87 0.76 0.34 0.05

] Total: 115.04 100.00 100.00
20 —|S [Ti

1 Cl Mn

1 k NrelNal Al

I ce Mg | si P s cl K ca Ti Mn  [Fel
15 - | ca
10 —
]
0 i \ | | ‘ N I 4
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Figure 3.139 ESEM-EDS spectrum of point shown in Figure 3A.38
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EI AN Series unn. C norm. C Atom. C Error (1 Sigma)

_cps/eV [wt.%] [wt.%] [at.%] [wt.%]
: Fe 26 K - series 43.99 45.94 18.76 1.19
i C 6 K -series 22.61 23.61 44.82 2.53
25 O 8 K -series 21.23 22.17 31.59 2.32
1 Cu29K -series 2.84 296 1.06 0.10
] Ca20K -series 2.07 216 1.23 0.09
: Si14K -series 1.17 1.22 0.99 0.07
20 - Cl 17K -series 1.03 1.07 0.69 0.06
i Na 11 K -series 0.82 0.86 0.85 0.08
1 l Total: 95.75 100.00 100.00
15 4 K Mn
1s | Ir Na
Jcrolcu A
HicilFe Mg si Isicl K Ca Mn Fe Cu
4| Ca
10 |
5
|| W™ S VEEES0 U D S
0 2 4 6 8 10 12
keV

Figure 3.140 ESEM-EDS spectrum of point 1 shown in Figure 3BL38

EI AN Series unn. C norm. C Atom. C Error (1 Sigma)

_cpsleV [wt.%] [wt.%] [at.%)] [wt.%]
: W 74 L -series 53.31 51.13 7.64 1.48
i C 6 K -series 27.71 26.58 60.78 3.05
25 — O 8 K -series 16.01 15.36 26.37 1.79
b Ca20K -series 4.48 430 294 0.16
7 Fe 26 K -series 1.26 1.21 0.59 0.06
: Na 11 K -series 0.91 0.88 1.05 0.08
20 Mg 12 K - series 0.57 0.55 0.62 0.06
- Total: 104.26 100.00 100.00
15 4| K

dw  ew
dcl o Na Al Ccu

e Fel Mg w cl K Ca Fe w
Ca

6
keV

Figure 3.141 ESEMEDS spectrum of point 2 shown in Figure 3. 38

Finally, less biological particles were detected in material deposited in Flotlemcen the other sites.
Figure 3.142 displays an olive tree leaf trichome, typical of Tuscany region.
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Figure 3.142 ESEM photomicroghraph of olive tree leaf trichome
deposited on sample SMCV4.

Final remarks:

f

Assessment of material accumulated on surface of samples exposed in all thréer stes
months revealed to be mainly composed by mineral and soil dust particles. Theyiaffroier
soil resuspension and erosion of surrounding building materials.

Fly-ash particles with diameter up to 10 um were identified in all sites. difeegharacterised by
spherical shape, smooth surface and are composed mainly by silicon and aluminium. Th¢
representative of coal, wood and oil combustion (Ausset et al., 1998; Urosevic et al.,
Bonazza and Sabbioni, 2016).

Dendritic surface, spherical shape and Fe-rich compaosition allowed to detected iron-riddspal
(from less than 2 um till to 10 um of diameter), related to combustion pascesfossil fuels or
emissions from metallurgical high temperature processes (Esbert et al., 2001rudleisbal.,
2014). In Ferrara and Florence, microscopic observation recognised other Fe-rich gdauticle
with irregular shapes, likely interpreted as metal oxides/hydroxides doilnalust or erosion of
building materials.

Carbonaceous particles (10 um of diameter) were recognised in Bologna and Florémsie by
spherical/sub-spherical shape, spongy appearance and C-rich composition. They are prod
vehicle exhaust (Chabas and Lefevre, 2000) and of oil combustion in domestic heating sy
and electric power plants (Sabbioni, 1995).

Particles composed mainly by Na and Cl identified the presence of saltdgsiaing from sea
spray or de-icing salts spread on road during wintertime (detected mainly in Bologna).

Higher presence of biological particles were detected on samples exposed in Ferrara and Bq
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3.1.7.INDUCTIVELY COUPLED PLASMA MASS SPECTROMETRY (ICP-MS)

Inductively Coupled Plasma Mass Spectrometry provides useful information &stigating the possible
sources of trace elements. For this reason, chemical analysis was carried out on paticutatilate on the
exposed surface of horizontal stone specimens for 24 months. Moreover, ICP-M$ wesaltcompared
with those obtained from substrate samples in order to understand whether eaeu éé¢ecent derive
from lithotypes or from atmospheric particulate. Results discussion have been coedanrirheavy metals
(As, Cd, Co, Cr, Cu, Fe, Mn, Mo, Ni, Pb, Sb, Sn, Ti, U, V and Zn) as they are indicaanthobpogenic
pollution sources (Belfiore et al., 2013).

STONE SUBSTRATES

Table 3.43 reports the amount of element detected of Carrara Marble (CM) ramé \Red Marble (VRM)
substrates.

Considering elements detected with a concentration higher than 100 ppm, elemental slralesisas Ca
followed by Mg and Sr were the main components of Carrara Marble while Ca folbywdd, K, Al, Fe,
Mn and P constituted the majority of limestone sample.
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CM VRM
(Ppm) (ppm)
Li 0.232 0.704
Be 0.015 0.042
B 0.070 2.03
Na 10.7 63.5
Mg 5231 4003
Al 90.5 1034
P 14.0 105
K 73.4 1157
Ca 332308 260543
Sc 0.378 1.060
Ti 3.08 46.4
\% 0.331 1.69
Cr 1.34 3.19
Mn 23.6 335
Fe 84.2 616
Co 1.05 1.08
Ni 4.29 6.49
Cu 0.624 1.44
Zn <LOD 5.15
Ga 0.043 0.290
As 16.8 135
Se 0.420 0.265
Rb 0.310 3.16
Sr 118 76.1
Mo 0.057 0.331
Ag <LOD <LOD
Cd 0.425 0.388
Sn 0.176 0.149
Sh 0.017 0.153
Te 0.407 0.317
Ba 1.29 6.35
Hg <LOD <LOD
TI <LOD <LOD
Pb 2.66 2.01
Bi <LOD <LOD
U 0.219 0.070

Table 3.43 Concentration of trace elements of
Carrara Marble (CM) and Verona Red Marble
(VRM) samples. <LOD means below limit of
detection (i.e. <0.0001 ppm).

DEPOSITED MATERIAL

Table 3.44 displays element concentration measured on the material collected fronespdmrizontally
exposed in Bologha (BO_C), Ferrara (PT_C1 and PT_C2 from Carrara Marble samplesaRd N1 N2
from Verona Red Marble samples) and Florence (SM_C1 and SM_C2) for 24 months.
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EXP. SITE | BOLOGNA FERRARA FLORENCE
LITHOTYPE | CM CM CM VRM [VRM |CM CM
SAMPLE BO_C PT_C1|PT_C2| PT_N1| PT_N2|SM_C1|SM_C2
(ppm) (ppm) | (ppm) | (ppm) | (ppm) | (pPM) | (pPm)
Li 9.34] 11.2| 930| 162 138 123 113
Be 0.432| 0.669| 0.547| 0.721] 0.579| 0.841| 0.725
B 155| 14.4| 12.4| 11.6| 988 124 958
Na 2258| 4778| 4314| 4715 4267| 6284| 6142
Mg 5447| 10324| 9329| 16770| 15952 7167| 7735
Al 7459| 10787| 10039| 18649 17047| 13584| 13496
P 968| 1019 984| 1564| 1317 692 602
K 4186| 5487| 5243 7926| 6817| 6828 5855
Ca 180756| 119511| 118684 69189| 62214| 137337| 133122
Sc 289 1.47| 3.93| 493 497 224 274
Ti 789 764 700| 1140| 951| 1124 981
v 21.1] 258| 245| 409 353 36.4| 331
Cr 40.9| 55.2] 524| 883| 762 131 120
Mn 200 239 228 263 272 471 428
Fe 8228| 9616| 9441| 16547 14903| 21847| 19607
Co 5.15| 4.89| 4.60| 7.35| 6.10] 8.15| 6.67
Ni 21.7| 265| 26.8| 454 39.4] 40.8] 335
Cu 186 153 151 242 224 595 595
Zn 1705 722 799 795 960 419 641
Ga 6.97| 8.72| 823| 135 331 147 275
As 12.1] 9.88| 9.32| 961] 811 123| 112
Se 0.921 0.891 2.44 1.12 6.94 1.15 5.22
Rb 19.3| 322 289 447| 37.0| 280| 258
Sr 154 161 232 178 925 270 659
Mo 6.80| 5.40| 566| 753 6.42] 136| 120
Ag 0.625| 1.13| 1.00| 1.91| 1.74] 221 231
Cd 1.05] 105 1.19| 181 162 207 1.78
Sn 195| 27.8| 26.8] 41.1] 34.0| 86.0] 654
Sb 4.04| 488 154| 213| 508] 786] 63.1
Te 0.257| 0.134| 0.171] 0.200| 0.216] 0.252| 0.253
Ba 156 239 2588| 313| 10668 468| 9981
Hg 0.093| 0.052| 0.051| 0.114| 0.124] 0.084| 0.072
Tl 0.155| 0.148| 0.138 0.240| 0.200| 0.211| 0.183
Pb 167 847 125 759 76.1 176 63.1
Bi 0.716 1.25 1.01 141 1.43 2.53 2.64
U 8.75| 6.65| 6.01| 0.957| 0.830| 1.16| 1.06

Table 3.44 Concentration of elements measured on material deposited on samples thtlyizon

exposed in Bologna, Ferrara, Florence.

COMPARISON
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In order to distinguish whether the elements measured on deposited material derived froostly
atmospheric deposition or they were related to the composition of stone substrateptbetvaten the
amount of each element analysed on the deposit and that detected from the relatsdbstoaie was
calculated and it is presented in Table 3.45. Values equal or close to 1 indieatie telement is strictly




related to stone substrate while much higher value means that the element fdwehdepdsit is enriched
due to atmospheric deposition respect to the stone sample.

BO_C/CM | PT_C1/CM| PT_C2/CM| PT_N1/VRM | PT_N2/VRM | SM_C1/CM | SM_C2/CM
Li 40 48 40 23 20 53 49
Be 29 45 37 17 14 56 49
B 220 204 177 6 5 176 136
Na 211 445 402 74 67 586 573
Mg 1 2 2 4 4 1 1
Al 82 119 111 18 16 150 149
P 69 73 70 15 13 49 43
K 57 75 71 7 6 93 80
Ca 1 0 0 0 0 0 0
Sc 8 4 10 5 5 6 7
Ti 256 248 228 25 21 365 319
\Y, 64 78 74 24 21 110 100
Cr 31 41 39 28 24 97 89
Mn 9 10 10 1 1 20 18
Fe 98 114 112 27 24 259 233
Co 5 5 4 7 6 8 6
Ni 5 6 6 7 6 10 8
Cu 299 245 242 168 155 954 954
Zn - - - 154 186 - -
Ga 162 203 1919 47 1141 342 6418
As 1 1 1 1 1 1 1
Se 2 2 6 4 26 3 12
Rb 62 104 93 14 12 90 83
Sr 1 1 2 2 12 2 6
Mo 119 94 99 23 19 237 209
Ag - - - - - - -
Cd 2 2 3 5 4 5 4
Sn 111 158 152 275 228 489 372
Sb 234 283 892 139 33 4556 3659
Te 1 0 0 1 1 1 1
Ba 121 186 2011 49 1681 364 7757
Hg - - - - - - -
Tl - - - - - - -
Pb 63 319 47 377 38 66 24
Bi - - - - - - -
U 40 30 27 14 12 5 5

Table 3.45 Ratio between concentration of each element measured on material &tediman stone samples and that
assessed on stone substrate. In some samples all the detected concesftisiioe element (-) come from atmospheric
deposition.

Concentrating upon heavy metals (As, Cd, Co, Cr, Cu, Fe, Mn, Mo, Ni, Pb, Sb, Sn, Tand, Xh), the
analysis highlighted that specimen exposed in Bologna for 24 months was enrichedim@stlyTi, Sb,
Mo, Sn (between 300 and 100 times more than their amount found in stone substrate) follbeed,Bb,
U and Cr (between 100 and 10 times more than stone substrate) (Figure 3.143). The amoonmaasiuzed
in the deposited material (1705 ppm) is ascribable totally to the atmospherididapsit was not detected
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in marble substrate. On the contrary, As seems to be mainly related to stone sabstrdieated by the
ratio value close to 1.

Zn, Cu, Sn and Sb were found to be products of tire and brake abrasion (Thorpe and Harrisdrell2008
2014). Cu along with V are emitted also from diesel engines (Lucarelli et al., R&§i4j et al., 2014) and
Sb has been attributed also to road traffic, incinerators, metal production raedtidoand industrial coal
and fuel combustion (Cal-Prieto et la., 2001). Fe, Pb and Zn are recognised to be relattdjasdiae
emissions while Cu, Ni, Cr and V are more common in oil combustible, dirdejasoline (Belfiore et al.,
2013). Mo is utilised for alloys production but it is released also fromanagfated source. On the contrary,
Ti is mostly related to soil dust along with Al, Si, Ca, Sr and Mg (Lucarelli et al., 2004; Thorpe and HKlarrison
2008) even if Ebert et al. (2012) attributed the origin of fly-ash particlesrriEle and Ti to metallurgical
high temperature processes. Therefore, the analysed heavy metals are linketajortirepact of vehicular
traffic.

10000.00+
1000.00 -
100.00 -

10.00 -

Deposit/substrate

1.00 -

0_10 T T T T T T T T T T T T T T 1
As Cd Co CrCu FeMnMo Ni Pb SbSn Ti U V
Figure 3.143 Ratio of heavy metals concentration measured in material deposited o
sample exposed in Bologna and in Carrara Marble substrate.

Carrara Marble samples exposed in Ferrara underwent an enrichment mostly of $bPh, &n, Fe (with
values between 900 and 100 times higher that analysed on the substrate) followed/hYCMdin and U
(between 100 and 10 times more than stone substrate) (Figure 3.144 A). Moreover, deposiield mater
enriched the exposed specimens with Zn (722 and 799 ppm) as it was not detdwedtidne substrate. The
significant enrichment of these elements suggests that the emissions fromaowothilestion sources highly
affected the material accumulated on stone samples, probably linked to the congestéthdata Mare.
Furthermore, also the substantial enrichment of Ba (equals to 186 and 2011 for PT_€T_&#j
respectively) confirms the impact of vehicular traffic as Ba, along withisCascribable to brake pad wear
(Comite et al., 2017).

Also limestone samples exposed in Ferrara were enriched with Sn, Pb, Zn, Cu, Sb (valees #e0 and
100 times higher than the substrate) followed by Ti, V, Cr, Fe, Mo and U (values between 10Qiares
higher than limestone substrate) (Figure 3.144 B).
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A)

B)

C)

Figure 3.144 Ratio between heavy metals concentration measured in matgu@sitgel on
samples exposed in Ferrara and in Carrara Marble substrate (A) and in Veroni&udde
substrate (B). C) Comparison of mean ratios between heavy metals concentreg@siged
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on samples exposed in Ferrara and related substrates.
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However, some differences can be detectable among heavy metals concentration in deposit collected i
Ferrara if the two lithotypes are compared (Figure 3.144 C). Considering mean whlties ratio
deposit/substrate, material accumulated on Carrara Marble samples were more enriched in Fg, 3o, M

Ti, U, V than those measured on material deposited on Verona Red Marble specimens. Thecafote i
deduced that the deposition of heavy metals is influenced by the kind of stone substrate.

Samples exposed in Florence for 24 months were significantly enriched in Sn, reatheg) 4556 and
3659 times higher than those measured in the marble substrate. In addition, Cu, Sn, Ti, FeYYNeand
assessed in the deposit with a concentration 1000-100 times higher than thaetheathe substrate while
lower amount of Cr, Mn and Pb were detected in the deposit (with values betweandlD0 times higher
than the substrate) (Figure 3.145). Deposit was characterised also by high ctoneftzn (419 and 641)
as it was below limit of detection in marble substrate. The substantial enricimtiease elements suggests
the vehicular traffic as the main source of heavy metals detected in thét,depbsfrom abrasion of tires
and brakes (Sbh, Sn, Cu, Zn) and from fuel combustion (Zn, V, Pb, Fe, Cr). Even if sexgolesd in San
Marco Museum are positioned in a controlled traffic zone, many buses, automobiles and nepedsndy
the opposite street (via G. La Pira) thus influencing the composition of particuatter deposited on
samples.

10000.00+
1000.00
100.00

10.00

Deposit/substrate
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As Cd Co CrCu FeMn Mo Ni Pb Sb SnTi U V

—e=SM_C1/CM =-e=SM_ C2/CM

Figure 3.145 Ratio of heavy metals concentration measured in material deposited on
samples exposed in Florence and in Carrara Marble substrate.

Finally, Figure 3.146 shows the mean enrichment of heavy metals observed in material depsaitgads
exposed in Bologna, Ferrara and Florence for 24 months respect to Carrara Maitiéesubsgeneral,
samples exposed for 24 months in all sites underwent an enrichment mostly in Sb, Cu, Ti, Sn, Fe, Mo as well
as in Zn totally derived from atmospheric deposition, confirming as traffiatjpel source significantly
influenced the composition of the deposited particulate matter. In particular, ttegisdrate ratio assessed
for samples exposed in Florence resulted higher for all heavy metals, pastiboia®b and Cu and with
exception of As, Pb and U, than those measured in Ferrara and Florence. Thisigieg@nemissions of
heavy metals in Florence. Moreover, specimens exposed in Ferrara displayed the higihesernin Pb,
usually associated to worn tires and lead gasoline while As is mainly related to the stoagesubsirsites.
Besides heavy metals, samples exposed in all sites were affected by an enrichmentastlgan Ferrara
and Florence (usually added with Ca to diesel in order to inhibfiottmation of soot during the combustion
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process or deriving from brake pad wear - Comite et al., 2017), Na (conneced-$alt or de-icing salt)
and Al (typical of soil dust) (Table 3.45).

10000.00~
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100.00+
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Deposit/substrate
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0,10 T T T T T T T T T T T T T T 1
As Cd CoCr CuFeMnMo Ni Pb SbSn Ti U V
BO C/CM =—e—PT C/CM =e—SM_C/CM
Figure 3.146 Comparison of mean ratios between heavy metals concentration

measured on material deposited on samples exposed in Bologna (dgree@ya
(purple) and Florence (red) and on marble substrate.

Final remarks:

f Concentrating upon heavy metal content that are mainly related to anthropogessiomsnithe
exposure outdoor of stone samples in all sites for 24 months led them tocimmemti mostly in
Sh, Cu, Ti, Sn, Fe, Mo and Zn, highlighting as vehicular traffic influenced the coropasitihe
deposited particulate matter. Indeed, emissions related to road traffic canfiden\adrasion of
tires and brakes (Sb, Sn, Cu, Zn) and fuel combustion (Zn, V, Pb, Fe, Cr) (Lucak]Ii2604;
Thorpe and Harrison, 2008; Belfiore et al., 2013).

f Higher gain of heavy metals, with exception of As, Pb and U, was observed in samples ex
in Florence respected to those placed in Bologna and Ferrara.

f Comparing the composition of material accumulated on samples exposed in Ferrara, C
Marble samples were more enriched in Fe, Mo, Mn, Sb, Ti, U, V than those of Verona
Marble, proving that the different kind of stone substrate can infludrecdeposition of heavy
metals.

f Additionally, all samples underwent a significant enrichment in Ba, add#idgel to reduce soot
or related to brake pad wear.
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3.2.FIELD EXPOSURE TESTS OF PASSIVE FITERS

3.2.1. TOTAL DEPOSITED PARTICULATE (TDP)

The amount of particulate matter deposited per surface unit on passivefitjeestavas calculated diding
the deposition mass of particulate matter (weighing quartz fibre filtersebafal after field exposure) by the
real deposition area of the filters without gasket.

BOLOGNA

Table 3.46 displays the amount of PM deposited per surface unit (TDP) on quarfidtélmeexposed in
Bologna after different exposure time. In general, it can be observed a stightigincrease of TDP over
time, passing from 2567.16 pg émalculated after the first 6 months of exposure to 3086.52 [fwfter
24 months of exposure.

SAMPLE | EXPOSURE TIME| TDP
(month) (ug cnid)
PC84 6 2567.16
PC85 12 2916.81
PC86 18 2751.79
PC87 24 3086.52

Table 346 Total deposited particulate (TDP)
accumulated on passive quartz fibre filters exposed in
Bologna at different exposure time (6, 12, 18, 24
months).

FERRARA

Quantity of PM deposited per surface unit on quartz filters exposed indgraatually increased after 12
months of exposure changing from 1760.11 ug efter 6 months to 1930.46 pg ¢érfirable 3.47). After 18
months of exposure, total deposited matter significantly increased (4690.57°uw/site a removal of PM
from quartz filters, probably due to wind or wind-driven rain, reduced TDP meaafieed?4 months of
exposure to 1279.67 pg ém
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SAMPLE | EXPOSURE TIME| TDP
(month) (ng cmd)
PTF1 6 1760.11
PTF2 12 1930.46
PTF3 18 4690.57
PTF5 24 1279.67

Table 347 Total

deposited particulate

(TDP)

accumulated on passive quartz fibre filters exposed in
Ferrara at different exposure time (6, 12, 18, 24
months).

FLORENCE

TDP on quartz filters exposed in Florence increased over time, reaching th&t kigjhe after 18 months of
exposure (3755.97 pg & while it underwent a slight decrease after 24 months of exposure (3468.03 ug
cm?) (Table 3.48,

SAMPLE | EXPOSURE TIME| TDP
(month) (ng cm?)
SMF1 6 223.24
SMF2 12 996.32
PC94 18 3755.97
SMF4 24 3468.03

Table 348 Total deposited particulate (TDP)
accumulated on passive quartz fibre filters exposed in
Florence at different exposure time (6, 12, 18, 24
months).

COMPARISON

The comparison of total deposited particulate matter measured on passivdiljgiatin all sites showed
the highest value in Bologna, followed by Ferrara and Florence, after 6 and 12 monthssafexBigure
3.147). In general, TDP detected in Bologna remained rather similar to the previges aigb after 18 and
24 months of exposure (mean value equal to 2830.57 + 222.51 fig@mthe contrary, TDP on passive
guartz filters exposed in Ferrara and Florence increased after 18 months ofexpes the Bologna value,
the first reaching the highest value ever (4690.57 i) cAfter 24 months of exposure, passive quartz filter
exposed in Florence underwent higher accumulation of PM per surface unit than Bologna and Ferrara.
Concluding, supply and removal of PM per surface unit remained rather constant @var Bologna. In
Ferrara there was a significant deposition of PM after 18 months followed by PM reaftevél4 months
while passive filters exposed in Florence underwent a gradual increasing deposition of $tvfgoer unit
up to 3755.97 pg chafter 18 months with a slight decrease after 24 months.
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Figure 3.147 Comparison of the amount of particulate matter deposited aceunit
on passive quartz fibre filters exposed in Bologna (blue), Ferrara @ed) Florence
(green) at different exposure time (6, 12, 18, 24 months).

Final remarks:

f In general, the amount of particulate matter deposited on passive filters exposed maBo
remained rather constant over time (mean value equals to 2830.57 + 222chi’)ideing
higher than TDP measured in Ferrara and Florence after 6 and 12 months of exposure.

f TDP identified in passive filter exposed in Ferrara after 18 months redehédyhest value ever
(4690.57 pg cm) and of all sites while there was a higher accumulation of PM per surface un
Florence than in the other sites after 24 months.
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3.2.2.10N CHROMATOGRAPHY (IC)
BOLOGNA
Table 3.49 displays the detected amount of water soluble fractions (in ppm) in gétesexposed in

Bologna after 6, 12, 18 and 24 months while the corresponding ion concentratgnfpee unit (ug cif)
is reported in Table A5.1 (Annex 5).

SAMPLE EXPOSURE TIME| CI NO; | SOZ | Na" | NH,” | K" Mg®* | ca&*

(month) (ppm) | (PPm) | (pPmM) | (pPM) | (pPM) | (PPM) | (PPM) | (PPM)
PC84 6 3.44| 0.19| 1.40| 1.78| 0.09| 0.22| 0.24| 3.90
PC85 12 0.75| 2.32| 081 0.70|<LOD | 0.54| 0.14| 6.53
PC86 18 6.44| 3.21| 0.42| 0.27| 0.04| 0.16|<LOD| 4.71
PC87 24 1.75| 0.82| 0.38| 0.28/ 0.07| 0.31]| 0.09| 3.71

Table 3.49 Main soluble ions measured on passive filters exposed in Bologra 12, 18 and 24 months. <LOD
means below limit of detection.

CI" was the anion detected with most significant concentration per surface unitrevéup to 64.40 g cm

% reached after 18 months of exposure), with exception after 12 months of exposure wheretiled
(Figure 3.148). The amount of NOncreased over time till 32.10 pg ¢érafter 18 months of exposure and
decrease after 24 months while that of,S6howed a gradual decreasing trend from 14.03 |ijton3.8

ng cm? (Figure 3.148). Moreover, the amount ofOmeasured per surface unit was always higher than the
other cations showing a value up to 65.30 ud¢ after 12 months of exposure. Also ‘Ndisplayed rather
high values mainly after 6 months of exposure (17.79 pg).cAll the other cations never reached values
higher than 5.50 pg cfn

80.00+

60.00

Concnetration/ g crh
N B
o o
o o
o o

Cl- NO3 S0O42- Na+ NH4+ K+ Mg2+ Ca2+
E6M EI2M E18M E24 M

Figure 3.148 Concentration of soluble ions per surface unit measuneassive filters
exposed in Bologna after 6 (blue), 12 (red), 18 (green)2dngburple) months.
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FERRARA

Table 3.50 displays the detected amount of water soluble fractions (in ppm) in gétesexposed in
Ferrara after 6, 12, 18 and 24 months and the related calculated ion concentration peusitrfag crif)
is available in Table A5.2 (Annex 5).

SAMPLE EXPOSURE TIME| CI NO; | SO% | Na" | NH, | K" Mg* | c&*

(month) (ppm) | (ppm) | (ppm) | (ppm) | (PPM) | (PPM) | (PPM) | (PPM)
PTF1 6 0.31| 0.05| 0.48| 538| 0.18| 1.04| 1.01| 8.25
PTF2 12 3.62| 2.17| 6.44| 2.86|<LOD| 0.74| 0.16| 6.87
PTF3 18 20.05| 17.99| 31.96| 11.00| <LOD | 3.44| 1.45| 24.50
PTF5 24 2.83| 2.75| 1.48| 098| 0.16| 0.50| 0.15| 6.57

Table 350 Main soluble ions measured on passive filters exposed in Ferrara for, 681&hd 24 months. <LOD
means below limit of detection.

lon chromatography performed on passive filters exposed in Ferrara highlighted thmpootnt increase
of all ions after 18 months of exposure, with exception of,NHat remained below limit of detection. In
particular,SO” (319.62 pg ci) and Ca* (244.98 pg cr) prevailed over the other ions (Figure 3.149).
This was likely possible because of higher emissions of precursors of thass sgeegell as environmental
conditions proper for the deposition and accumulation of these soluble ions on filter surface.

After 6 months of exposure, all anions never reached a concentration per surface isitbetj08 pg cm
while it was exceeded during all the other period. In this context, higher amdB@i°oper surface unit was
identified after 12 (42.95 pg ¢fhand 18 (319.62 ug ¢ months than that of the other anions while it was
almost half the concentration of ‘GR8.34 ug cil) and NQ (27.53 pg cm) after 24 months (Figure
3.149).

Concentrating upon cations, Cavas detected always with the highest concentration per surface unit,

followed by N& that gradually decreased over time up to 9.75 after 24 months of exposhrexeeption
after 18 months (Figure 3.149).
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50.00 - I . I
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Cl- NO3- SO42- Na+ NH4+ K+ Mg2+ Ca2+

E6M m12M H18M m24 M

Figure 3.149 Concentration of soluble ions per surface unit measuneassive filters
exposed in Ferrara after 6 (blue), 12 (red), 18 (green) and @¢(e) months.
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FLORENCE

Table 3.51 shows the detected amount of water soluble fractions (in ppm) measuresivie fiters
exposed in Florence after 6, 12, 18 and 24 months while the related ion concentratiofaperusiitr (LLg
cmi®) is presented in Table A5.3 (Annex 5).

SAMPLE EXPOSURE TIME| CI NO; | SO% | Na" | NH, | K" Mg* | c&*

(month) (ppm) | (ppm) | (ppm) | (ppm) | (PPM) | (PPM) | (PPM) | (PPM)
SMF1 6 256| 0.15| 1.26| 1.20| 0.06| 0.22| 0.19| 3.79
SMF2 12 2.05| 092| 1.41| 2.00|<LOD| 0.87| 0.27| 11.76
PC94 18 578| 2.32| 259| 364|<LOD| 0.61| 0.29| 7.63
SMF4 24 6.05| 2.62| 3.82| 3.77|<LOD | 0.74| 0.26| 14.40

Table 351 Main soluble ions measured on passive filters exposed in Florenée @; 18 and 24 months. <LOD
means below limit of detection.

Observing the concentration of anions detected per surface unit on passivEiflies 3.150), it gradually
increased over time. In particula®] reached always the highest value (up to 60.55 i) éatlowed by
SO and NQ. Comparing each analysed period?Giisplayed always the highest value, up to 144.03 pg
cm? after 24 months of exposure (Figure 3.150). Among cations, alaviia detected with significant
amount per surface unit, with an increasing trend over time.
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Figure 3.150 Concentration of soluble ions per surface unit measuneassive filters
exposed in Florence after 6 (blue), 12 (red), 18 (green) ang@#ple) months.

COMPARISON

Figure 3.151 shows the comparison of soluble ions concentration measured in passive fiiggd exp
Bologna, Ferrara and Florence for 6, 12, 18 and 24 months. During the first 6 months of egmegrs,

reached the highest concentration of anions per surface unit respect to thexptsire sites, never
exceeding 35.00 pg ch(Figure 3.151 A). In general, the amount of @r surface unit was the highest,
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followed by S@ and NQ, in Bologna and Florence while quite similar values of a@id SQ@ were
observed in Ferrara. After 12 months, a general increase of all anions concentrasarfgmer unit was
detected in all sites, with exception of Bologna where Ni@nificantly increased till to 23.17 pug éwhile

ClI" and S@ decreased below 9.00 ug €mn particular, S@ and Cl prevailed in Ferrara and Florence,
respectively. A general increase of anions concentration was observed ireslbft@r 18 months of
exposure, with exception of $0in Bologna. Specifically, passive filter exposed in Ferrara reached the
highest concentration of anions per surface unit ever, mostly fgff @29.62 ug ci). Moreover, anions
concentration underwent a general reduction after 24 months of exposure gm@aled Ferrara while it
slightly increased in Florence never overcoming 61.00 g (&igure 3.151 A).

Considering cations (Figure3.151 B),*Cwas always detected with the highest concentration per surface
unit in all sites, reaching the maximum value equals to 244.98 |fgicnferrara after 18 months of
exposure. Significant concentration of 'Neas also measured during the whole considered period mainly in
Florence and Ferrara, where it reached 110.00 |fgaftar 18 months of exposure. WHhever reached 2.00

ng cm? as well as Kand Md" rarely exceeded 10.00 pg ém
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Figure 3.151 Concentration of anions (A) and cations (B) per surface unit mehsupassive filters
exposed in Bologna (BO), Ferrara (FE) and Florence (FI) for 6, 122ri824 months.

Final remarks:

f The highest concentration of all soluble ions per surface unit was measuredana éer 18
months of exposure (till to 319.62 pg érfor SQ?).

f In general, ion chromatography showed tGhtand SG* prevailed among anions and*and
Na" among cations in all sites during the whole exposure period. These can be attribotiatb

natural (e.g. marine origin, resuspended dust) and anthropogenic (e.g. traffic and ind
emissions.

f The most abundant ions (CBQ?, C&* and N4) identified in passive filters exposed in Florenct
underwent a general increase over time.
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3.2.3.CARBON SPECIATION
BOLOGNA

Total carbon content (calculated as OC + EC) measured per surface ungive gasirtz filter exposed in
Bologna remained between 70.35 pg“amd 120.84 pg cfnmeasured after 6 and 12 months of exposure,
respectively (Table 3.52). An increase in TC was observed after 12 andri2lis of exposure (120.84 ug
cm” and 113.28 pg ch respectively) while filters exposed for 6 and 18 months displayed similar values
(70.35 ug cif and 78.71 pg cif). Moreover, OC always prevailed over EC, reaching till to 120.82 jig cm
after 12 months of exposure while EC was always below limit of detectithre ¢échnique (equal to 0.15 pg

cm?) (Table 3.52

SAMPLE | EXPOSURE TIME| OC EC TC

(month) (ug cnt®) | (ug cnt®) | (ug cm?)
PC84 6| 7034 <LOD| 70.35
PC85 12| 120.82] <LOD| 120.84
PC86 18| 7869 <LOD| 78.71
PC87 24| 11326 <LOD| 113.28

Table 352 Carbon fractions per surface unit measured on passive filters
exposed in Bologna for 6, 12, 18 and 24 months. <LOD meaow liehit of
detection.

FERRARA

Passive filters exposed in Ferrara underwent a significant accumulation of tbtai,dacreasing over time

till after 18 months of exposure when the maximum value was reached (885.14°( able 3.53). After

24 months the amount of TC per surface unit decreased to 194.96 figComsidering single carbon
fractions, EC was always below limit of detection of the technique (0.15 [f)while OC was between
194.93 pg crii and 885.09 pg cthmeasured after 24 months and 18 months, respectively. However, it
should be highlighted that OC values detected in passive filters exposed for 12 mnthd&re off-scale
because filters were over-concentrated. Thus these values of OC and consequéGtigoniid not be
considered reliable but it can be stated that a significant concentration of OCgret surface unit was
detected after 12 and 18 months.

SAMPLE | EXPOSURE TIME| OC EC TC
(month) (ug cn®) | (ug cnt) | (ug cntd)
PTF1 6| 260.83] <LOD| 260.85
PTF2 12| 436.19*| <LOD | 436.22 *
PTF3 18| 885.09*| <LOD | 885.14 *
PTFS 241 194.93| <LOD| 194.96

Table 353 Carbon fractions per surface unit measured on passive filters

exposed in Ferrara for 6, 12, 18 and 24 months. <LOD means beatutvoli
detection. * value considered off-scale for the technique.

206




FLORENCE

Table 3.54 displays the amount of TC, OC and EC measured per surface unit in fiessivexposed in
Florence. Total carbon gradually increased over time passing from 76.35%aftemé months of exposure
to 372.30 pg crf after 24 months. In particular, EC was always below limit of detection oktimigue
(0.15 pg crif) while OC concentration per surface unit increased over time from 76.88ifitp 372.25 pg
cm? measured after 6 and 24 months of exposure, respectively. It should be note that the amoahdf OC
thus of TC) measured after 24 months of exposure is off-scale because the filter was overateticentr

SAMPLE | EXPOSURE TIME| OC EC TC

(month) (g cm?) | (ug cnt®) | (ug cnt)
SMF1 6 76.33| <LOD 76.35
SMF2 12| 154.43| <LOD| 154.45
PC94 18| 217.64| <LOD| 217.66
SMF4 24| 37225%| <LOD | 372.30*

Table 354 Carbon fractions per surface unit measured on passive filters
exposed in Florence for 6, 12, 18 and 24 months. <LOD meanw lield of
detection. * value considered off-scale for the technique.

COMPARISON

OC and TC concentrations per surface area measured in passive filteistasalt different exposure time
are shown in Figure 3.152. EC values have not been reported as they were always belowdieitioh of
the technique in all sites. Therefore, TC values, resulting by the surt ¢fld EC, was always almost
equal to those of OC. The amounts of OC measured per surface unit in passs/@Xpiesed in Ferrara
were always higher than those detected in Florence and Bologna after the same expaslrevigeri
exception of OC measured after 24 months that reached the highest value in Florencetrafioncef
carbon fractions measured in Bologna were always the lowest.
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Figure 3.152 Concentration of OC (blue) and TC (orange) per sudadeneasured in
passive filters exposed in Bologna, Ferrara and Florence for 618 2nd 24 months.
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However, particulate matter deposited on passive filters after 12 and 18 monthssfrexpd-errara and
after 24 months in Florence was over-concentrated that OC and TC values cannatiderembmeliable
because they are off-scale. Anyway, it can be confirmed a significant conoengretisurface unit of OC
and TC in these filters. Indeed, also by visual assessment these filtd?3 i .PTF3 and SMF4) appeared
really concentrated and characterised by a brownish/dark colour (Figure 3.153).

Figure 3.153 Picture of passive filters exposed in Bologna (PC84,
PC85, PC86, PC87), Ferrara (PTF1, PTF2, PTF3, PTF5) and
Florence (SMF1, SMF2, PC94, SMF4) for 6, 12, 18 and 24
months. Filters with off-scale OC and TC values are highlighted
by red rectangles.

Final remarks:

f Considering each exposure period, passive filters exposed in Ferrara displayed the h
concentration of TC per surface unit, with exception of TC measured after 24 months that re
the most significant amount in Florence. The amount of TC per surface unit exposed in Flo
gradually increased over time till to 372.30 pgZafter 24 months while that of Bologna neve

exceeded 120.84 pg &n

f TC values, resulting by the sum of OC plus EC, was always almost equal to tla€easfEC
was always below limit of detection of the technique in all sites.

f TC and OC deposited on passive filters after 12 and 18 months of exposure in Ferrara an
24 months in Florence was so much concentrated that their concentration is considered off-3
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AVAREGING PERIOD
POLLUTANT ) LIMIT VALUE MAXIMUM NUMBER O F
for human health protection ALLOWED OCCURENCES
24 hours 50 J B 35 per year
PM;o
year 40 J B 0
PM, 5 year 25 J B 0
24 hours 200 J B 18 per year
NO,
year 40 J B 0
CcoO maximum daily 8-hour mean 10 mg n? 0
1 hour NI 24 per year
SO,
24 hour Jn 3 per year
O maximum daily 8-hour mean NI 25 per year
Benzene year Jn3 0
Benzo(a)pirene year 1ng m® 0
Arsenic year 6.0 ng n? 0
Cadmium year 5.0 ng n? 0
Nickel year 20.0 ng m® 0
Lead year 0. 0

Table 356 Summary of air-quality directive limit values and maximum number ofvetl occurrences for the protection of
human health fixed by the Italian legislative decree law 250/2@t#2ch has transposed EU Directive no. 2008/50/EC on
ambient air qualityFor NO, the Italian legislation limitttH HP LV V L R Q* péRyear cahsRlering the vegetation protection.

Also the amount of P} has diminished, displaying a trend very comparable to that of @igure 3.156).
This highlights the influent contribution of fine fraction particulate in ;RMVoreover, taking into
consideration the ratio PMPM,, of each year (https://www.arpae.it/), it shows minimum valueshguri
summer, when resuspension and long-distance transport of coarse fraction prevail, andmmiaximu
wintertime, characterized by higher concentration of fine particles due to comhusti®sses and more air
stagnation. Comparing the detected values with the yearly limit valdaufoan health protection fixed by
/HILVODWLYH 'HFUHH QR), no override was the&sured from 2008. However, no stations
respected the guideline annual value of,RM J Fpfixed by WHO.
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Figure 3.157 Mean ion concentration of BMmeasured in Bologna (Tositti et al., 2014).

To better understand pollution condition and health effect, the Emilia-RomagienRegl its Agency for
Prevention and Environment took part in the project Supersito (www.supersitokeaithed to study the
chemical composition, source apportionment and toxicological properties of fings @M PM) and
ultrafine particulate (<Plyh). Samples were collected in different monitoring stations, including one located
in the area of the CNR. It is considered an urban background site and it is importaakimize the
representativeness of population exposure to particulate matter, avoiding sitesedhadably strong local
sources. Routine measurement started in November 2011 and finished in March 20agddRicet al.
(2017) reported average winter (December-February) and summer (June-august) valugsroindaring

of PM, s at the station located at the CNR. Mean,BMinter concentration varied from 49 ug’rtin winter
2011-2012) and 30 pg M(in winter 2013-2014), showing generally higher values than those measured in
other European urban sites (Ricciardelli et al., 2017). As expected, during sumpwrdietration of Pk
decreased, ranging from about 13 ug (m 2012) and 10 pg th(in 2014). Analysing the composition,
among detected species, winter RMhowed to be mainly composed of nitrate and OC and secondly of
ammonium, sulphate, EC and the sum other ions while during summer sulphate and OC pevhited
other species. Higher PMamount in winter 2011-2012 seemed to be also influenced by particularly cold
and snowy conditions that determined high ammonium nitrate concentration in thed stoefh. During
winter, precursors of nitrate (NJDare indeed released by traffic, domestic heating and industries while the
main source of atmospheric Nhs agriculture (90%), as evaluated by the regional emission inventory
(Tugnoli et al., 2013). In addition, the ammonia-rich atmosphere that characterised thiePbypasses

the favoured neutralisation of sulphuric acid as well as the low temperatureganidumidity of Po plain
promote the reaction between MNlnd HNQ to form ammonium nitrate. Meteorological parameters
influence the atmospheric composition also in warm season as the high temperétiisetivehformation of
ammonium nitrate, as aforementioned by Tositti et al. (2014). Focusing on carbonapeoigs, s
Ricciardelli et al. (2017) measured higher OC concentration in winter than mesyrikely due to the
dispersion capacity of the atmosphere. Considering that OC emissions by @@t constant over the
year, biogenic emissions and secondary aerosol formation contribute to summer OC darcevitike
during winter residential heating and biomass burning affect OC mass. In sopgmdmass burning
correlation, a good correspondence between OC ahdvé#s observed. EC, emitted by incomplete
combustion of traffic and residential heating, revealed summer minimum and winter maxaoum, t

In addition to this information, the Agency for Protection and Environment of &Rdimagna region
provided further data about particulate matter monitored in the area of timald&iesearch Council. Py
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was monitored in different periods from 2011 to 2014 and its mean chemicpbsition is reported in
Table 3.57. Unfortunately, Pi)yimass concentration levels for the considered period were not supplied.

CI NO, NO; SOZ Na" NH,” K* Mg?* Ca** WSOM (*1.8) OC

FALL 2011 090 002 1578 282 237 527 034 003 051 1881 1045
SUMMER 2012 023 003 203 261 049 099 005 008 054 3.74 208
WINTER 2013 076 002 1154 221 023 398 021 003 052 911 5.06
SPRING 2013 011 004 147 061 020 049 002 003 019 193 107
FALL 2013 039 003 635 205 012 261 007 002 027 465 258
WINTER 2014 055 003 752 171 029 256 022 003 034 496 276
SPRING 2014 015 009 163 128 026 055 004 005 042 414 230

Table3.57 Average concentration (pg#hof the chemical composition of Rjnonitored at the CNR (data supplied by ARPAE).

As shown in Figure 3.158, measured fgMas mainly composed by water soluble organic matter (WSOM),
nitrate, sulphate and ammonium. In particular,;NMOnfirmed higher values during cold seasons and lower
level in warmer period while the concentration of sulphate remain almostactindependently from the
season. Sulphate, in the form of ammonium sulphate and bisulphate, is indeedpnaginbed in summer

by photochemical processes while winter concentration could be attributed to epiosiiort of polluted

air masses from Balkan area (Perrino et al., 2014). Among catiosisdigilayed the highest concentration,
showing a reduction during warm periods. In the same periods, a slight decrease in organic camhponent
PM is observable, too.

Figure 3.158 Average concentration of the chemical composition of PM10 mahitore
at the CNR (data supplied by ARPAE).

Moreover, PMs and PM mass amount were measured at the CNR monitoring station by ARPAE from
January 2013 till to March 2015, within the framework of Supersito Project. Thesdréctions of
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YEAR MONTH EC oc TC Na* NH4* K* Mg?2* ca® cr Br NO; SO# PO®

2 1.88 723 927 0.15 3.16 017 <LOD 011 033 8.13 <LOD 226 0.36

4 123 3.77 515 0.26 130 011 <LOD 0.25 <LOD 2.00 <LOD 214 <LOD

6 0.79 3.04 384 024 094 007 <LOD <LOD <LOD 062 <LOD 201 <LOD

8 087 3.10 397 <LOD 1.06 0.05 <LOD <LOD 011 0.33 <LOD 211 <LOD

10 128 429 6.86 0.10 248 0.06 002 <LOD 022 6.20 005 264 024

12 215 8.16 1349 0.09 381 034 <LOD <LOD 046 1040 <LOD 180 0.72

2 131 465 597 0.14 273 013 004 0.09 027 641 <LOD 143 0.39

4 0.75 256 331 011 142 007 003 017 0.10 1.59 <LOD 178 <LOD

6 061 323 383 <LOD 132 0.05 <LOD 011 <LOD 0.26 <LOD 258 <LOD

8 0.73 3.08 380 0.15 1.05 0.06 0.06 0.12 <LOD 022 <LOD 211 <LOD

10 155 448 6.38 <LOD 295 0.10 <LOD 0.12 012 489 003 3.78 024

12 170 6.37 8.05 013 283 027 <LOD 011 029 6.16 <LOD 175 035

2 147 6.87 8.34 0.18 3.66 0.25 <LOD 012 022 8.77 <LOD 228 <LOD

Table3.58 Monthly mean concentration (ug¥nof the main components in Blymonitored at the CNR (data supplied by ARPAE). Continued
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YEAR MONTH Al As Cr Fe Mn Ni \ Zn Cd Pb Sn Sb Ba Ca K Mg La

2013 1 <LOD 0.0000 0.00132 0.09484 0.00341 0.00248 0.00072 0.0268 0.00021 0.00714 0.00183 0.00096 0.09346 <LOD 0.79667 <LOD 0.00008
2 <LOD 0.00058 0.00140 0.09520 0.00324 0.00292 0.00048 0.02358 0.00020 0.00521 0.00141 0.00068 <LOD <LOD 0.47000 <LOD 0.00005
3 <LOD 0.00044 0.00115 0.08105 0.00426 0.00260 0.00081 0.01973 0.00016 0.00752 0.00109 0.00098 <LOD <LOD <LOD <LOD 0.00008
4 <LOD 0.00038 0.00122 0.08465 0.00227 0.00277 0.00191 0.01793 0.00013 0.00351 0.00087 0.00090 <LOD <LOD <LOD <LOD  0.00005
5 <LOD 0.00024 0.00090 0.07464 0.00201 0.00328 0.00138 0.01518 0.00015 0.00288 0.00077 0.00040 <LOD <LOD <LOD <LOD 0.00008
6 <LOD 0.00024 <LOD 0.06448 0.00161 0.00150 0.00095 0.01353 0.00008 0.00195 0.00078 0.00062 0.01943 <LOD <LOD <LOD  0.00007
7 <LOD 0.00032 <LOD 0.05994 0.00187 0.00130 0.00105 0.01293 0.00011 0.00282 0.00082 0.00072 0.01235 <LOD <LOD <LOD 0.00010
8 <LOD 0.00021 <LOD 0.06915 0.00142 0.00117 0.00071 0.01198 0.00005 0.00196 0.00077 0.00057 0.00740 <LOD <LOD <LOD 0.00006
9 <LOD 0.00026 0.00115 0.08395 0.00248 0.00181 0.00122 0.01603 0.00007 0.00280 0.00113 0.00094 0.01982 <LOD <LOD <LOD 0.00006
10 <LOD 0.00054 0.00112 0.09429 0.00290 0.00162 0.00103 0.02469 0.00030 0.00793 0.00168 0.00335 0.02591 <LOD <LOD <LOD  0.00007
11 <LOD 0.00059 0.00134 0.10343 0.00357 0.00147 0.00053 0.03270 0.00037 0.00632 0.00188 0.00111 <LOD <LOD 0.46000 <LOD 0.00004
12 <LOD 0.00080 0.00170 0.15432 0.00460 0.00178 0.00077 0.03644 0.00038 0.01141 0.00257 0.00101 <LOD <LOD 0.62500 <LOD 0.00008

2014 1 <LOD 0.00042 0.007/0 0.08442 0.00274 0.00162 0.00041 0.02107 0.00017 0.00486 0.00156 0.00065 0.04909 <LOD 0.30320 0.33000 0.00009
2 <LOD 0.00048 0.00139 0.07890 0.00291 0.00145 0.00045 0.02359 0.00016 0.00479 0.00125 0.00067 <LOD <LOD 0.23727 <LOD 0.00003
3 <LOD 0.00049 <LOD 0.11044 0.00533 0.00184 0.00106 <LOD 0.00023 0.00675 0.00104 0.00079 <LOD <LOD 0.22000 <LOD 0.00006
4 0.21289 0.00027 0.00124 0.08477 0.00241 0.00118 0.00133 0.01875 0.00008 0.00240 0.00073 0.00066 0.05417 <LOD 0.17364 <LOD 0.00006
5 0.25465 0.00022 0.00127 0.06331 0.00158 0.00122 0.00089 0.01943 0.00005 0.00208 0.00055 0.00048 0.02786 <LOD <LOD <LOD 0.00009
6 <LOD 0.00031 0.00165 0.05514 0.00151 0.00163 0.00102 0.02032 0.00009 0.00211 0.00062 0.00044 <LOD <LOD 0.14500 <LOD 0.00003
7 <LOD 0.00029 <LOD 0.07524 0.00198 0.00152 0.00080 0.02113 0.00008 0.00198 0.00079 0.00058 <LOD <LOD 0.16000 <LOD 0.00006
8 <LOD 0.00018 <LOD 0.06060 0.00118 0.00143 0.00130 0.02905 0.00006 0.00139 0.00076 0.00034 0.05258 <LOD <LOD <LOD  0.00007
9 <LOD 0.00043 0.00138 0.10823 0.00258 0.00122 0.00090 0.02024 0.00013 0.00358 0.00116 0.00075 0.02489 <LOD 0.20889 0.35000 0.00004
10 <LOD 0.00065 <LOD 0.11115 0.00300 0.00119 0.00110 0.02099 0.00017 0.00427 0.00151 0.00078 0.04908 <LOD 0.18824 <LOD 0.00004
11 <LOD 0.00106 0.00205 0.10291 0.00395 0.00140 0.00048 0.03453 0.00024 0.00638 0.00195 0.00115 0.01608 <LOD 0.31474 <LOD 0.00004
12 <LOD 0.00067 <LOD 0.10812 0.00323 0.00180 0.00047 0.02659 0.00026 0.00505 0.00192 0.00089 <LOD <LOD 0.35286 <LOD 0.00009

2015 1 <LOD 0.00078 <LOD 0.17671 0.00549 0.00178 0.00068 0.03924 0.00027 0.00912 0.00347 0.00152 <LOD <LOD 0.44000 <LOD 0.00009
2 <LOD 0.00069 0.00176 0.13176 0.00384 0.00149 0.00066 0.02565 0.00019 0.00610 0.00179 0.00078 0.00484 <LOD 0.34533 <LOD 0.00006
3 <LOD 0.00059 0.00189 0.10547 0.00337 0.00184 0.00091 0.02449 0.00017 0.00489 0.00119 0.00077 0.00913 <LOD 0.38000 <LOD 0.00005

Table3.58Mean concentration (g f) of the main components in Blmonitored at the CNR (data supplied by ARPAE).
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account for the influence of non-industrial combustion systems even if its presspegtionlate matter
emission is continuously increasing. In this regard, Ranzi and Lauriola (2015Yyedec¢tat wood
combustion in Emilia-Romagna region is responsible of 27% of tota) &issions.

CO SO, NMVOC CH; NOyx TSP CO, N,O PMje NH; TOTAL

INDUSTRY 1363 1338 2622 1233 2751 327 2086600 84 217 277 2096810
TRAFFIC 15070 134 2851 244 14461 1427 2937000 117 1174 191 2972669
OTHER 72 2 11528 25995 293 0 -870000 749 15 4278 -827068

Table3.59 Annual concentration of monitored pollutants (t y-1) emitted by diffenacro-sources in the territory of Bologna in
2010.

Moreover, the Municipality of Bologna and the Regional Agency for Prevention and Envirowmeseid
together for providing information about the main sources of emissions relative t®?@03JARPAE,
2013b). In this case, the presented data refers only to the municipality of Bologna and nta itere
territory. Taking into consideration the four macro-branches of pollutaigs, traffic is responsible of
6668 t y', followed byheating(3411 t y"), other source$2184 t ') andindustry (1908 t ¥*). In particular,
Figure 3.167 displays the amount of each pollutant released by each source. It shightidiged that the
emissions frontreatment and disposal of wasteas not considered (even if its impact should be reckoned
with, as reported later) and that the negative valuetioér natural sources and absorptionsferred to
absorption of C@by forests.

6000 -
5000 - =
4000 -
—
<. 3000 -
2000 - [
1000 - I
N B = = -
1 2 3 4 5 6 7 8 9 10 | 11
PM10| 02 | 588 | 184 | 10.3 01 | 1837 71 0
NH3 14 | 00 | 584 457 | 0 72.4
N20 | 01 | 546 | 152 | 0.0 158 | 0.9 12.3
Cco2 | 52.3 | 916.8| 244.1| 107.8 541.2| 63.1 -10.2
®TSP | 02 | 61.3 | 455 | 13.9 0.2 | 2306| 7.3 0
mNOx | 93.6 | 650.3| 417.7| 40.2 2213.6 219 3.4
mCH4 | 23 | 96.7 | 106 | 0.1 | 248 48 | 01 19.3
mVOCs| 2.3 | 370.4| 77.4 | 187.5| 295.5|1765.7 409.7| 113.7 0.0
mSO2 | 02 | 29.3 | 3185| 30.4 154 | 27.2
mCO | 187 |1171.7 1285 13.9 2168.4 357.6

Figure 3.167 Emission of pollutants (t y-1) in Bologna municipality distributed amdfegeht source branches. 1 refers to energy
production and transformation of sources of energy, 2 to non-industtabustion systems, 3 to industrial combustion systems and
combustion deriving from energy industry, 4 to production processts egtraction, distribution of fossil fuels and geothermal
energy, 6 to use of solvents, 7 to road transport, 8 to other movabtespf to treatment and disposal of waste, 10 to farming and
11 to other natural sources and absorptions.
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ARPAE (2013b) shows that non-industrial heating emitted mainly CQ, Q, and VOCs, to less extent,

while the whole industrial processes were responsible of 8Q and VOCs. Transport sector released high
concentration of mainly CO and NOfarming of NH and CH and activities linked to extraction and
distribution of fossil fuels or use of solvents released mostly VOCs. Fintadhygrialyses of P emissions
revealed the main responsibility of traffic (68%) and non-industrial heating (21%)ssector

Additional information about emissions from civil heating highlighted itsvent importance in the total
release of BO (55%), CQ (48%), CH (48%), CO (30%), NQ(18%) and VOCs (11%). Precisely the
highest influence was ascribed to residential heating systems while instit@tramhalommercial ones had

less bearing. Moreover, considering the emissions by residential heating, systems poweretthane

emitted 94% of NQ and 97% of C@while those powered by wood and by-products were identified as
responsible of emissions of Rivand TSP (93%), VOCs (78%) and CO (65%). In this regard, Tugnoli and
Deserti (2011) identified fireplace as the most polluting wooden system (caingiktill to 90% of
emissions of this sector), whereas better performance were recognised in closed and more adwansed syst
The report (ARPAE 2013b) examined also the influence of different road veh&dpsnsible mainly of

CO, VOCs and CHlin urban roads and of other pollutants (such ag BO,, CO,, N,O, NH; and PM) in

trunk roads. On the contrary, lower impact in exhaust emissions was asctibateorway. Also the so-
FDOOHBE[K@PX®YW HPLVVLRQV" SURGXFHG E\ WKH ZHDU RUWKWBYV E
represented almost 50% of PMn the vehicular traffic sector. Further information about the émfbe of

each kind of vehicle are described in the report. Taking into consideration the mtivable sources, a
international airportGuglielmo Marconi Airportis located close to Bologna, only around 3 km far from the
CNR. Considering the Landinfjake Off (LTO) cycle, it results that airplanes emitted important
concentrations of CO, SOVOCs, NQ and CQ in the non-vehicular traffic sector while they are
responsible of the 63% of S@mount released by the traffic macro-branch.

Finally, close to the city centre and the CNR (around 7 km far), there is a Muni¢gsié to Energy
,QFLQHUDWRU ORFDWHG QRUWK RI %YRORJQDDLQWVRBLR)OQLEXBDE
urban, medical and sometimes also special nonhazardous wastes of Bologna and surroundings. ARPAE
(2013b) showed that this incinerator was responsible of emission of atmosphetianpal 23.2 t ¥ of CO;

0.9t y* of SO; 4.1 t y* of VOCs, 107.7 ty of NO,, 0.8 t y* of TSP, 23.8 t y of CO,, 20.6 t ¥* of N,O; 39

ty'of NH;and 0.8t¥ of PMjy 1HYHUWKHOHVVY WKH UHSRUW RI $53$( GLGQT\
dumps, cremation, waste water treatment, composting and biogas production, which beatghent and

disposal of wastesector. In this context, further studies on the possible effects observalile in
neighbourhoods of this incinerator were carried out by Sarti et al. (2015, 2Gdrdemto quantify PMand

PM, s and identify their composition in terms of metals, soluble ions, polycyclic ammgtirocarbos

(PAHS), nitro-PAHs and n-alkanes. However, no clear evidences could be ascribable only to tre#oncine
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FERRARA

As Bologna, Ferrara is situated in the Po Valley, densely populated and one of the most aiahgenf
Italy. The main sources of pollution in the Ferrara municipality are attributabiduetry, presents in many
facilities, especially as chemical plants (Gerdol et al., 2014). Moreovemnatite, railway and flying
transports have been recognised as important emission sources in the Po Vallely as exétnsive
agricultural activity and related food industry are widely developed iratbe. In particular, Ferrara suffers
also from pollutants released by point sources such as domestic heating plantstuiagriotdctices,
vehicular traffic, car repair and paint shops. The poor air quality in this arg@laoisinfluenced by its
topography: Alps and Appenini mountain chains, indeed, behave as shield against atmospbkiion,
causing weak winds, low mixing heights and the development of temperature inversngnvduater time.
Consequently this condition of prolonged atmospheric stability is responsible mfs# stagnation and
reduced pollutant dispersal both in warm seasons, with high level of photochemmgl and in cold
months, characterised by significant level of PM concentrations.

The Emilia-Romagna region started during the 1970s to monitor air gtlalitygh the constitution of a

regional monitoring network (Coppi, 2007). Nevertheless, concentration of air pollutants measteedria

area are available from the 1990s by the Regional Environmental Protection Agegyilia-Romagna
UHJLRQ $IJHQ]JLD 5HJLRQDOH SHU OD 3URR@Hadn&® @ HARPBAEELHQWIL
(https:/lwww.arpae.it/). My research centres on data acquired by urban mongiatiogs while neglects

results from rural background stations (Gherardi, Cento and Ostellato), tawefafram Palazzo Turchi di

Bagno.

At the beginning, pollutants present in the city atmosphere were collegtednonitoring stations located

in Corso Isonzo, Via Bologna and Piazzale San Giovanni, all of them located Qvitihhinin straight line

from Palazzo Turchi di Bagno (see Figure 3.168 and Table 3.60).

DISTANCE
PERIOD  FROM THE
MOSNFZI?ISIIL\IG FEATURES OF PALACE PMy, PM,: SO, NO, CO BENZENE
ACTIVITY (in straight
line)
BARCO industrial _ from 1994  2360m _ YES YES YES YES YES  YES
CASSANA industrial from 2011 4850 m YES YES YES YES YES -
C.1sonzo ~ Ubantaffic- 1901 802m  YES VYES YES YES YES  YES
oriented
MIZZANA industrial 19912011 3120 m - - YES YES - ]
P.LE SAN urban traffic-
CIOVANNI e ey 19962007 1000m  YES - - YES YES  VYES
v.BOLOGNA  Urpantaffic- 500007 1940 m - ; - YES VES ;
oriented
VILLA urban
CULVIA backround 02009 2930m  YES YES - YES - -

Table3.60The closest monitoring stations to Palazzo Turchi di Bagno in Ferraraheidmeasured pollutants.
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Whenever the comparison is possible, industrial monitoring stations of Cassana emdeBaal slighy
higher concentration of PMin respect to Villa Fulvia.

Figure 3.171 Mean annual concentration of PjMmeasured in Ferrara. Red line indicates the
yearly limit value for human health protection fixed by Legislativer®=no. 250/2012.

Considering the human health protection, the yearly limit value fixed by Legislative Decree no. 250/2012 (25
JPAi ZDV QHYHU H[FHHGHG IURP ZKLOH PRQLWRUHG GDWD DUH
m?3 determined by World Health Organisation (WHO) for all the monitoring stations.
Useful investigation of concentration and chemical composition gf BMI PM s in Ferrara was carried out
by Perrino et al. (2014) between October 2010 and September 2012 with four 1-month iohsetuaing
summer and winter time. The studied area consisted of an industrial site (clhg@®ueer plant, a waste
incinerator and companies), a rural site and a residential site located in Cassamptie 2-year period of
study, mean concentration of particulate matter was similar in the three sites and it increasedreriilg w
respect to summertime: 48.5 ugtrand 29.0 pg i for PMy and 38.5 pg mand 17.7 pg mfor PM,s,
respectively. This trend confirms the high atmospheric stability as welleamcrease in contribution of
some seasonal PM sources. Evaluating the chemical composition of the sampled particidatéseeaatt
Table 3.61), Al, Si, Mg and Ca (soil components) were find with higher concentiatitve coarse PM
fraction and mainly during summer while BH EC and OC pertained mostly to RPMand their
concentration increased during the winter. Potassium seems to have two sources: dovheslic heating
due to its high amount in fine particles during winter and soil as it was congjdprabent in PN} during
summer. MoreoverNOs is detectable both in P mainly in winter due to the secondary formation of
ammonium nitrate and in coarse part over the year (natural sources). Cagsttiericarbon fractions,
organic portion was predominant than EC in all seasons, becomingtdiouble in wintertime (Table 3.51
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WINTER_PM 3, WINTER PM,s SUMMER PM;, SUMMER PM,s

Al 0.14 0.06 021 0.08
Si 054 0.15 092 027
Fe 025 0.06 0.20 0.02
Na 0.66 0.18 040 0.14
K 0.62 053 023 0.0
Mg 0.26 0.03 041 0.08
Ca 0.90 0.20 1.30 027
Cl' 055 021 0.16 0.05

NO5 9.30 6.60 2.00 053

SloY 350 2.80 3.10 2.80

Na* 0.39 012 042 0.09

NH, 3.80 290 1.00 0.86
K* 049 042 0.14 011

Mg** 0.11 0.03 0.10 0.03

ca* 055 0.14 0.90 022

ocC 10.00 9.30 430 350
EC 1.20 1.00 061 052

Table 3.61 Average concentration (pg thof the main components in Rivand PM s of the three
sites (Perrino et al., 2014).

SO, was the first monitored pollutant in Ferrara area because of its riskindasnfian health and cultural
heritage. First data acquisitions were performed in 1979 by the industialoring station of Barco. As
explained by Magnavacca (1996), the concentration gfi®@he atmosphere over the decade 1984-1994
clearly decreased thanks to the substitution of fossil fuels with naturalrgé@fiestic heating as well as the
exploitation of geothermal energy (Figure 3.172). V. Giovecca and V. Cavour areutivesemongested,
central streets of Ferrara that divide into two parts the city wWhiléanapa refers to a peripheral area close
to a big urban park.
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low contribution of local emissions. With the exception of S detected in the s@hibleaction as product
of secondary reactions, almost all the other considered elements were idlémtiigl, and PM s both in
soluble and residual fractions. Nevertheless, fine fraction, mainly associated tapagémic combustion
processes, contains more soluble, and thus particularly accessible to environmebialogiwhl systems,
species than the coarse fraction, associated to abrasive and mechanical processes. SedBlotyalvasr
mainly due to the poor atmospheric mixing occurring during the cold season seemeifadditional winter
sources influenced the concentration of some elements (Pb, Sn, Li, Rb, andsNiptéworthy the impact
exercised by fog episodes, very frequent in the studied area, as it could occasionased¢be
concentration of most elements and significantly change their dimensional distrjbgoing beyond the
cut-point of the sampling heads (i.e. 2.5 and 20 um).

However, the environmental monitoring performed by ARPAE stations in Ferrara dogsnoetn the old

city centre where the main historic buildings are concentrated. The narsouieedieval alleys does not
allow the installation of the conventional equipment. To face this lack, robsea of the University of
Ferrara designed new small detectors for gaseous pollutants exploiting the chdageitaleconductivity
induced by the interaction between sensor surface and the surrounding atmosphere (Caratzaod V
2001). The modest dimension of these sensors permitted their position indaa@lede to buildings of
historiccDUWLVWLF LPSRUWDQFH DQG FKDUDFWHURVIHE BV HDL\WHR HRP
(Communal Theatre) , located in the corner of congestddsHWYV DQG 3&DVD 5RPHL" DIIHF!
The sensors monitored the concentration of atmospheric CO from Marchttibed@000. CO was indeed
selected as marker of vehicular traffic since other pollutants such as ozoneragenngxides are more
subject to other pollution sources as well as weather conditions. Data prgdessirsensor located at the
Theatre showed two maxima concentration of CO at around 9 a.m. and 8 p.m. and mean valuan(maximu
mean value of ~2.7 mg ™ generally higher than that measured in the reference ARPAE stationsaf Cor
Isonzo (maximum mean value of ~1.7 mg)mMoreover, the amount of CO remained high also during
night proving the persistence of traffic also at night-time. Also mongocampaign carried out at Casa
Romei, considered as low traffic area, recorded values similar to those monitthiedther two congested
areas. In this context, buildings height and street wideness have to be considerednay thaytribute to

less dispersion of pollutants (street canyon).

The same chemoresistive gas sensors were used to monitor the environmental condificandfNQ in
Palazzo Turchi di Bagno, located in front of the famous Palazzo dei Diamanti (F2028). The sensors,
placed on the ground and first floors (2 m and 8 m, respectively) of the buidimg o Corso Porta Mare

(a main road that crosses the city), monitored the environmental conditioriteéiljmeriods in autumn 2002

and spring 2003, measuring values sometimes over those monitored in ARPAE utlmam S$tas
monitoring proves that pollutants concentration is influenced by road topogamghymount of traffic
(more heavy during working days than public holidays). Furthermore, also the heigiinabring is
significant because ground floor is more affected by vehicular traffic thstnflior as proved by higher
monitored concentration of pollutants.

Another interesting monitoring approach of air pollution that has received increasingatiemécent years

is the biomonitoring technique. With this method, living organisms are used to studjamtsli both
passively, based on their different sensitivity to air pollution (such dseirdse of epiphytic lichens), or
actively through their capacity to accumulate pollutants in the tissues (suoh medses). Gerdol et al.

(2014) took advantage of mosses (Tortula muralis Hedw. sp.) and lichens (Tilia spp. AodsCGygr.) for
analysing respectively trace metals, total N &l concentration and air quality through Lichen Diversity
Value (LDV) in the area of Ferrara during a five-year interval (2006-201Hereral, metal concentration

in moss tissues diminished in 2006 and 2011 in respect to 1999 in accordandeevddtrieasing trend
observed in most European countries. However, some differences have been recorded from 2006 to 2011
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CO SO, NMVOC CH, NO, TSP CO, N,O0 PM;, NH; TOTAL

INDUSTRY 4378 619 1587 2296 4869 224 3627300 33 137 421 3641864
TRAFFIC 6944 54 1387 104 6550 729 118000 80 625 72 1201545
OTHER 28 0 2915 11071 190 0 63000 639 29 4601 82473

Table 362 Annual concentration of monitored pollutants &) ymitted by different macro-sources in the territory of Ferrara
in 2010.

Table 3.62 misses data about pollutants emitted by non-industrial combustion shstemsrevious
document pertinent to 2004 (http://www.comune.fe.it/attach/superuser/docs/piano_aria_provincia_sintesi
.pdf) reported the poor influence of heating in comparison to the other anthropogeoés sblawever, a 2-
years field study (2010-2012) in Ferrara highlighted an increase of mass catimertf particulate matter
during wintertime, mainly due to the fine fraction: PMPerrino et al., 2014). In particular, the calcwati

of the contribution of residential wood burning disclosed that roughly hateforganic matter and a
significant fraction of PMs (20%) during winter was attributable to this source, going beyond the emission
from traffic in this part of year. This change of trend in respethiéqrevious research could be explained
by a rapid diffusion of wood as primary source of heating also in plain and ambasfrom 2010 because of
the economic crisis (Zinoni, 2015). Even if biomass burning in Emilia-Romeggian covered energy
requirements of only 8% in 2014, the relative estimation of non-industrial combusspiesydd that 40%

of PMy, in 2012 is ascribable to biomass domestic heating while only 34% to vetiaffiar(Deserti et al.,
2015).

235



FLORENCE

Florentine environmental framework has became critical in the last 70 years betalusepmgressive
population growth to the detriment of green spaces with the related probieastef disposal, increased air
pollution and overexploitation of groundwater. Paolini (2014) found the main difiwing of the Florentine
environmental deterioration in the great project of reconstruction after Wierld War. In particular, three
factors should fundamentally be worth considering: i) the frenetic and disorganisedduifb due to the
migrant flow from the countryside and the southern part of ltaly, ii) thed raqulustrial development
characterised by small/medium company as well as iii) the cultural behaioad to a fast business
expansion underestimating the risks for the environment (Paolini, 2014). The most imgerams
involved in the industrialisation expansion of Florence were the textdehamical, clothing, footwear,
petrochemical, wooden and leather ones. The booming economy of the 1950s led to tretiexpdithe
natural resource, with severe consequences for the water basin of Arno andothietariocal authorities
became aware of the seriousness of the ecological problems only from the 1970s. Inddahpemain
causes of detrimental pollutants were heating systems and vehicular badfign mind that motor vehicles
increased from 26433 in 1951 to 593415 in 1980 only in the province of Florence. Furthermore monitoring
campaigns realised between autumn 1972 and winter 1973 displayed relevant concent&iof® 6035

kg m3), Pb (around 7 pi) and PAH released from tailpipes while factories were the respensibl
emissions of metals as Ca, Si, Mg, Mn, Fe, V, Cu, Zn, Ni (from the manufacturmgtals), S, phenols,
fatty acids (from tannery and food industry), Cl, F, aldehydes (from chemicdic jglad rubber industries).

In this context, the regional plan provided for the conversion to methane of the urtiem aed the
development of clean enefgWNevertheless the adopted provisions resulted to be not sufficiently efficient to
solve these problems.

It was only from the 1980s that first real interventions started toigmgtact to deal with environmental
emergency. This antipollution process was time-consuming and its effects weaie héghlighted also by
the Florentine municipality that defined the environmental problems serious and éb@onsidering the
air quality, the main responsible of air pollution was the vehicular traffic that inlet intontlesattere 15000

t of CO, 1500 t of unburned hydrocarbons and 3500 t of IM®ating systems, mainly gas-driven, released
300 t of SQ while the industry were not such influential (Paolini, 2007). Also a national paper
Repubblica, 24 February 1989) found one of the main cause of air pollution trouble insiielsaim the
proliferation of vehicular traffic:

3La guerra chimica dentro la citta'- Dopo I' allarme dei milanesi oppressi dallo smog, miscela
d'inquinamento in espansione continua e nebbia stagnante, I' informdmodi®ulgato qualche notizia
in piu sullo stato delle citta italiane. Risulta che i fattori d' inquinamento dell' amidarga misura,
derivano dall' immane proliferazione dei veicoli a motore. Milano appare la cittarmjuinata solo
perché la operano 49 stazioni di monitoraggio computerizzato, ma |' ingein® non & minore a
Torino, Genova, Bologna, Firenze, Roma, Napoli, Bari, Catania e PaléFattavia nessuno puo, sa o
vuole fare quel che dovrebbe, non i poteri pubblici, non quelli dell' industria e nemugiéen
DPELHQWDOLVWL >«@ "

Those years were also characterised by the problem of acid rain (caused masthic bgulphuric and
hydrochlor acids) with visible consequences on vegetation and stone monuments of the city centre.

To face this impending situation, the Regional Environmental ProtectiencfgAgenzia Regionale per la
Protezione Ambientale della ToscatARPAT) was found in 1995 in order to provide an adequate standard

! @RQWULEXWR DOOD FRQRVFHQ]D GHOOD FRPSRNLPISR®Q FPKRPQHAD G s
JLUHQIJH LQ 3, QTXL-ggpsoH@/®/R”~ OXJOLR

2 Comune di Firenzesirenzecologiall Ventaglio, Roma, 1987, p. 85.
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Further information about the chemical characterisation and source apportionment of PMipielseance

are provided by EC AIRUSE LIFE+ project, aimed to characterise PM sources and tionsilagross the
Southern Europe (AIRUSE summary report, 2016). In the urban background site of Florence dhonitore
2013, annual mean level of Rjvand PM s were 19ugm?3and 13 ug i, respectively. These data respected
the limit values, but it should be considered that 2013 was particulamy, rastraining the resuspension of
particulate matter. The main aerosol sources in Florence were: sea sabn3hlsty secondary particles,
particles released from road traffic, heavy oil combustion, biomass burning andustéFigure 3.191). In
particular,road traffic which comprises emissions from vehicle exhaust, vehicle non-exhaust and vehicle
secondary nitrate, represented the major source of Florentine atmospheriompd®ito of PM, and
PM, ). Its role was even more remarked during high pollution eventg,(PB0 g m3occurring in winter)
being responsible for 43% of Riand 36% for PMs. Another conspicuous contribution (27% of RNnd
33% of PMs) belonged to non-traffic secondary particleésulphate, nitrate and organics) formed in the
atmosphere from gaseous precursors (non-traffig, N0y, VOCs, NH and HS which is emitted by
geothermal power plants located in Tuscany). In additiomass burningrepresented a relevant
anthropogenic source (16% and 21% for;pPkhd PM s, respectively) that increased its influence during
high pollution events (30% of Piyland 33% of PMs). Less weight came from other sources sucloee

dust (12% and 2% for PM and PMs, respectively),heavy oil combustiorf5% and 6%, mostly from
activities that are located outside the city, like energy productionergf industrial plants and shipping)
andnatural sourcesincluding sea salt and Saharan dust (8% of2d 1.5% of PMs).

Figure 3.191 Source contributions in Florence in PMand PM 5. Values are expressed in @@ and %. (AIRUSE summary report,
20186).

Most pollutant monitoring campaigns performed in urban areas aim to assess girffqudie protection of

human health without considering the importance to evaluate the temporal varidtippButants on

immediate vicinity of an artistic monument. However, some examples are preskerature for the
246



Florentine case study and are mainly focused to characterise the atmospheric envictos@datS. Maria

del Fiore complex and Palazzo Vecchio (Cachier et al., 2004; Ozga et al., 208%tMay 2010; Ghedini et
al., 2011).

Monitoring campaigns executed during 2003 at the Northern and Southern Door of S. Giaatisties,
realized by Lorenzo Ghiberti and Andrea Pisano respectively, denoted a strong infiusogees nearby
(such as traffic and tourist-related sources) as well as of very loetdorlogical conditions (i.e.
enhancement of street-canyon effect) in the re-suspension of dust, dangerous for the conservataiof art
(Ghedini et al., 2011). This attitude is confirmed by the high level of total sdegeparticulate (TSP)
detected during summer in contrast to its expected reduction due to the combinaticneaded thermal
dispersion with a subsequent enhancement of the planetary boundary layer (PBL), on one hand, and a
reduction of domestic heating sources, on the other. Comparing these data with TSP doncehaatity
centre background situation (Cachier et al., 2004), the latter resulted to beHawett the Baptistery, even
more in summertime, i.e. tourist season. Therefore, tourists not only contributegsuspend deposited
particles from the ground but proved to be themselves a major source oflietitee particles (such as
fabric fibres, organic material, etc.), mainly when queuing for long time prientty (as in the case of the
Northern Door of the Baptistery). Ozga et al. (2009) observed an apprecietdasdeof sulphate anion at
the Baptistery during 2003 and 2004 on the contrary of M@t was on the rise during the two years period.
In general, these anions showed a rather similar trend with mean seasonal atboer{winter, followed

by summer, recorded the maximum concentration) higher at Northern Door, closehicalar traffic
source, than at the Southern Door. These results confirm the gradual decregseuofceumitent in fuels but
also their simultaneous enlarged consumption. Chloride is always present gfith bboncentrations in
winter, spring and autumn at Northern Door while it prevailed at the Soubheon during summer.
Prevailing winds flow mainly from marine west direction in summer/autumnfarsgidould had influenced
the concentration of chloride. Acetates, formats and oxalates were also preseat wttlencing strong
spatial differences. Considering cations?Gand Md* were always present at the highest concentrations in
the sampled aerosol while N&K* and NH," were recorded in lower amount. Substantial concentrations of
non-carbonate carbon (NNC) were analysed, higher at the Northern Door than thenSonghir all the
seasons (Ozga et al., 2009). Comparing the seasonal mean values of NCC, the tatghrtyl lrmmer of
2003 might explain the highest values of NCC in summer in contrast to the wintry record values of 2004.
Besides evaluation of air quality conditions in Piazza della Signoria and PiazzaiatebDBarbagallo
(2014) characterised the atmospheric particulate matter in another area oy ttenti¢, which hosts the
exposure of stone samples and the aerosol monitoring campaigns described in thisSamediarco
Museum close to the Accademia. Monitoring campaigns were carried out in sunutygra@d winter
(December) 2013 in order to evaluate the chemical composition of the aerosomégSBred during
summer (mean: 45.39 * 8.35 pt) is less than that collected during winter (mean: 53.72 + 4.66)g
These values are slightly decreased in respect to the results of analysesquedt S. Giovanni Baptistery

in 2003 (74.3 pgn? in summer and 61.2 ug?3) but however they proved to be higher than those measured
in other European urban areas such as Milan (4&7g)gand Paris (43 pug3) (Gedini et al., 2011). The
evaluation of ionic species show that there were some discrepancy between summeiteanahvaiunt of
sulphate and nitrate (Table 3.65). The higher concentration ¢f 8@ing the warmer period could be
explained by the increase in photochemical oxidation as sulphate is a typical sequilddéant. On the
contrary nitrate is more abundant in winter likely because of more intense araffiuse of domestic heating

It should be considered also the possible evaporation during sampling of the seitsi-amiatonium nitrate
(i.e. nitrate artifact) that occurs when temperature exceeds 25°C and intérgsbetween 20°C and 25°C
(Schaap et al., 2004). The concentration of @mained rather high during the year as an effect of dust re-
suspension and the proximity to quarries.

247



SITE Na* NH," K* Mg* Ca** C,Hs0, CHO, CI' NOy SO# C,0

Summer 2003 ND 086 011 021 022 510 0.13 003 081 413 510 0.04
SD 072 012 014 015 403 0.22 002 179 156 5.00 0.20
Winter 2003 ND 034 038 013 008 211 0.13 004 027 520 633 0.22
SD 029 037 015 009 248 0.09 004 021 590 620 0.34
Summer 2013 S. Marco Museum 053 095 072 006 248 0.03 050 019 077 284 0.21
Winter 2013  S. Marco Museum 015 121 044 004 256 0.04 005 031 550 081 021

Table3.65Mean air concentration (g # of soluble ions measured during summer and winter campaigns at the(NDrttand
South Door (SD) of the Baptistery in 2003 and at the San Marco Muise2013 (Barbagallo, 2014).

Comparing these data with ions concentration measured at the Baptistery iit Z0p8ssible to observe a
recent reduction of sulphate probably induced by the progressive substitution of kgstidmgs with lower-
sulphur fuels. Nevertheless, the concentration of nitrate did not undergo big chapgeésgira stable
contribution of pollution from traffic (Barbagallo, 2014).

JRFXVLQJ RQHTYVY DWWHQWLRQ WR WKH GLIITHUHQW FRB$S®RQHQWYV
Project (EVK4-CT2000-00029) analysed the carbon speciation of aerosol collected duriggaone-
campaign (July 2002-X O\ RQ WKH URRI RI WKH 30XVHR GHOOfT2SHUD G
(Cachier et al., 2004). The results reveal the prevalence of OC (2r5%)ug respect to EC (0.48 pug?) in

the mean mass concentration. In particular, both OC and EC were found predominantly in the fine fraction of
aerosol (PN): 5.86 ugm3 and 1.92 pgm3, respectively. The copious presence of scooters (2-stroke
engines) in the Cathedral surroundings should explain the overproduction of fine eqatte daily

pattern of EC displays the highest concentration during the morning and the latecafteaffic peaks,
highlighting the importance of regional traffic activity of workers beside the tourisuityc

In view of new restorations, air quai\ ZDV PHDVXUHG LQ OLFKHOR]]JRTV &RXUW!
headquarters of the communality) (Nava et al., 2010). It is a semi-confined environmpttesuto both

urban pollution and heavy microclimatic conditions. During the monitoring campdipteihber 2003-

January 2004 and June-July 2004), PM2.5 displayed the highest mass concentrations (g8, #6gan

value 32 ugn3) during stable meteorological conditions of wintertime while theekivones in summer (17

pg m3). Also in this case study, OC prevailed (13.6m@ in winter and 4.6 pgn® in summer) on EC
concentration (1.8 pm® in winter and 0.7 pgi2 in summer). Comparing this data with the results obtained

by Cachier et al. (2004) in the centre of Florence one year before, it is notewaithifar trend but with a

general slight decrease in values. Nevertheless, this reduction cannot besfately because of the
GLIIHUHQFH LQ HQYLURQPHQW SDUWLDOO\ VKHOWEBUWEBHLQR®UFF
Cathedral Museum. By contrast, data reported by Barbagallo (2014) refesriagrasol monitoring
campaigns at the covered roof-terrace of San Marco Museum show a much higher amount of both EC and
OC during 2013 sampling. EC values doubled throughout the year (from in8 {og4.81 pgn® in winter

and from 0.7 ugn3to 1.68 pgn® in summer) as well as OC recorded higher values (in winter 13n63ug

and 19.14 ugn3 and summer 4.6 g3 and 7.52 pgn3, in 2003-04 and 2013 respectively). This could

prove the increase of carbon emissions during the 10-year period.

A high correlation between OC and K amount was measured ips Bmples only during winter,
suggesting a significant contribution from biomass burning (Nava et al., 2010). Sulphegatcations were

higher in summer (5.2 pg3) than in winter (2.2 ug1?) because of a more efficient photochemical summer
activity in the atmosphere that favours the oxidation of B@® sulphate. On the contrary, nitrate amount
decreased in summer likely because of its volatile nature and the lack of additioteal sources (i.e.
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domestic heating). Therefore Nava et al. (2010) suggested a mainly igoakioe. combustion sources) for
NO; while a regional one for SO, observing higher nitrate concentrations in reduced air circulation
conditions and prevailing sulphate in uncovered situations.
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3.3.2.TOTAL SUSPENDED PARTICULATE
Total suspended particulate (TSP) gives information about the total amaintaspheric particles sampled
in a specific volume, without any limitation of particles size. TSP vauealculated by the following
equation:
TSP (kg 1) = W (g) / V (i)
where W is the weight of total particulate measured by weighdrdifte of filter after and before sampling
while V is the monitored volume.

BOLOGNA

The amount of total suspended particulate measured during different monitoring gresripaBologna is
reported in Table A6.1 (Annex 6).

Winter 2017 PM monitoring campaign
PM monitoring campaign was performed in the period 9-16 February 2017. TSP ranged between 24.76 ug
m* and 57.53 pg f reaching the highest concentration during the weekend (Figure).3.192

Figure 3.192 Daily atmospheric concentration of TSP measured in Bolognaglwinter
2017 campaign.

Summer 2017 PM monitoring campaign
Particulate matter was monitored in the period 13-19 June 2017. In general, TSP tewasonsiant
throughout the analysed period showing a mean value of 17.60 {igare 3.19R
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Figure 3.193 Daily atmospheric concentration of TSP measured in Bolognagdatmmer
2017 campaign.

Winter 2018 PM monitoring campaign
PM monitoring campaign was carried out between 24 January and 1 February 2018. Figusb@vEXhat
the calculated TSP was between 16.72 [fgamd 74.45 g m with higher values on Thursday and Friday.

Figure 3.194 Daily atmospheric concentration of TSP measured in Bologriagdwinter
2018 campaign.

Summer 2018 PM monitoring campaign

Last monitoring campaign was performed in the period 7- X Q H 7KH GHWHFWHG SDU\
show particular differences among analysed days even if a slight increase tilug3ri8happened during

Monday (Figure 3.195). Unfortunately, no data about TSP of BF30 is available daifaasmistake in
measuring the weight of the filter before sampling.
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3.3.3.I0N CHROMATOGRAPHY (IC)

BOLOGNA

Results of water-soluble ions detected in BoloBiaduring different monitoring campaigns are displayed
in Table A7.1 (Annex 7).

Winter 2017 PM monitoring campaign

The monitoring campaign was characterised by the prevalence ofthid the other ions all over the
considered period, reaching higher values during the weekend (till 16.18*u¢Figure 3.208). Among
anions, also sulphate stood out for its concentration between 1.29° agd.72 pg M NH," showed a
concentration higher than the other cations, with values till to 4.98 figeathed during Sunday. €a
concentration remained rather constant over the period (between 0.58 pgdni.52 ug M) while the
amount of the other cations was negligible.

Concentrati
o
o
o
1

BF11_Th
BF12_ Fr
BF13_Sa
BF14_Su
BF15_Mo
BF16_Tu
BF17_We

ECl- ENO3 ESO42- ENa+ ENH4+ ®K+ EMg2+ ECa2+

Figure 3.208 Daily atmospheric concentration of water-soluble ioresored in Bologna
during winter 2017 campaign.

Summer 2017 PM monitoring campaign

The concentration of ions monitored during summer 2017 campaign never reached valugbdmghdaid
ng m? (Figure 3.209). Within this range, $QNO; and C&' displayed slightly higher concentration then
the other ions with maximum values of 2.14 ug 13 pg rif and 1.38 pg M respectively.
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Figure 3.209 Daily atmospheric concentration of water-soluble ionssuored in Bologna
during summer 2017 campaign.

Winter 2018 PM monitoring campaign
NOjs reached higher concentration during every monitored day than the other ions, showing vaiees bet

4.88 ug 1t and 18.91 pg i (Figure 3.210). S was detected in concentration between 1.25 [igand
3.04 pg it while the measured amount of chloride was much lower (below 13.g m

Among cations, N prevailed over the others, showing a concentration between 1.50 agdr6.02 pg

m=,
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€ 18.00 -
£16.00 -
~ 14.00 -
12.00 -
10.00 -
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4.00 -
2.00 -
0.00 -

g

Concentration
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BF24_Th
BF25_Fr
BF26_Wknd
BF27_Tu
BF28_We

HC|- WNO3- mS042- mNa+ WNH4+ #"K+ EMg2+ ECa2+

Figure 3.210 Daily atmospheric concentration of water-soluble ionssaored in Bologna
during winter 2018 campaign.

Summer 2018 PM monitoring campaign
The concentration of all ions detected during summer 2018 monitoring campaign remaiags! Eow

1.00 pg 7 (Figure 3.211).

261



u

BF29 Th|
|
!
1
L]
u
|
!
I

BF30_Fr|
BF31_Wknd |
BF32_Mo |

BCl- WNO3- mS042- mNa+ WNH4+ #K+ EMg2+ ECa2+

Figure 3.211 Daily atmospheric concentration of water-soluble ionssuored in Bologna
during summer 2018 campaign.

Comparison

The comparison of mean concentration of water-soluble ions detected during differgtatring campaigns
performed in Bologna shows that BNOBQ? and NH* were in general more abounding than the other ions,
reaching higher values during winter campaigns (Figure 3.212). Specificalgn mMQ amount was
between 0.57 + 0.19 pg{in summer 2018) and 10.08 + 5.37 pg (m winter 2018), followed by S£
(from 0.67 + 0.16 pg Min summer 2018 and 3.30 + 1.22 pg m winter 2017) and Ni (0.16 + 0.05 ug
m* in summer 2018 and 2.65 + 1.52 ug m winter 2017).
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Figure 3.212 Mean atmospheric concentration of water-soluble ions measuBmlogna
during different monitoring campaigns.
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FERRARA

IC results measured in PM monitored in Ferrara during different monitoringacgng are presented in
Table A7.2 (Annex 7).

Winter 2017 PM monitoring campaign
Soluble ions measured in winter 2017 displayed the predominance HfoM& the other ions, which

reached 6.48 ug m(Figure 3.213). Clslightly exceeded the concentration of,5@r some filters (PTF16-

20) but remaining always below 2.00 pg.m
Among cations, concentrations of WHand C&" were slightly higher than the others although they rarely

overcome 2.00 ug
PM monitoring during the weekend performed both on the roof terrace of Palazzo dilBelgino (PTF17)

was slightly richer in soluble ions than those monitored at the ground rfildbe iBotanic Garden (PTF18),
even if ion concentration was in general low.

10.00

@

o

o
1

6.00 -
4.00 -
2.00 ~

Concentration/ pg i

0.00 -

PTF11_We
PTF12 Th
PTF13_Fr
PTF14_Mo
PTF15_Tu
PTF16_Fr
PTF17_Wknd
PTF18_Wknd
PTF19_Mo
PTF20_Tu

BCl- ENOS3- HS0O42- ENat+ MNH4+ WK+ EMg2+ MCa2+

Figure 3.213 Daily atmospheric concentration of water-soluble ions measurEerrara
during winter 2017 campaign.

Summer 2017 PM monitoring campaign
During summer 2017 monitoring campaign the concentration of ions remained below 3105 (Eigure

3.214). In particular, nitrate and sulphate prevailed among detected anions showing csingidantration
(from 1.56 pg rif to 3.05 pg M SO,* and from 1.21 pg Mito 2.55 pg i for NOy). Moreover, C& was
detected with a concentration around 1 pid and NH' remained between 0.41 pg®nand 0.92 pg m

while the concentration of other cations was negligible.
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Figure 3.214 Daily atmospheric concentration of water-soluble ions measuréérrara
during summer 2017 campaign.

Winter 2018 PM monitoring campaign
lon concentration determined during winter 2018 campaign was below 7.00 3u¢Figure 3.215).

Specifically, NQ dominated over all detected ions, displaying concentration from 2.52%&anc6.70 g
m*. Considering the other anions, sulphate was measured between 0.58 agdn®.66 pug m and
sometimes Clconcentration slightly overcame that of $@i.e. for PTF29, PTF30 and PTF32) reaching a

maximum value equal to 1.15 ug®m
Among cations, Nif and C&" prevailed over the others with values below 2.00 fg lHowever, a slighy

higher concentration of Navas observed in those days characterised by higher amount @hGisday,
Friday and Monday).
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Figure 3.215 Daily atmospheric concentration of water-soluble ions measured in Ferrara
during winter 2018 campaign.
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Summer 2018 PM monitoring campaign

Concentration of all detected ions remained below 1 fifanall the duration of summer 2018 campaign
(Figure 3.216). In general, NODSQ? and C&" were identified in slighy higher amount reaching at most
0.90 pg ¥, 0.58 ug it and 0.37 pg M respectively.
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Figure 3.216 Daily atmospheric concentration of water-soluble ions measured in Ferrara
during summer 2018 campaign.

Comparison

The comparison of soluble ions detected during different monitoring campaigns inaFdigplays in
general a prevalence of NJollowed by SG* among anions and NHand C&" among cations (Figure
3.217). In particular, N@ concentration was higher during both winter campaigns with mean values equal to
3.12 + 2.01 ug Min 2017 and 4.91 + 1.99 ughin 2018. S¢ was measured in higher amount during
summer 2017 (2.06 + 0.54 pg3jrand winter 2018 (1.14 + 0.77 pgn Furthermore, both NH and C&"

had a similar trend over the considered period with stable mean values in 2017 (aroun@®.86%g Nt

and 0.67 + 0.36 ug Threspectively), increased amount in winter 2018 (1.16 + 0.45hignu 1.08 + 0.27

ng m?, respectively) and drop in summer 2018 (0.15 + 0.08 flgmd 0.28 + 0.09 pg frespectively).

Finally, both Cl and N& were identified with slighy higher concentration during winter campaigns but
remaining always below 1.00 pugimsuggesting a possible contribution of de-icing salt in winter that was
added to sea spray effect.

265



10.00

8.00

6.00

4.00

Concentration/ pg i

o

o

o
1

Cl- NOS3- SO42- Na+ NH4+ K+ Mg2+ Ca2+

-2.00 -
Bwinter_2017 “'summer_201" Ewinter 2018 ¥ summer_201!

Figure 3.217 Mean atmospheric concentration of water-soluble ions measureeriara
during different monitoring campaigns.

FLORENCE

Soluble ions measured in PM monitored in Florence during different monitoring campaedisplayed in
Table A7.3 (Annex 7).

Winter 2017 PM monitoring campaign

Figure 3.218 shows that soluble ions measured in winter 2017 with higher concentexttoN® (from
0.86 pg nt to 3.15 pg i), SQ (from 0.53 pg rif to 2.21 pg rif) and C&" (from 1.16 pg i to 1.53 pg
m3) while the amount of other ions remained below 1.00 [fg m
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Figure 3.218 Daily atmospheric concentration of water-soluble ions measured inrlere
during winter 2017 campaign.
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Summer 2017 PM monitoring campaign
Summer 2017 monitoring campaign was characterised in general by the prevalengg& (fd®®0.91 pg

m*to 1.17 ug i) and C4&" (from 0.78 pg M to 1.67 ug i) over other ions (Figure 3.219). Also N@as
identified but it remained almost always below 1.00 pg ievertheless, SMF6 and SMF7 revealed a
peculiar ion concentration as rather high amount {1005 pg it and 2.57 ug M, respectively) and Na
(1.23 ug ' and 2.30 pg M respectively) was measured. Considering that the prevailing wind directi
during summertime in Florence is from south-west, it stands to reasonighhigtier concentration of Cl
and N4 could originate from sea spray impact.
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Figure 3.219 Daily atmospheric concentration of water-soluble ions measured inneere
during summer 2017 campaign.

Winter 2018 PM monitoring campaign
Figure 3.220 displays that the concentration of the monitored ions during winter 20d&igramemained

always below 2.00 pg frand C&" was the prevalent ion (from 0.14 pg*no 1.91 ug ).
Among anions, N@ (from 0.16 pg rif to 1.37 pg rif) prevailed followed by S (from 0.06 pg rif to

0.38 pg n?) and Cl (from 0.05 pg i to 0.63 pg m).
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Figure 3.220 Daily atmospheric concentration of water-soluble ions measured inneere
during winter 2018 campaign.

Summer 2018 PM monitoring campaign
In general, ion concentration never exceeded 1.03 figeached by Cain SMF26 (Figure 3.221). Among

anions, the concentration of $O(from 0.59 pg i to 0.99 pg M) was generally double or at least three
times (SMF28) higher than that of N@from 0.25 pg rii to 0.33 pg i) while CI was negligible.

Moreover, C&" (from 0.54 pg i to 1.03 pg i) and NH* (from 0.17 pg rif to 0.26 ug rif), which
prevailed among detected cations, remained almost stable during the monitored period.
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Figure 3.221 Daily atmospheric concentration of water-soluble ions measured inrfekre
during summer 2018 campaign.

Comparison
The comparison of mean anion concentration monitored during different campaigoseimcElhighlights a

general prevalence of NQduring wintertime (2.14 + 0.90 pghin 2017 and 0.71 + 0.48 pghin 2018)
and of S@ in summertime (1.08 + 0.10 pg‘hin 2017 and 0.74 + 0.19 pghin 2018) (Figure 3.222).
Among cations was detected in higher amount in all analysed period dattreasing trend over time (from
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0.74 + 0.19 pg Mto 1.40 + 0.15 pg ). Furthermore, mean concentration of each ion resulted higher
during winter 2017 campaign, with exception of, Gla” and K’ that reached higher amount in summer 2017
(0.85 + 1.04 pg M 0.94 + 0.84 pg Mand 0.32 + 0.14 g T respectively) likely due to sea spray
contribution. However, no ions exceeded the mean value of 2.143urgam:hed by N@in winter 2017.
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Figure 3.222 Mean atmospheric concentration of water-soluble ions measuregkriara
during different monitoring campaigns.

GENERAL COMPARISON

The comparison of mean soluble ions detected in all sites during differertorimancampaigns highlights
high concentration of N during both winter campaigns mainly in Bologna and Ferrara while a notable
decrease (till 18 times in Bologna in 2018) was measured during summer campaigms @RP3).
Considering the other anions, $0showed slight variations among sites during different monitoring
campaigns, with a general lightly higher values during 2017 than 2018, areim@ined generally constant
(lower than 1 pg i) during different periods in all sites.

Among cations, each site displayed a mean concentration of atmospténiatBer stable during time, with
higher values detected in Florence (Figure 3.223),"Nits rather abundant in Bologna and Ferrara during
winter monitoring campaigns while it decreased during summer, showing a trgreimiar to that of N@

. Mean amount of Naremained always below 1 pg*rand showed a trend similar to that of chloride in each
site. Finally, constant values over time and in different sites were measuredaiod Kig ™.
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Figure 3.223 Mean atmospheric concentration of water-soluble ions measuredagraagrey), Ferrara (red) and Florence (light
blue) during winter (W) and summer (S) 2017 and 2018 monitoangaigns.

In this context, statistical elaboration by Pearson correlation of soluble ions detediféelémt sites during
each monitoring campaign confirms a strong linear relationship amogg $@ and NH" with exception

of summer 2018 monitoring campaign (Table 3.66-3.69). Sulphate, nitrate and ammoniodicateve of
traffic emissions and are generally present in atmosphere as ammonium sulphate oruamniate
deriving from the neutralisation of sulphuric and nitric acids by ammonia. dénerally asserted that in
warm period ammonia is almost exclusively dedicated to the production of ammonium swphate
ammonium nitrate is inhibited by high temperature (Ricciardelli et al., 2&EBuIts show indeed a higher
correlation coefficients between $0and NH* during summer campaigns while between;Nehd NH'
during cold periods. Moreover, a positive linear correlation was also evahetieden C| Na', Mg?* and
sometimes also Kas they can derive from sea spray.

W_2017| CI" | NOj | SO | Na" | NH," | K* | Mg? | ca*
Cl 1.00 | 0.25 [ 0.35 | 0.38 { 0.23 | 0.28 | 0.82 | 0.32
NOgz 1.00 | 0.79 | -0.05| 0.98 | -0.04| -0.03| -0.14
SO~ 1.00 | 0.04 | 0.84 | 0.03 | 0.11 | 0.12
Na* 1.00 | -0.14 | 0.61 | 0.34 | 0.08
NH.," 1.00 | -0.05| -0.07 | -0.17
K* 1.00 | 0.33 | 0.11
Mg** 1.00 | 0.37
ca™ 1.00

Table 3.66 Pearson correlation among values measured in all sites during winter
2017 campaign.
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S 2017 | CI' | NO; [ SO | Na" | NH, | K" | Mg* | ca”
cl 1.00 | 0.05 | -0.30| 0.97 | -1.00| 0.68 | 0.39 | 0.53
NOgz 1.00 | 0.80 | -0.31| 0.86 | -0.37| 0.47 | -0.07
SO~ 1.00 | -0.42|0.78 | -0.30| 0.39 | -0.11
Na* 1.00 | -0.83| 0.82 | -0.16 | 0.62
NH," 1.00 | 0.89 | -0.22| 0.53
K* 1.00 | -0.53| 0.73
Mg?* 1.00 | -0.18
ca” 1.00

Table 3.67 Pearson correlation among values measured in all sites during summer
2017 campaign.

W_2018| CI" | NOj | SO | Na" | NH, | K* | Mg? | ca*
cl 1.00 | 0.52 | 0.37 | 0.95 | 0.46 | 0.71 | 0.79 | 0.15
NOz 1.00 | 0.87 | 0.48 [ 0.98 | 0.51 | 0.38 | -0.17
SO~ 1.00 | 0.25 | 0.90 | 0.41 | 0.35 | -0.20
Na 1.00 | 0.40 | 0.72 | 0.77 | 0.06
NH," 1.00 | 0.44 | 0.32 | -0.22
K* 1.00 | 0.84 | 0.11
Mg?* 1.00 | 0.29
ca™ 1.00

Table 3.68 Pearson correlation among values measured in all sites during winter
2018 campaign.

S 2018 | CI' | NO; [ SO | Na"™ | NH, | K" | Mg* | ca®
cr 1.00 | -0.06| -0.27 | 0.95 | -0.50 | -0.05| 0.92 | -0.21
NOs 1.00 | 0.24 | 0.01 | 0.40 | 0.13 | 0.11 | -0.22
SO~ 1.00 |-0.23|0.72 | 0.47 | -0.09| 0.52
Na* 1.00 | -0.56 | 0.05 | 0.88 | -0.33
NH.," 1.00 | 0.34 | -0.31| 0.47
K* 1.00 | 0.11 | -0.06
Mg?* 1.00 | -0.16
ca™ 1.00

Table 3.69 Pearson correlation among values measured in all sites during summer
2018 campaign.
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Final remarks:

f The concentration of water-soluble ions was in general higher during wintertonrumni
campaigns than that detected in summertime, never exceeding the mean value of 1£.00 g

NOs, SO and NH', likely due to emission from traffic, prevailed in all sites.
Noticeable seasonal variation of Rfinore abundant in wintertime.

Mean concentration of Garemained rather stable during time in all sites.

~ ~h ~h

The measured Cand Na suggest a possible contribution of de-icing salt in winter that is adq
to sea spray origin.

f Also the height of planetary boundary layer (PBL), lower during winter and highlee warm
season due to thermal expansion of atmospheric gases, as well as the matabcologjtions
may have influenced the amount of detected ions.
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Figure 3.230 Daily atmospheric concentration of OC (blue rhombused) EC (red
squares) measured in Ferrara during summer 2017 campaign.

Winter 2018 PM monitoring campaign

During winter 2018 campaign, OC prevailed over EC with a OC/EC ratio rangimg4 on Thursday to 6
during Tuesday, Friday and weekend. In particular, OC concentration was higher during Friday (838 pg m
and lower on Wednesday (3.17 ug)mvhile EC underwent a general slight growth over the period, with
values between 0.68 pg*on Wednesday and 1.49 pg*mon Thursday (Figure 3.231).

Figure 3.231 Daily atmospheric concentration of OC (blue rhombuses) E® (red
squares) measured in Ferrara during winter 2018 campaign.

Summer 2018 PM monitoring campaign
The amount of carbon fractions detected during this period is in general low. OC ranged indeed from 1.22 ug
m on Monday to 2.94 pg fhon Wednesday while EC was between 0.16 fgom Friday and 0.51 pg
on Wednesday (Figure 3.232). Moreover, observing the trend of concentration, both fractiongninder
overall increase over time with exception of OC on Monday that experierstgghiadecrease. OC/EC ratio
was higher at the beginning of the monitoring (equal to 12) and decreased over time till to 5.
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Figure 3.232 Daily atmospheric concentration of OC (blue rhombusesE& (red squares)
measured in Ferrara during summer 2018 campaign.

Comparison

The comparison of the amount of carbon fractions acquired during the diffeoitiorimg campaigns
highlights the prevalence of OC over EC throughout the considered periode(B@83). In particular,
carbon fractions were generally higher during summer 2017 and winter 2018 aasnpeign also total
particulate matter was detected with higher concentration (Figure 3.233).10@&akbnged from 1.22 pg
m* of PTF35 and 8.18 pgfrof PTF30 while EC from 0.16 pgfrof PTF33 and 1.49 pgrof PTF29.

Figure 3.233 Daily atmospheric concentration of OC (blue rhombuses)rdeiGuares) and TSP (green bars)
measured in Ferrara during PM monitoring campaigns in winter and sumnigr &@d 2018.
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FLORENCE

Winter 2017 PM monitoring campaign

Figure 3.234 shows a predominance of OC over EC. In particular, OC ranged from 3.390fi$MF12
and 6.23 pg M of SMF15 while EC was more constant (between 0.17 A@hSMF13 and 1.03 pg th
SMF11). OC/EC ratio was between 4 (SMF12) and 8 (SMF13).

Figure 3.234 Daily atmospheric concentration of OC (blue rhombusesE& (red squares)
measured in Florence during winter 2017 campaign.

Summer 2017 PM monitoring campaign

OC was always present with higher concentration than EC and each carbon fracti@iherasonstant
throughout the analysed period (Figure 3.235). In particular, OC ranged from 2.78 efgSMF18 to 3.77

ng m® of SMF19 while EC from 0.40 pg frof SMF18 to 0.69 ug MmSMF19. Therefore, a sligithigher
concentration of carbon fraction was detected on Friday. Finally, OC/EC ratio was between 4 (SMF17) and 7
(SMF20).
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Figure 3.235 Daily atmospheric concentration of OC (blue rhombusesE& (red squares)
measured in Florence during summer 2017 campaign.

Winter 2018 PM monitoring campaign

Figure 3.236 shows the prevalence of OC over EC during the considered period. In partiCulahich
ranged between 1.01 pg’rand 4.07 pg i, was higher during the weekend and the beginning of the week
(3.81 pg nt and 4.07 pg M respectively) while EC, in general between 0.26 jiyand 0.88 pg M

showed a slightly higher concentration on Wednesday. OC/EC ratio remained between 3)(SMF8
(SMF22).

Figure 3.236 Daily atmospheric concentration of OC (blue rhombuseg) ED (red
squares) measured in Florence during winter 2018 campaign.

Summer 2018 PM monitoring campaign

OC amount monitored during this campaign was higher that related to EGaliéis between 2.87 pgm
(SMF30) and 4.15 pg M(SMF28) for OC and between 0.59 pg §8MF27) and 0.95 ug (SMF28) for
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EC (Figure 3.237). For both carbon fractions, the highest value was measured on Mondayetyloreov
OC/EC ratio was between 4 of (SMF28 and SMF29) and 6 (SMF27).

Figure 3.237 Daily atmospheric concentration of OC (blue rhombuses) E® (red
squares) measured in Florence during summer 2018 campaign.

Comparison

The comparison of carbon fractions measured during all monitoring campaigns in Fldigpiegs a
general higher amount of OC over EC (Figure 3.238). In particular, EC did not urctargiolerable
variations over time with an average value of 0.66 [fgnhile OC ranged from 1.01 pghand 6.23 pg i
3, Moreover, OC concentration underwent higher changes during the winter camphilgn& vemained
more stable during summer overall. Finally, good affinity can be detected ambig @actions and total
suspended particulate (TSP), mainly for OC fraction (Figure 3.238).

Figure 3.238 Daily atmospheric concentration of OC (blue rhombuses)reeiGquares) and TSP (green bars)
measured in Florence during PM monitoring campaigns in winter and su2®17 and 2018.
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GENERAL COMPARISON

Comparing the mean values of carbon fractions amount measured in each site itferggt dhonitoring
campaigns it is evident that the organic portion is always more abundant thelerttemtal one. This is

clearly appreciable in Figure 3.239 that compare the average percentage valuesafteackraction over

TC (where TC represents the sum of OC and EC). In particular, the concentrafh redver decreased

lower than 81 % while EC ranged always between 9 % and 19 %. In general, there were no big differences of
OC/TC and EC/TC among the different monitoring campaigns. However, OC/Ulgzdewith higher value

in Bologna followed by Ferrara and Florence during each period of campaign anéldhersce always
experienced a higher concentration of EC/TC respect to the other investigated sites.

Figure 3.239 Mean values of OC/TC (blue) and EC/TC (red) calculatedcim gite during
different monitoring campaigns. TC refers to the sum of OC and EC.

Nevertheless, the amount of each carbon fraction measured per volume of monitdigtch@iirdisplay a so
clear and recurring trend. As shown in Figure 3.240, mean OC concentration of each bigheraguring

the winter campaigns but this is true in Bologna and Florence for 2017 and in Bolognararal fbe2018.
The monitored mean amount of OC in different sites ranged between 2.01 + 0.82 mgasured in
Bologna during summer 2018 and 5.90 + 1.75 pigmeasured in Ferrara during winter 2018 while mean
values of EC were between 0.28 + 0.06 |iggmonitored in Bologna during summer 2017 and 1.12 + 0.33
1g m® measured in Ferrara in winter 2018 (Figure 3)240
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Figure 3.240 Mean concentrations of OC and EC measured in Bologna (grey),r&gned) and Florence (light blue) during
winter and summer 2017 and 2018.

Final remarks:

f OC was always more abundant than EC in all sites. In general, TC (eq@@ toEC) was
constituted by more than 81% OfC and at most 19% of EC.

f Considering the ratio of each carbon fraction over TC, Florence always experienceghést h
concentration of EC/TC while Bologna the highest amount of OC/TC, suggestigher
contribution of fuel combustion and a combination of anthropogenic and biological emiss
respectively.
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3.3.5.BIOAEROSOL

Atmospheric aerosol is a complex and dynamic mixture of solid and liquid particldsegidé inorganic

and organic components is made up also of biological component, badbeetosol This last consists of
phatogenic or non-phatogenic, live or dead, entire or broken bacteria, fungi, algae, virdsas pfaoit
fibres, high molecular weight allergens, bacterial endotoxins, mycotoxins, peptidoglor glucans, etc.,
passively carried by air (thus insects are not included) (Douwes et al., Bd@rosol, also known as
primary biological aerosol particle$PBAPS), has different size and morphology and could be appreciated
with a magnifying glass or microscope. It can range from 0.05 pm till@qub@ for instance viruses (0.05-
0.15 um), bacteria (0.1-4 um), fungal spores (0.5-15 um), algae (<10 um) and pol€d ({16) (Bonazza

et al., 2017). Often biological particles could be aggregated each other or iatedpior non-biological
suspended solid particle or in liquids. This last case fosters atmospheric oxidadiogage-particle
conversion of volatile organic compounds released from biological organisms, leadingdortagon of

the so-calledsecondary biological aerosol particldSBAPS) (Després et al., 2012). A typical example of
SBAPs happens when microorganisms are included into fog droplets and here could quickly grew. Thes
particles make a substantial contribution mainly to sub-micron aerosol mass anddibess ritot influence
much PM, amount (Fuzzi et al., 2015).

The concentration of bioaerosol changes with season and site. Dry periodsraéegterhaw hydration of the
cells, making them lighter and promoting their dispersion, whereas dump conditions promateahthé
spores and their accumulation on the ground (Caneva et al., 2003). The number density ¢oncaitrat
biogenic aerosol particles is close to 1% of the total aerosol in remotaci@Egaans while it can contribute
from around 2% to 25% in continental areas, reaching sometimes also 50% akttotll mass (Tomasi
and Lupi, 2017). Bioaerosol represents a small portion of the whole aerosdepdrom a numerical point

of view while it is more similar to other kind of particles from the snpsint of view. A variation is also
appreciable between rural and urban area. De Nuntiis et al. (2003) reported that theas¥eaoncentration

of biological particles in urban area during spring is around 20 figuhof a total of about 100 pginin
particular, urban areas show during spring an estimation of IBat€eria i, 10°-10* fungal spores mand
10-10 pollen grains .

Bioaerosol arises in areas characterised by biological activity exposeadctalation and thus the major
SDUW RI (DUWKSYTV VXUIDFH LV D SRWHQWL DU VRQWkideRILdHE RELR
farming and agricultural activities, livestock, production and treatment astevand some industrial
activities, may contribute to the release of hioaerosol (Caneva &08B). Natural airborne biological
material could be produced by physiological processes by microorganisms themselves cal physi
mechanisms of disaggregation and fragmentation of organisms. Moreover, it couldedsedelnto
atmosphere by typical processes of the living organism (such as the catgpuition mechanism of
Parietaria pollen) or through winds and rain (De Nuntiis and Palla, 2017). Once in thesgiare,
bioaerosol could be transported and disperse by the kinetic energy exchanged when fast-moving ai
molecules impact bioaerosol particles (De Nuntiis and Palla, 2017). The gkotddrt of desert dust has
been identified as an important responsible for the transport of biolegicsol, too (Bonazza et al., 2017).
Generically the smaller the particles, the more suspended in the air for atiovgesn the contrary, bigger
particles tend to set down more quickly due to higher mass (with some exception such as Pinacede pollen)
addition, the possible reachable distance can change due to the vicinity to partictes smd to
resuspension of deposited particles. Nevertheless, the biogenic aerosol isygetdealpread in the whole
troposphere and could reach also different kilometres in height, such as somespumekl that can be
detected also at 11 km altitude. Thus PBAPs could participate in the cloud and eationgbrocesses
(Tomasi and Lupi, 2017). In general, the mean residence time of bioaerosol rangésfrdnan a day to
few weeks, depending on their size and aerodynamic shape (De Nuntiis et al., 2003jcdBiptoticles can

be removed from air by sedimentation and collision to all surfaces or morergfficby wash out of
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precipitation. After deposition, biological particles can interact with aquatiercestrial ecosystems likely
causing bioaerosol growth and reproduction.

The survival of microorganisms, or parts of it, is controlled by phlysicd chemical parameters, such as
temperature, relative humidity, ultraviolet radiation and concentraticsoimie gases (e.g..OCO, NQ).
Favourable conditions for most organisms ranges between 20°C to 30°C and a relative husidgfov
(MIBAC, 2001). Nevertheless, in atmosphere there are not only vegetative forms lresatanmt ones, like
fungal and bacterial spores, able to ensure the continuation of the species evendrehestihmental
conditions. With improving environmental parameters, the dormant spore will reactiselfetit the
vegetative state. In addition, there are also special environmental condition able dtepaaapid increase:
for example, during radiation fog typical of the Po Valley, microorganism could helettin fog droplets
and find suitable circumstances for its growth (De Nuntiis et al., 2003).

The study of bioaerosol in the field of cultural heritage has to be connectid tpossible alteration
processes induced by the growing and metabolic activities of microorganismaniticatar@se both organic

and inorganic materials. This damage could be induced by the penetration and thusrfopiaticro-
cracks within the material (physical damage), by the chemical interactimmodidicts of metabolic activity
with the substrate (chemical damage) or by the releasing of pigmented substatioeticadamage). The
danger of bioaerosol to artworks is regularly joined to other parameters, soibraslimatic conditions,
chemical composition of the substrate and its conservation state. Biological degradatiolyisaussed not

only by a single microorganism but by complex communities of microorganisms often orgamised a
microbial biofilm that covers and penetrates the surface of the materi@{Boet al., 2017). Biofilms often
secrete extracellular polymeric substances (i.e. polysaccharides, proteinsafigidsumic substances),
creating an extracellular matrix that provides structural and biochemical support tatheding cells.
Referring to stone materials, it is known that many factors influence theolmnisation of this kind of
substrate. The mineral composition, texture and porosity of stone as well as enviebriawaots (T, R

and light) may influence the diffusion of these organisms on monuments (De Nuntiis and Palla, 2017). Under
favourable conditions, the bioaerosol deposited on stone surface can grow and reprauyictheusi
substratum as nutrient (heterotrophic organisms) or support (autotrophicsorgpriiiowever, as reported in
Bonazza et al. (2017), the so-called biodeteriogens do not represent all the déymeséexsol harmful for
cultural heritage. In effects, the former includes only viable organisms but inrdsohehere are also
resistant forms (i.e. biological spores), able to survive even in adverse conditiotus mmbme active in
proper environment. Since stone materials are inorganic, the most potentially detrinegietizringens are

the autotrophic ones, e.g. some bacteria of the sulphur and nitrogen Gyaaspbacteria algae, lichens,
mosses and higher plants. Heterotrophic organisms, such as fungAcimdmycetes may attack
subsequently stone substrate, when organic substances of different origin andioconséte already been
deposited (Caneva et al., 2003). The penetration in the stone substrate of bistogitates (e.g. roots,
rhizines and hyphae) may cause physical and mechanical stress with cleasefflects fragmentation, loss

of cohesion of stone, delamination and shrinkage of surface. For example, lithophytic ¢@herenetrate
rock down to many millimetres. Moreover, many organisms secrete pigmented products, adigle ttee
colour of the substrate, such in the case of fungi that can develop visible filmpaadBesides pigments,
also chemical substances may be produced by biological colonizers. In this circumstareteribgsmhs
exploit stone as nourishment by means of extracellular enzyme activity and ion exabrasgcrete
metabolic substances with an inhibitory or waste function. These excreted nedtbit® Ilthe alteration,
transformation and decomposition of the substrate and are much more common than in thenpaza &

al., 2017). Fungi showed to be among the most harmful biodeteriogens for stone. thmemgblack
meristematic fungi highly threaten stone materials and are so much common dhatoake also called
rock-inhabiting fungi(RIF). As example, patinas of calcium oxalates (whewellite and weddelite) are
commonly detect on carbonate stones. Among the possible causes (Bonazza et al., 200&gl biolog
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organisms (mainly lichens and fungi) secrete oxalic acid not only as wastelitetabt also, for example,

as metal detoxification and electron donor in wood degradation (Gadd et al., Pi$4cid could dissolve
minerals and cause physical damage due to expansive formation of secondary oxalate pratsetsnisit

to behave also as protective for the underlying marble and limestone (Del Monte et al., 1987).

It is noteworthy that often biological organisms prefer to colonise surfduas first underwent
bioaccumulation (for example of metabolic products, droppings and dead microorganisms)oVidisspr

both a rough surface, more easy to occupy, and nutritive substances. Therefore, amdjudalequate
cleaning of surfaces and dusting should be included in maintenance protocols of cultural heritage.

It should bear in mind that atmospheric composition can affect the biocolonizationstraiseilof buildings

and monuments. Thus particular attention should be paid to urban environment, ger@ejpplluted than

rural sites and where cultural heritage are more concentrated. For ex@yguepacteriaand lichens are
considered as pioneer organisms of stone because they are nutritionally undemandiag awelcome

water and thermal stresses. However, lichens are really susceptible tdliaangg) acting even as an
indicator of air quality (Favali et al., 2003). The same authors referredcstR&V VLELOLW\ WKDW 3
(generally referring to precipitation with pH less that 5) inhithits growth of some microorganisms also on
VWRQH PDWHULDOV °~ 7KHUH LRIOHand INOKovireRs@he I &Y tib, WithR/iQibIR | & 2
conseguences also on microorganisms. Nevertheless, it is wrong to state that a component or element inhibits
growth in absolute terms but it should be rather considered the amount of pollutdre kimdl of biological
organisms. For examples, heavy metals are generally strong growth inhibitonereuate some bacteria

able to convert lead carbonate into lead oxide (Appolonia et al., 2003). Overall, sulpkigle cind
chlorinated organic compounds show to be phytotoxic, thus organisms, especially lichensnaew
effectively on buildings in atmospheres with less sulphur. However, exceptionsesr@fsent, mainly for

the domain of bacteria: for instance sulphobacteria are able to oxides SO

Nowadays a lower concentration of S measured in contemporary European atmosphere as well as a
greater rate of delivery of nitrate and organic compounds to buildings surfaces (usually poor in this)nutrien
behave as airborne fertiliser, increasing the amount of biological attack (BrimblecothGeassi, 2009).

Even if bioaerosol is ubiquitous, the Mediterranean climate and topography of south Estpettfe
growth of numerous vegetal species whose flowering period is longer than in athiBmdtic area,
LPSO\LQJ WKH ZRUOGYV KLJKHVam LLpiV2el7R HolveverDitis)iateR difficitRd® D V L
estimate which are the mean bioaerosol components of each bioclimatic zoneythtbolaand deteriorate

stone materials because the microclimate of building/monument is really irdlu€otr examples, algae are
present mainly close to wet environments, such as fountains and wells. However, senegetaiews of
specific species detected in a certain area are provided by Després et2)l. ¥R@re often pollen calendar

are shared by aerobiology association (such as AlA, REA, 1AA), as those adfati?o Valley and
specifically to Bologna shown in Figure 3.241. The mean monthly pollen concentration mdasBaed
Valley and Bologna, site selected in this work for bioaerosol monitoringligiigs that pollen as a whole is
present almost all year with higher concentration during spring and summezowdnr Figure 3.241b
displays also mean concentration of fungi sporéltdrnaria monitored in Bologna during the period 1999-
2016, higher between June and October.
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useful for their survival also at temperature around 0°C (spychrophile smggnior more than 60°C
(thermophile organisms). In addition, fungal spores may resist also at RH ,<a&®¥ining inactive until
environmental conditions allow their germination. Also wind has shown to infludrealispersal of
bioaerosol, taking into consideration both speed and direction. In particulaonttentration of atmospheric
bacteria seems to logarithmically decrease with increasing wind speed (aixteptcoastal site), probably
due to atmospheric dilution, while wind represent an important parameter for the dispersat biaddgical
particles, like pollens. For these reasons, Table 3.70 reports the daily mesmraental parameters
measured during the sampling campaigns.

WINTER CAMPAIGN 2017 SUMMER CAMPAIGN 2017
Thu, 09/02/2017 4 78 1,5 Mon, 12/06/2017 26 42 2,4
Fri, 10/02/2017 5 76 1,1 Tue, 13/06/2017 28 41 2,9
Sat, 11/02/2017 6 79 1,3 Wed, 14/06/2017 27 53 3,1
Sun, 12/02/2017 8 78 1,0 Thu, 15/06/2017 25 73 1,7
Mon, 13/02/2017 8 81 14 Fri, 16/06/2017 28 56 2,0
Tue, 14/02/2017 8 71 1,5 Sat, 17/06/2017 26 59 2,8
Wed, 15/02/2017 9 64 2,6 MEAN 27 54 2,5
MEAN 7 75 15

Table 3.70 Daily mean environmental conditions (temperature T, relative hunitityand wind speed yVmeasured in Bologna
during winter and summer bioaerosol monitoring campaigns 201éream the corresponding mean values of the environmental
parameters.

During the winter campaign, mean relative humidity was around 75%emgterature was too low for the
growth of most microorganisms. In the summer campaign, the measured relative hdetddigsed while
temperature reached more suitable condition for the germination of baliqusrticles. Therefore, these
meteorological parameters may explain the higher concentration of colony forming un#isredean
summer. On the contrary, a minor influence over the development of biologicabrgam@sms was exerted
by wind speed as both campaigns were characterised by light air considerBaatHert wind force scale,
with summer wind speed increased of one unit in respect to that of the winter test.

Figure 3.245 shows the colonies grown on some cultured Petri dishes of the two biagaenpsigns after
incubation time. In general, despite the presence in PCA Petri dishes of ldntiantor preventing the
growth of fungi, these latter are however present. The higher concentration abiadicolonies during the
warmer period is already observable at first sight.
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4. CHAPTER 4 - SIGNIFICANCE OF CHANGES OF EXPOSED MATERIALS

As field exposure tests were planned to simultaneously expose stone samples and passiileetgiar a
horizontal position, comparison of deposition rate, chemical composition and caalbbang detected in
different substrates is hereafter proposed.

Deposition rate (DR) provides information about the quantity of particulatemaposited per surface area
in a known period. The deposition rate of particulate matter accumulated on surfacevef qpasdz fibre
filters and stone samples per month was calculated dividing the respective tositedeparticulate per
months of exposure (Ferrero et al., 2018) (Tddlg

EXPOSURE TIME| DEPOSITION RATE
(ug cm? month?)
PF CM VRM
6 | 427.86| 21.06 -
12 | 243.07| 18.63 -
18 | 152.88| 3.59 -
24| 128.60| 7.09 -
6 | 293.35| 35.53| 23.26
12 | 160.87| 36.92| 27.08
18 | 260.59| 46.60| 28.43
24| 53.32| 41.03| 33.10
6| 37.21| 43.29 -
12| 83.03| 33.39 -
18 | 208.67| 41.13 -
24| 144.50| 56.18 -

(month)

BOLOGNA

FERRARA

FLORENCE

Table 4.1 Deposition rate of passive filters (PF), Carrara Marble
(CM) and Verona Red Marble (VRM) samples calculated after
different exposure time in Bologna, Ferrara and Florence.

Figure 4.1 shows the comparison of the deposition rate on different substrate horizontally exposed.

6M |12 M|18M|24 M| 6 M |12 M |18 M 24|v|| 6M|12M|18M|24M
BOLOGNA FERRARA FLORENCE
CM ®mVRM ®PF

450
400
350 1
300
250 -
200 ~
150 -
100 -
50 -
O 4

Deposition rate / pg cdmonth?

Figure 4.1 Deposition rate of particulate matter deposited on Carrara Marble (CM),
Verona Red Marble (VRM) samples and passive filters (PF) in Bologna, Ferrata a
Florence after 6, 12, 18 and 24 months of exposure.
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In general, the deposition rate on passive filters in all sites (between 37ci?pgonth' and 427.86 pg

cm? month') was always much higher than that on stone samples, with exception in Florence after 6 months
of exposure when DR on Carrara Marble sample was slightly higher than that oe filissi(37.21 pug cm

2 month® and 43.29 pg ci month', respectively). The higher deposition rate on quartz filters can be
explained by the fibrous structure of quartz, characterised by a signifigeate roughness, able to trap
more particles than the polished stone sample surface (Casuccio et al., 2004jcutapanore difference
among DR on different substrates was observed in Bologna where DR of pdssisveviis from 13 (after

12 months) to 43 (after 18 months) times higher that measured on marble specimeridahiesubstrates
underwent a general reduction of DR over time.

Concentrating upon Ferrara, DR on stone specimens and passive filters was characteaisgehénal
decrease after 12 and 24 months of exposure. It should be noted that DR on Carrara Mairi#e adways
slightly higher respected to that of Verona Red Marble probably becauségthtehigher open porosity
detected in marble able to hold more particles (see subchapter)3.1.1.4

In Florence, DR on stone samples was characterised by a continuous slight imoma88.89 pg c
month' to 56.18 pg cf month! after 12 and 24 months of exposure, respectively, while DR on passive
filters increased up to 208.67 pg €émonth® after 18 months followed by a modest decrease (to 144.50 pg
cm? month?).

Moreover, mean values of deposition rate on Carrara Marble ideritifiEdrrara (40.02 + 4.97 pg &m
month') and Florence (43.50 + 9.46 pg €month’) are comparable to DR measured on Carrara Marble
samples exposed in partially sheltered conditions in Milan in 2013-2014 (between f8tchff month'

and 69 + 8 ug cihmonth’) (Ferrero et al., 2018) and in German cities (i.e. Bamberg, Wiirzburg, Essen,
Mainz and Munich) in 2013-2014 (Auras et al., 2018). On the contrary, mean DR meld#dedetected in
Bologna (12.59 + 8.56 ug ¢hmonth') was the lowest ever. Howeyawerage DR on passive quartz filters
detected in Bologna (238.10 + 135.75 pg“cmonth'), Ferrara (192.03 + 108.29 pg émmonth?) and
Florence (118.35 + 74.55 pg énmonth®) were much higher the DR values measured on quartz filters
exposed in Milan (lower than 100 pg émonth?) by Ferrerro et al. (2018) in 2013-2014 and Fermo et al.
(2018) during the period 2014-2017.

The comparison of anions measured in particulate deposited on passive filters and stone sdriigits hig
that chloride prevailed in Bologna in passive filters after 6, 18 and 24 months of expasiuin material
deposited on stone surface after 6, 12 and 18 months (Figure 4.2 A). In general, alsadNidentified in
considerable concentration per surface unit in both substrates while&@®hed the highest amount only in
deposit of stone specimens after 24 months of exposure (Figure 4.2 A).

In general terms, Clvas detected in significant concentration per surface unit in all the substxptesed in
Ferrara, too (Figure 4.2 B). However, SQrevailed in passive filters in the first three periods of detection
while it decreased after 24 months when, on the contrary, it slightly piealtech in deposit on stone
specimens over the other anions. This suggestStatidentified on stones surface can be attributable not
only to atmospheric deposition abut also to an ongoing sulphation process on marble and limestone.
Passive filters and marble samples exposed in Florence were characterised bydpgkgion of Clthan

the other anions during all periods, with exception of deposit on marble samp@4afteinths of exposure
(Figure 4.2 C). Furthermore, also $Qvas measured in significant concentration per surface unit mainly in
passive filters.

In general, it can be argued that iSlthe anionic specie detected with a significant concentration per surface
unit in deposit of both passive filters and stone samples over time iredifiexposure sites. Passive filters
generally underwent a higher accumulation of anions than that identified on stones suafabeafter 18
months. Moreover, material deposited on stone samples after 24 months of exposure was clihbycterise
higher concentration of SO than the other anions in all sites everCif prevailed in the corresponding
passive filters. This can indicate a possible ongoing sulphation process on the sutfaue sifecimens.
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Figure 4.2 Concentration of anions per surface unit identified in particulate
deposited on Carrara Marble (CM), Verona Red Marble (VRM) samples and
passive filters (PF) in Bologna (A), Ferrara (B) and Florence (C)raftel2, 18

and 24 months of exposure.

The comparison of cations highlighted the prevalence 6fadd C&' in all sites over time (Figure 4.3). In
particular, deposit on stone samples underwent higher accumulatiori péM&urface unit till to 18 months
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of exposure respect to the corresponding passive filter, which, on the contragnrigasd mainly in Ca.
This suggests a higher interaction among stone substrate addNbetween quartz filters and*Ca
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Figure 4.3 Concentration of cations per surface unit identified in particulate
deposited on Carrara Marble (CM), Verona Red Marble (VRM) samples and
passive filters (PF) in Bologna (A), Ferrara (B) and Florence (C) aftet% 18

and 24 months of exposure.
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However, cations concentration per surface unit decreased both in passivarfdteleposit accumulated on
stone specimens after 24 months of exposure, with exception of those exposed in Florenag, Asiight
predominance of Gaper surface unit over other cations was detected in both substratestasaifter 24
months of exposure.

It is possible to assume that the rather high concentration’oif¢bCl detected both on stone samples and
in passive filters mainly within 18 months of exposure is related to a deposititeiddf a hygroscopic salt
that can be easily solubilised when relative humidity reaches 75% at 20°Cs lootitext, Auras et al.
(2018) found chloride in fresh road dust specimens while much lower amountw<tetected in older
dust collected from road-near positions in Munich, suggesting the most likedh-out with time of
chlorides. Also Comite et al. (2017) identified significant concentration afrOCarrara plagues exposed in
Catania mainly after the first year of exposure than the second one. They argue tidé¢schlmuld be
penetrated below stone surface over time besides a lower depositiordofi@j the second year. However,
it should be considered that the low porosity measured in Carrara Marble s@eglesubchapter 3.3.4)
reduces the decohesion linked to salt crystallisation. Moreover, it is notewioaththé presence of NaCl
allows to increase the solubility of some salts such as gypsum (Camuffo, 2014). AQkis Nresent on a
stone as crystal or solubilised in absorbed water vapour, the solubilitpsimgybegins at 75 % of relative
humidity and will increase up to RH = 90 %, likely causing a further damagene. sTherefore, the
detection 0fSO,” and C&" on stone deposit after 24 months suggests a possible ongoing sulphation process
that could have been favoured also by the presence of NaCl.

In order to better understand the possible origin of soluble ions, ion chromatodetphyf passive filters
and stones deposit are compared with the characteristic elemental ratio of marimeGirida” (1.80),
K*/Na" (0.04), Md*/Na* (0.12), C&'/Na’ (0.04) and S@/Na" (0.25) (Karthikeyan and Balasubramanian,
2006; Fermo et al., 2018) (Tawt.2). In particular, CINa" typical of marine source is equal to 1.80. Smaller
ratio of CI/Na’ indicates the fractionation of sea-salt and modification by non-marine censsitfound in
re-suspended dust and de-icing salts. Karthikeyan and Balasubramanian (2006) suggesiele dopsssf
chloride by heterogeneous reaction of airborne sea-salt with acid atmosmmeponents (e.g. HNOand
H,SOy). On the contrary, significant concentration of €in lead to exceed the sea water ratio (as clearly
observable in passive filters exposed in Bologha after 18 and 24 months of exposure) ancklcaedo®
industrial activities, including coal combustion and incineration, and@lsiomass burning (Hossaini et al.,
2016 and related references). Therefore, results highlight the prevalencetiohatidources of CandNa’

to the marine origin.
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CM PF
6M [12M |18 M |24 M| 6M | 12M | 18M | 24 M

CI/Na* | 1.44| 1.25| 1.41| 1.87|1.93| 1.07|23.47| 6.29

< | K'Na | 0.06| 0.05 0.06| 0.13|0.12| 0.77| 0.57| 1.1
% Mg?/Na" | 0.31| 0.04| 0.25| 0.12|0.13| 0.20| n.d.| 0.33
@ |ca#Na | 0.82| nd.| 0.75| 4.94|2.19| 9.29| 17.18| 13.32
SOZINa" | 0.37| 0.48| 0.53| 4.29|0.79| 1.16| 1.55| 1.37
CI/Na* | 1.47| 1.05| 1.33| 1.87|0.06| 1.27| 1.82| 291

< | K'Na" | 0.07| 0.12| 0.16| 0.56(0.19| 0.26| 0.31| 051
é Mg?/Na" | 0.29| 0.31| 0.27| 0.16|0.19| 0.06| 0.13| 0.15
Il | c#Na | 0.76| nd.| 0.72| 3.40| 1.53| 2.40| 2.23| 6.74
SOZ/Na" | 0.35| 0.75| 0.80| 1.88|0.09| 2.25| 2.91| 1.51
CI/Na* |1.46| 1.15| 1.42| 1.57|2.14| 1.03| 159| 1.61

& | K'/Na" | 0.04| 0.08| 0.03| 0.12|0.18| 0.44| 0.17| 0.20
é Mg?/Na" | 0.28| 0.22| 0.27| 0.29|0.15| 0.14| 0.08| 0.07
E C&'/Na' | 0.49| nd.| 0.84| 9.54|3.17| 5.88| 2.10| 3.82
SOZINa" | 0.24| 0.35| 0.20| 4.36|1.05 0.71| 0.71| 1.01

Table4.2 Elemental ratios useful to determine the possible marine source oimorg
ions detected for marble deposit and passive filters exposed in BolognaraFana
Florence after 6, 12, 18 and 24 months of exposure. n.dnsneat detected as the
numerator was below limit of detection.

Moreover, sea-salt (SS_$Q and anthropogenic (NSS_$O origin of sulphate has been calculated for
stones deposit and passive filters according to the mass concentrations of theeréégierspecies using
the following formula:

[NSS_SQ*]=[SO4] * Alp&O

where 0.14 is the weight ratio of $@CI" in sea water (Mayer and Krouse, 2004). The SS* @@ount is
then obtained by subtracting the amount of NSS?Sfm the total concentration &0, (Comite et al.,
2017; Fermo et al., 2018). Figure 4.4 shows that the contribution of sulphptatictilate deposited on
marble samples and passive filters was mostly of anthropogenic origin, withiercepistone deposit
detected in all sites after 6 months of exposure and that collected from atople sind passive filter in
Bologna after 18 months. In general, the concentration per surface unit of NSSn&&sured in passive
filters was always much higher than that identified in stone deposit, reatleifgghest value in Ferrara
after 18 months of exposure (i.e. 291.56 pgciiFrigure 4.4). Moreover, a general increase over time of
arthropogenic source of sulphate was observed mostly in Florence, independentliidreubstrate. The
anthropogenic source of sulphate is related to combustion of fuel oils andadaiming vehicular traffic
as a significant emissions source beside industry.
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Figure 44 NSS_SE (non-sea salt sulphate)and NSS /S@ea salt sulphate) contributions calculated for Carrara Marble samples
(A) and passive filters (B) in Bologna, Ferrara and Florence aftdr26,18 and 24 months of exposure.

Concentrating upon carbon speciation, total carbon amount per surface unit meagasst/afilters (from
70.35 pg crif to 885.14 pg cif) was always higher than that identified in the particulate deposited on stone
samples surface (in a range of 9.4852.75 pg cm for Carrara Marble and 23.54106.47 pg cm in
limestone specimens) in all sites (Figure 4.2 A). In general, stone samplessaiv pjuartz filters exposed

in Ferrara underwent a more significant accumulation of TC per surféceesipect to the corresponding
ones exposed in Bologna and Florence, with exception of passive filter exposed for 24 monthsghlesse

TC amount was in Florence. Moreover, it is appreciable a good relation between the trend of TC measured in
passive filters over time and that identified in stone samples as an e@EadX in passive filters
corresponded to a growth of TC measured in deposit accumulated on stone samples.

Considering carbon fractions (OC and EC as CC was not detected by Sunset hal@CdEC analyser
utilised for the analysis of filters), OC was always detected with the higbeséntration per surface unit in

all sites independently from the kind of substrate (Figure 4.2 B). OC meeasupassive filters (between
70.34 and 885.09 pg ¢hhwas always higher that detected in particulate accumulated on marble3(fbm

to 68.94 pug c) and limestone (from 30.10 ug émo 36.56 pg ci) samples in all exposure sites. Also
monitoring campaigns of atmospheric PM performed during winter and summer 297038 displayed

the prevalence of the organic component of carbon (see subchapter 3.3.4). Thisthigtdignostly
vehicular traffic along with biological particlesere the main sources of carbon emissions detected in
Bologna, Ferrara and Florence.

Elemental carbon remained always below 70.00 pg ienpowder deposit of stone samples and lower than
limit of detection in passive filters (Figure 4.2 C).
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Figure 45 Concentration of TC (A), OC (B) and EC (C) per surface unit identified in
particulate deposited on Carrara Marble (CM), Verona Red Marble (VRM) samples
and passive filters (PF) in Bologna, Ferrara and Florence after 6, 1R and 24
months of exposure.* stands for off-scale values.

It is widely recognised that the composition of deposit accumulated on stone seanpédfect the aesthetic
appearance of stone surface (Brimblecombe and Grossi, 2004; Bonazza et al., 200/&c@milre and
Grossi, 2009; Bonazza and Brimblecombe 2016; Grossi, 2016). In particular, blackenmeafisface is
recognised to be mainly due to the accumulation of carbonaceous particles produced Ipleiacom
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combustion of fossil fuels (i.e. EC) (Brimblecombe and Grossi, 2004). Figure 4.6 showsatloagkip
between the amount of EC per surface unit measured in deposit accumulated on hairbmtalique
marble samples surface at different exposure time and the related lightness valuewhs).dicided to
make this comparison for Carrara Marble because of its higher initiakedigtdlour and aesthetic
homogeneity than the Verona Red Marble. In general, it can be observed aoreddidightness (i.e.
darkening) in correspondence with higher concentration of EC in horizontal and oblique saanbples
mainly exposed in Ferrara and Florence after different exposure time (FigurelrdBarticular, the
darkening effect with enhanced EC amount per surface unit appeared also to ioeeedsre in samples
exposed in Ferrara and in Florence (with exception of analysis after 18 months efrexeigure 4.6 B,
C) that experienced a general higher EC deposition respect to Bologuae(Bi5C), confirming as an
accumulation of carbonaceous particles over time led to higher darkening effect of stone surface.
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Figure 4.6 Lightness (L*) versus amount of elemental carbon per surface unit
(EC) measured in horizontal (H) and oblique (O) Carrara Marble samples
exposed in Bologna (A), Ferrara (B) and Florence (C) before expoBUEe) (@and

after 6, 12, 18 and 24 months of exposure. Consider thabraftaction of
samples exposed for 24 months were measured with the new methodological
approach (OC determined at 400°C).

Moreover, a shift of b* parameter toward more positive values was detected ore rsanples in
correspondence with higher concentration of OC per surface unit of stone dapalitkposure sites
(Figure 4.7).
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Figure 4.7 Blue-yellow component (b*) versus amount of organic carbon per
surface unit (OC) measured in horizontal (H) and oblique (O) Carrarabidar
samples exposed in Bologna (A), Ferrara (B) and Florence (C) beforesumepo
(B.E.) and after 6, 12, 18 and 24 months of exposure. Considerc#bon
fraction of samples exposed for 24 months were measured with the new
methodological approach (OC determined at 400°C).

This is in accordance with studies on damage layers collected from monuments in Eurbpgeahat
revealed as recent damage layer have brownish tones and greater OC concentnatituh lifack crusts
(Bonazza et al., 2005). Grossi and Brimblecombe (2008) declared that a yellowing pifosiEsee built
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heritage may be of greater concern in the near future as urban atmosphericisi@posasingly richer in
oily organics relative to elemental carbon. In stone samples exposed in Ferrdfiorande, it is also
possible to observe an increasing trend over time of the yellowing effect innmataan enrichment of OC
in the deposited material (Figure 4.7 B, C).

Finally, Grossi et al. (2007) identified that dry deposition of, §ecursor for the formation of S8 on
carbonate stone in climate chamber resulted in an increase of b* parameter and cops#dhenthroma

on light limestone surfaces. In this context, the diagram that relates b* of stdaeeswith sulphate
concentration per surface unit measured in deposited particulate matterhtigimigeneral as a deposition

of SO led to a shift of b* parameter toward the yellow component, with some exceptions of Bologna where
b* remained always below 5 even if §Qroncentration reached up to 6 pg-otRigure 4.8).

As consequence, an accumulation on the surface of stone specimens of EC as well as ofSO& and

yielded, in most cases, a change of colorimetric appearance of stone toward a blackeniagde#esttift of
chroma to yellowing, respectively.
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5. CHAPTER 5 - FINAL CONSIDERATIONS

5.1. CONCLUSIONS

Atmospheric particulate matter in urban sites represents a hazard for sftanesssince it can deposit and
interact with stone substrate leading to physic-chemical interactions and aesthatiaabns. Field
exposure tests in partially sheltered condition combined with atmospheric PM mondanipgigns were
selected as methodological approach for assessing the effect of atmosphericnpofiutirbonate stone
substrates in different environmental sites in ltaly (Ferrara, Firenze and Bologna).

Concentrating upon atmospheric particulate matter, the analysed water-solulda pbrBM is
mainly composed by NQ SQ and NH" in all sites, showing higher concentration in winter campaigns
than in summer ones. These soluble fractions are typical of vehicular traffic emissiornsvedvictiee carbon
fraction of PM resulted to be mostly composed by OC respect to EC inesllvgih a general higher
concentration measured during winter campaigns, confirming a major contribatomfobile combustion
sources. The prevalence of both soluble and carbon fractions in winter campaigns may be dxplhieed
lower height of the planetary boundary layer and by further emissions sources, e.g. heating system.

Results obtained from stone samples highlighted a higher colour vulnerability of Géarata than
Verona Red Marble. In this regard, an increasing trend of soling over time wasgeobseall sites, higher
on horizontal samples but detectable also on oblique specimens, often exceeding thbiktyckmit of
total colour change for human sight. The variation of total colour is moreisanifon samples exposed in
Florence,IROORZHG E\ )HUUDUD DQG %RORJQD 7KLV YDU I ykHessQ R
(L*) and secondly by a variation of the blue-yellow parameter (b*) that lead lilackening and a shift
towards yellow component of the marble surface.

lon chromatography on stone deposit allowed to quantify the amount of soluble ions perwtface
detected at different exposure periods. Mo8llyand alsdNOs prevailed in horizontal and oblique samples
within 18 months of exposure while a general reduction of all soluble ions was atkaswsamples after 24
months of exposure. In particular, deposit accumulated on stone surface after 24 mortharacsrised
by the prevalence of SO over the other anions, suggesting an ongoing sulphation process. It is interesting
to note that higher amount of $Owas detected on Carrara Marble than on limestone on equal exposure
conditions in all analysed period, indicating a higher reactivity of the marble to sulphatb@sgr

Results showed a non strict relation among these soluble ions and those detectessphet.
Further elaboration of data allowed to identify the possible sources of the detgiciesire-suspended dust
and de-icing salts along with marine origin @ and the prevalence of anthropogenic originSey>.

Considering carbon fractions measured on material accumulated on stone samptes;eheation
of TC per surface unit increased in general over time, mainly in Florence andaFérrgarticular, OC
prevailed over EC in all sites both in horizontal and obligue samples confithengrevailing emissions
from vehicular traffic. Emissions from fossil fuels combustion were alscedrby the isotopic ratio of OC
and EC over time. The choice to assess soluble and carbon fractions of the deposited powderedamaterial f
the whole exposed surface @fample every 6 months, when possible, led to quantify the real deposition of
atmospheric particulate per surface unit providing useful data for future elabaftiamage functions.

It was also observed that the accumulation of OC and 80 marble surface led to a general shift
of b* parameter toward the yellow component while a decrease of lightriaskefing) was observed in
correspondence with an accumulation of elemental carbon. Therefore, products of combssisihfaels
resulted to induce colorimetric changes of stone substrate.

ESEMEDX allowed to detect the presence of mineral and soil dust particleg with fly-ash,
carbonaceous and spherical dendriierich particles related to anthropogenic processes (mostly
combustion of fossil fuels) in the deposit collected after 24 months iitesl #lso high concentration of
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heavy metals (specifically Sb, Cu, Ti, Sn, Fe, Mo and Zn) identified in depusiiled as vehicular traffic
influenced the composition of the accumulated particulate matter, mainly in Floreisc&olth noting that
Carrara Marble samples were more enriched in Fe, Mo, Mn, Sb, Ti, U, V than those of Redokkarble,
proving that the different kind of stone substrate can influence the deposition of heagy metal

Even if both selected lithotypes have a carbonate composition (mostly calcite and ejplomit
polished surfaces, low porosity (< 1.5 %) and were exposed to the same environmentanspriZhtirara
Marble samples showed a sliphhigher vulnerability to outdoor exposure respect to the limestone. This is
likely due to stone texture as Carrara Marble has a granoblastic texture witle aizeagrystals of 30aAm
while Verona Red Marble, geologically classified as a limestone, has a eniexture that causes greater
compactness and resistance to degradation.

Passive filters always underwent higher deposition rate of particulate reafiect to stone samples
probably because of the fibrous structure of quartz filters, able to trap mactéepditan the polished stone
samples surface. Even if with higher amount per surface unit, passive dittefismed the significant
presence of CISOZ, Na'" and C&" among soluble ions detected in all sites as in stone deposit as well as the
clear prevalence of OC over EC. This shows once again as vehicular traffitr@etly (combustion of
fossil fuels) or indirectly (re-suspended dust and de-icing salts)tedfékie composition of the deposited
particulate matter.

5.2. FUTURE PERSPECTIVES

This study has provided an important contribution to create a database eldteddal deposition
of particulate matter (in terms of soluble and carbon fractions) on stone surface dedcnsequent
variation of the colorimetric parameters. Moreover, the monitoring of particulateer carried out in the
same location of stone exposure has supplied useful data to understand the relationship amommndar
soluble fractions of PM measured in atmosphere with those deposited on stoneaswtfde can interact
with the substrate material. All these data will be prone to develop and/aviengxisting damage functions
suitable for planning the frequency of cleaning and maintenance interventiosi®naf material and
identifying threshold level of air quality suitable for the conservation of culhartage.

The continuation of stone samples exposure can provide more data to identify a passibbe t
colour change of substrate with respect to the concentration of soluble ions and catlwors fohdeposited
particulate as well as the comparison of results obtained from this resetirainagie of previous studies
related to built heritage mainly of Bologna, Ferrara and Floreatallow to better understand any possible
variation in composition from the past deposited particulate matter.

This research contributed also to an improvement of the methodology for chemions
discrimination and measurement in damage layers published by Ghedini et al iny2@@8lication of the
existing approaaksfor quantifying carbon fractions in soils purposely modified and implemented. The new
developed method is based on a thermal process and permits the carbon fractions quanyfiastating
any chemical attack. In this context, the determination of isotopic ratiocof aabon fraction helped in
validating the proper temperature of combustion and assess the possible emission Hogradditional
ongoing adjustment of the methodology with a reduced temperature for organic cadmiom¢d00 °C
rather than 430 °C) will be employed also to repeat the analysis on stone tepmst 24 months of
exposure, whenever possible, in order to correct the available data.
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