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SURVEYS FOR THE CONTROL
OF INDOOR POLLUTION AFFECTING
CULTURAL PROPERTY IN ITALY

Maurizio MARABELLI

Abstract

The study of indoor atmospheric pollution has attracted in-
creasing attention in Italy since the surveys carried out in the
Scrovegni Chapel, Padua, in 1977-78. '

Since then, seven other sites have been analyzed, all of which
demonstrate the high risk to which museum environments are
subjected when there are insufficient controls over the exchange
of indoor and outdoor air or over the influx of visitors, or where
operating conditions in general are defective.

Together with the results of these experiments, some guideli-
nes for future research are also offered.
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1 INTRODUCTION

This paper presents the results of cxperiments conducted by the
Istituto Centrale per il Restauro (ICR) and by other scientific insti-
lutes in Italy to study indoor air pollution as it affects cultural pro-
perty. In cffect, the first survey for the measurement of atmospheric
pollution was expressly dedicated to the control of an indoor envi-
ronment, the Scrovegni Chapel in Padua, an investigation necessary
for determining the most appropriate conscrvation treatment for the
frescoes of Giotto.

The results obtained there indicated a high incidence of certain
almospheric poltutants (sulphur dioxide and atmospheric particula-
te) causing the deterioration of the works of art conserved in the
Chapel.

From the time of this initial investigation (o the present day,
rescarch has been carried oult at the following sites:

Basilica of Torcello, 1979-1980

Borghese Gallery, Rome, 1980

Camcra degli Sposi, Ducal Palace, Mantua, 1982-1983

Sala dcl Cenacolo, 8. Maria delle Grazie, Milan, 1984-1986

Church of S. Francesco, Arczzo, 1987

Sistinc Chape!l, Vatican Palace, Rome, 1988

Brancacci Chapel, S. Maria del Carmine, Florence, 1988-1989

The most interesting results of these investigations are summa-
rized in the following paragraphs.

2 SCROVEGNI CHAPEL (Cappella degli Scrovegni or Madonna
dell'Arena}, Padua

The interior of the building is decorated with mural paintings
(frescoes) of Giolto, completed in 1305. As carly as 1963 Sayre and
Majewski /1/ idcntificd the relationship between atmospheric pollu-
tion and the deterioration of the frescocs.

A serics of multidisciplinary mecasurcments was carried out in
1977-1978, involving chemists, physicists and biologists; the results
were published in 1982 /4/.

For the mcasurement of the pollution levels in particular /5/,
two scts of samplings of the atmospheric particulate were carried
out (using [lilters of ccllulose acctate, 047 mm, 0.8 micron pore dia-
meter) inside and oulside the Chapel, during the day and at night.
The campaigns were carried out in consccutive scasons: summer,
autumn, winter, summer.

A Gelman (Tame-photometry apparatus and a Philips apparatus
with a coulometric unit (continuous titration with bromine) were
used 1o measure the sulphur dioxide.
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During the day, the suspended particulate matter was found to
be greater inside the building than outside, cspecially during the
summer; the dust levels were also higher inside during the day, due
to the influx of visitors, frequent opening of the entrance door, and
eddies (convective air currents) causcd by the incandescent lamps
(figs. 1-2).

The acidity of the total suspended particulate (TSP) inside the
building proved to be higher during the night, because of the prevalen-
ce of tiny acidic particles, and in winter, due to the greater concentra-
tien of sulphur dioxide and high relative humidity (RH) (fig. 3).

During the wintcr, the variations in the acidity of the inside
particulate follow those of the outside, with a certain delay,
showing, rather significantly, a substantiat cxchange of internal and
external air /6/ (fig. 4).

Figurc 5 shows the registration of sulphur dioxide concentra-
lien in winter, with the apparatus placed at the midpoint of the nave.
It shows the rapid increase of sulphur dioxide following the opening
of the door; with the intermitient opening of the door due 1o the
sporadic cnirance of visitors and later with the final closing of the
Chapc!, the concentration of the pollutant returns almost 1o its ini-
tial value, ca. 10 ppb (part per billion), in about four hours, due to
the deposit of SO, on the frescoed walls. Sulphur dioxide and acidic
particulate causc sulphation of the calcium carbonate, of a few per-
cent, up to 0.1 mm of depth, but this sulphation increases to 50% in-
to the pictorial layer, somce tens of microns thick. In the arcas of
greatest sulphation, such as the entrance wall, the pigment layer be-
comes detached and falls, forming innumerable microlacunae on the
surface of the painting.

Unfortunately, the environmental conservation probliems are
still not resolved, although some partial provisions have been adop-
ted.

3 BASILICA OF TORCELLO

In 1979-80, three surveys were conducted (two in summer, one
in winter) to measure the suspended particulate matter, sulphur
dioxide and ammoniac inside the basilica of §. Maria Assunta in
Torcello.

These campaigns were undertaken in order 10 study the detach-
ment of the mosaics, caused at least in part by sulphation and subse-
quent disintegration of the mortar binding the mosaic tesserae, ac-
cording to Fassina /3/.

Samplings of the suspended particulate matter were conducted
only on the inside, in 24-hour cycles; the ammoniac was collected
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into scavenging towers containing a diluted solution of sulphuric
acid,

For measuring the sulphur dioxide and the suspended particula-
te matlter, the apparatus described in the preceding example was
used.

The Basilica of Torccello is located far from the intense poliu-
tion sources of city traffic and domestic heating plants, but is affec-
ted by pollutants from the diffusion and dilution of the industrial
exhausts characteristic of the Marghera coastline.

As can be seen in fig. 6 (courtesy of V. Fassina), the concentra-
tion of suspended particulate matter is higher in winter than in sum-
mer; in fact, the maximum frequency interval in winter ranges from
20 to 40 pg/mc, equal to that of the summer scason, but with a pro-
nounced skewness toward the right, that is, toward the higher va-
lues. The acidity of the TSP presents similar intervals in winter (34
pg/mc ) and in the two summers (3-4 and 2-3 pg/me respectively),
but again the winter distribution skews toward the right.

The sulphur dioxide shows slightly higher valucs in winter
(maximum frcquency interval 10-20 pg/me, as opposed to 0-10
pug/mce in summer), partially duc to climalic “fumigation”.

In the case of the ammoniac, the differcnce between the two
scasons is morc significant, with greater concentration ranges in
summer (50-60 and 30-40 pg/mc) than in winter (10-20 pg/me). The
higher concentration of ammoniac corresponds to an acceleration,
causcd by higher temperaturcs, of the process of decomposition of
the algae in the laguna.

Whilc there is a high coefficient of correlation between the
H2504 and the sulphates in the TSP (0.75), the corrclation between
concentrations of S0, and H,S0, and between S0, and sulphates is
lower (0.51), perhaps partly due to an imbalance among the air-di-
sperscd agents caused by the erapid fixation of the sulphur dioxide
onto the binding mortar. The deposit of pollutants secems to take pla-
ce more rapidly on the inferior parts of the mosaics, where the tem-
perature is lower and where the cffects of rising damp can also be
observed. The predictable deposit of acid pollutants may cause the
corrosion of the binding mortar and thus the detachment of the mo-
saic tesserae,

4 BORGHESE GALLERY (Galleria Borghese), Rome

The Borghese Muscum, which houses paintings (on panel and
canvas) and sculpture (in stonc and metal), is located in a villa com-
missioned by Cardinal Scipione Borghese and erected in 1613, Mca-
surements were conducted to verify the cffect on indoor pollution of
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external pollution sources (traffic, domestic heating) and internal
ones (visitors) /2/. Two series of TSP surveys were conducted by
ICR, one in winter and onc in summecr, differentiating between diur-
nal and nocturnal periods, and taking samplings inside and outside.
Sulphur dioxide was also tested.

On the inside, two rooms from the upper floor were tested:
room IX (in which Raphacl's masterpicece, “The Decposition,” is
hung) and room XVI; the apparatwus for the outdoor test was placed
in the entry loggia, facing a thoroughfare. The equipment was the
same used for the Padua surveys. From the graphs in figs. 710 and
from other experimental resulls {not reported here), the following
deductions can be made:

a) The pollution of the TSP is greater in winter, both outdoors
and indoors, with daytime prevailing over nighttime, because of the
functioning of heating plants.

b) During the bricf periods under examination, a clear differen-
liation was not obscrved between indoor and outdoor TSP, except
for room IX in winter (higher outdoor pollution levels).

The levels of the TSP on the inside in winter are very high,
enough 1o cause damage to the works of art in the Gallery.

¢) Inside, daytime valucs of the amount of dust prevail over ni-
ghitime values, both in summer and winter, duc to the presence of
visitors during the day.

d) Inside, the atmospheric particulate was found to be more
acidic in winter, in terms of absolute value, and the percent of aci-
dity is higher during the night. Some basic values were encountered
in both winter and summer, attributed to the usc of an alkaline soly-
tion for cleaning the floors. .

¢) The average concentration of sulphur dioxide registered in-
doors during the winter (ca. 30 pg/me) is doubie the summer average.

During a winter experiment in which a window in one of the
exhibition rooms was opened [or ten minutes, the level of sulphur
dioxide decreased [rom a peak concentration of 300 pLg/me (at the
moment that the window was closed again) 1o 30 png/me (after ca. 90
minutes).

Suggestions for amcliorating the environmental conditions ha-
ve been made to the Administration of the Muscum.

5 CAMERA DEGLI SPOSI, DUCAL PALACE, MANTUA

The Camera degli Sposi is decorated with mural paintings
(1474) by Andrca Mantegna, depicting scencs from the life of the
Gonzaga family. Some of the paintings were exccuted in fresco: -
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Fassina has hypothesized a cyclical attack of calcium carbonate on
the fresco surface, caused by the absorption of carbon dioxide exha-
led by visitors and producing surface efflorescences, especially on
the southwcst wall /9/.

During peak periods, according to Fassina's estimates, more
than 50 persons crowd into the small room cvery 5 minutes, corre-
sponding to 600 persons per hour, and thus producing, in the four
hours that the room is open daily, a total of 4200 liters of carbon
dioxide every day. Fig. 11 (courtesy of V. Fassina) shows measure-
ments of carbon dioxide in winter and in spring; in the latter period
the concentrations reach as high as four times greater than the stan-
dard level. Daily peaks of visitors, up to 2500 persons, create pro-
blems for the conscrvation of the paintings with carbonate binder,
especially when onc takes into account the parallel production of
watcr vapour (up to 1 Xg of watcr vapour dillused through the 400
mc of the room. )

This survey, which was accompanicd by thermohygrometric
measurements, is an example of the necessity to regulate the influx
of the public, in order to improve the environmental conditions for
conscrvation.

6 SALA DEL CENACOLO VINCIANO OR REFECTORY,
S. Maria delle Grazie, Milan

The Cenacolo (“Last Supper”) by Leonardo da Vinci is a mural
painting cxccuted with tempera grassa on dry plaster (a secco), on
the north wall of the refectory in the monastic complex of S. Maria
delle Grazic.

Exccuted between 1435 and 1437, the Cenacolo already
showed extensive opacity of its surface in 1517-18, probably owing
to high environmental humidity. It is evident that acidic pollutants
exercise a sccondary role on a tempera painting; nevertheless, the
accumulation of dust and air-dispersed carbon particles can scriou-
sly darken and soil the surface. From preliminary examinations of
cross-scctions of the painting, it was determined that “dirt,” compo-
sed of dust and degraded surface consolidants, had covered the ori-
ginal pigments and the layers of overpaint, even penctrating into the
craquelure.

In order to measure the level of dust in the room and to take
sleps to improve the cnvironmental conditions for conscrvation,
plans were made for campaigns of microclimatic measurements, of
ancmomectric mapping, of sampling of the suspended particulate
matter, and of the continuous measurement of sulphur dioxide.

Summary data from the campaigns conducted by the Chemical
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Laboratory of the Istituto Centrale per il Restauro (I.C.R.) in 1984-
86 are reported below /8 e 10/, refining the preliminary results ob-
tained by Girelli and Rolla /7/.

The I.C.R. undcrtook two surveys of the suspended particulate
matter, using Metricel Gelman filiers DM/450 047 mm, 0.45 micron
in diameter. The samples were taken both indoors and outdoors, dif-
ferentiating betwecn winter and summer and between daytime and
nighttime.

The atmospheric particulate was analyzed for: acidity, such as
H,80, ; water-soluble calcium ions, ammonium ions, chlorides, ni-
trates, nitrites and sulphates; specific conductivity of the aqueous
extracts. Fig. 12 represents the comparison of indoor and outdoor
TSP concentrations during the summer period; showing a high level
of dust during the day; the daytime indoor values (between 250 and
400 ng/mc) arc about four times greater than the corresponding out-
door values, except for days when the room is closed to the public,
in which they return to normal fevels, During the winter (fig. 13),
the same situalion is repeated, with lower peak concentrations
(between 200 and 300 pg/me).

In addition, the dust levels are higher in the daytime than in the
nighttime in both measurement seasons and in both the environ-
ments. Indoors, this phenomenon is primarily due to the “visitor ¢f-
fect” and to the use of incandcscent lamps (which produce cddies)
during the day, while outdoors it can be attributed to the greater
stiliness of the air and to the absence of vehicular traffic at night.

The higher acidity of the atmospheric particulate in winter as
opposcd to summer, both in absolute value and as a percentage va-
luc, indoors and ouldoors, can be attributed to the operation of hea-
ting plants during the cold weather. Indoors the atmospheric parti-
culate is more acidic during the night, in both scasons, because of
the prevalence of the f iner and more acidic particulate matter.

With respect to the sulphur dioxide, continuous parallel measu-
rements conducted during the winter, outside and inside (near the
painting), showed outdoor concentration values fluctuating between
40 and 100 ppb, while the indoor pollution along the north wall can
be considered negligible (10-15 ppb).

The campaigns were completed by thermohygrometric measu-
rements in both scasons and by the mapping of the air currents insi-
dc the room using a hot-wirc ancmomeler.

From the examination of the resulting data and from the com-
parison of the concentrations of indoor pollution not only with those
of the environment immediately outside the church but also with si-
tes characterized by heavy traffic clsewhere in the city, it was possi-
ble to deduce, without a shadow of doubt, that the dust levels inside
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the room surpassed the highest outdoor dust levels both in summer
and in winter and should be attributed primarily to thé influx of vi-
sitors.

A plan for climatisation and filtration is now in progress, under
the supcrvision of ICR.

7 SISTINE CHAPEL (Cappelia Sistina), Vatican, Rome

The restoration of Michelangelo’s paintings in the vault of the
Sistine Chapel was begun in Junc 1980 and is still in progress.
Again in this case the treatment was preceded by a serics of analy-
ses, direcled by the Vatican Laboratorics, which confirmed the pre-
sence of a thin layer of dirt underneath the repaintings and restora-
tion glazcs (velature) /12,

Soot from the candles once used to illuminate the vast chamber
had caused the formation of a fine deposit of carbon particles on the
fresco surfaces; control measurements of the air-dispersed pollu-
tants were undertaken in 1988 to determine the current environmen-
tal conditions, as there had been' a radical change not only in the
pollution sources but also in the operational conditions of the Cha-
pel, now open to visitors from all over the world.

The mcasurements and samplings of the pollutanis were taken
at the vault level, on the scallolding crected for the restoration: the
TSP sampling was carricd out in four daily intervals, corresponding
more or less to morning-afternooncvening-later at night /14/.

The resulting TSP data for (wo summer days and two winter
days are summarized in tables 1 and 2 (courtesy of A. Bacaloni, in
press), from which one can ascertain that the level of dust is higher
during the daytime than during the nighttime, because of the influx
of visitors, with peaks (400 pg/mc) that are definitely dangerous. In
addition, during the same periods, measurements were 1aken of five
other gaseous pollutants (hydrochloric acid, nitrous acid, nitric acid,
sulphur dioxide, and nitrogen dioxide); in the case of the nitrogen
dioxide, higher concentrations were found in winter, due to the emis-

sion of polluted air into the Chapel from a defective heating unit.
. A project for climatization of the Chapet that takes into ac-
count these experimental results is now in progress.

- 8 BRANCACCI CHAPEL S. Maria del Carmine, Florence

The restoration of the mural paintings of the Brancacci Chapel
in Florence took three years. These paintings constitute a large cy-
cle, executed between 1425 and 1485 by Masolino, Masaccio and
Filippino Lippi. Because of the decision to improve the conserva-
“tion conditions by installing an air-conditioning system, precautio-
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nary measurements of the inside and outside air in the church were
needed, so that the design of the installation would meet the conser-
vation requirements and, above all, would include adequate systems
for air filtration (if nccessary).

The surveys for measurement of the pollution and for microcli-
matic controls were carricd out by experts from Syremont, who ha-
ve preparcd a report now in press /15/. Thanks to the courtesy of the
director P. Parrini, we are able to communicate in advance some of
the most important findings.

The summecer campaign (9-12 August 1988) revealed a limited
concentration of TSP (average daily valuc of 69.4 ug/mc). The con-
centration of the suspended particulate matter topped off at deci-
dedly abnormal values in winter, during the Ghristmas period, with
values higher than those registered outside; the peaks of concentra-
tion were reached during the day (ca. 800 ug/mce) /13/. In a later pe-
riod, the TSP levels deereased, closer to 100 ug/me, only to rise
again to between 100 and 200 ug/me around Easter (fig. 14, courte-
sy of P. Parrini ct al.).

The level of sulphur dioxide in the church, monitored during
the late winter of 1988-89, was close 1o zero, while the indoor level
of nitrogen oxides was comparable to the outdoor level, although
slightly lower. The difference encountered between these two pollu-
tants indoors can be explained by the fact that the reaction between
sulphur dioxide and calcium carbonate prevails, thermodynamically,
over the reaction of NOx with calcium carbonate.

Finalty, concentrations of carbon dioxide up to ca. 700 ppm,
rruch higher than natural averages, were registered when the church
was full of worshippers,

9 CHURCH OF S. FRANCESCO Arezzo

The scientific results (rom the study and conservation of the
cycle of mural paintings depicting the Legend of the True Cross,
¢ iecuted by Piero della Francesca between 1453 and 1464 on the
v alls of the main apse chapel of S. Francesco, were recently illu-
sirated and discusscd in a symposium held in Arezzo in March 199
0Q1).

The mural paintings arc severcly damaged by efflorescences.

derived parily from the extensive usc of cement as a consolidant,

The diffusc presence of gypsum on the surface, however, may also

be partly caused by the deposition of sulphur dioxide and TSP,
Samplings of the indoor suspended particulate matter (over a

24-hour period) were carried out in May and December 1987;

sulphur dioxide was also mcasured indoors in December. Tables 3
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and 4 (courtesy of L. Marchetti) summarize the results, including
acidity, conductivity of the aqucous extracts of the particulate, and
sulphur dioxide. The parliculate concentrations are not very high,
with summer prevailing over winter. Strangely enough, the total aci-
dity in summer is greater than in winter, while the soluble salts (sce
the conduclivily measurcments) are greater in winter,

The average value of the sulphur dioxide is 22 ug/mc, not a
very high value, but one for which the observations already made
about the Brancacci Chapel ar¢ applicable.

The Istituto Centrale per il Restauro and the Chemical Labora-
tory of the Soprintendenza ai Beni Artistici e Storici di Venezia are
currently coordinating a new campaign of indoor and also outdoor
TSP and 502 measurements, for a better understanding of the pro-
cesses of deterioration,

10 OBSERVATIONS AND CONCLUSIONS

From this schematic review, onc may draw some considera-

tions usclul both for future rescarch and for betrer consecrvation
stratcgics.

a) From a mcthodological point of view, particularly meaning-
ful data were gathered by taking parallel samples indoors and out-
doors and by making a distinction between a diurnal period {gene-
rally corresponding 1o the hours open to the public and to the hours
of greatest vehicular traffic) and a nocturnal one.

The measurcments were extended through at lcast two scasons
of the Italian climate, corrcsponding to summer and winter.

b) The chemical agents analysed most frequently were the su-
spended particulatc matter and sulphur dioxide: it was also very
usgl"ul to determine the acidity and the water-soluble cations and
anions in the suspended particulate matter, as well as the total solu-
ble salts (by conduclivity measurements of the aqucous cxtracts).

Data processing of the necessary correlations should, in luture,
t:dkc ipto conslderation absolute as well as percent values, calcula-
ting, if possible, the average, the median, the maximum frequency
laterval, the maximum and the minimum value. CocfTicients of cor-
relation should also be calculated for the various concentrations, to

comparc concentrations of cations, anions, suspended particulate,
and acidity.

oIt woul_d be uscful in the fulure to measure more frequently
the concentration of nitrogen dioxide, an agent found in building-s
located ncar heavy flows of traffic.
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Another necessary measurement would be that of the “black
smoke™ (pereent of carbon particles in the dust), taken directly from
the particulate collected on the filter, using reflectance spectropho-
tometry.

d) Simpler and lcss cxpensive passive-capture methods should
be developed and standardized, permilling more extensive testing of
museum environments,

These tests should be practically compulsory in cases where
there is a high volume of visitors or where there are functioning air-
conditioners, which can, in cerlain cases, increase significantly the
intcrnal concentrations of air-dispersed pollutants.

It would be highly opportune, in this ceniext, to establish an
international commission to regulate sampling and mcasurement
methods and to define standards for indoor air quality.

¢) All of the cases under examination have shown a high level
of indoor dust, always in concomilance with the daily influx of the
public.

A low indoor concentration of sulphur dioxide is not necessa-
rily a reassuring sign, because of the high afflinity of this pollutant
with calcium carbonate.

Measurements of the microclimate (air and wall temperatures,
RH and SH of the air) and ancmomeceltric maps have proven to be
very useful for determining the mechanisms of transport and deposit
of the pollutants inside and thus for suggesling corrective methods
o contain the pollution. Although, in the intcrests of brevity, it is
not possible to repert here the relevant results, one should not unde-
restimate the importance of the microclimale in the encouragement
or retardation of the cffects of indoor pollution.

f) In conclusion, the gencral picture is one of situations at risk,
permilling us to identify solutions, often casily achieved, 1o amelio-
rate the quality of the environment.

Only in this way it will be possible in the future to achieve an
cffective conservation policy, that goc¢s beyond the common logic of
restoration at any price, sometimes without removing the causes of
the detcrioration.

2) The logic that forms the basis lor the future cxpansion of in-
door pollution siudies is also cognitive, as is summarized very ef-
fectively by Briblecombe (13). Accerding to this author, the objecti-
ves of research should comprise:

- measurement of the velocity of deposition of gascous poliu-
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tants and particulate on various common types of fragile materials;

- study of the “internal” causcs producing indoor pollutants
and of the chemical transformations that may involve certain pollu-
ting agents in confincd spaces;

- the achicvement of a better understanding of the chemical
reactions induced by polluiants in various malcrials;

- the definition of critical danger tevels for various pollutants

in the indoor environment, in relation to the materials 10 be conser-
ved.
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TABLE I - Concenirations of pollutants (in ugime) in the Sistine Chapel in

winter
Sampling times 14:30-20:30  20:45/2:45  3:00/9:00 9:1515
Particulate material,
winter 88-1 256 73.0 106 40
Nitrogen dioxide,
winter 88-1 29.2 337 39.1 29
Sampling times 18:00-24:00  24:05/6:05  6:10/12:10  12:15/18
Particulate material,
winter 88-2 121 104 323 28
Nitrogen diexide,
winter 88-2 14.5 25.0 11.0 32

TABLE [I - Concentrations of pollutants (in pg/mc} in the Sistine Chapel in

summer
Sampling times 18:00-24:00  24:00/6:00  6.00/12.00 12.00/18.00
Particulate maierial,

summer §8-1 110 92 221 18
Nitrogen dioxide,

summer 88-1 17.9 10.1 g9 35
Particulate matcrial,

summer 8§8-2 97 _ 183 15
Nitrogen dioxide,

summer 8§-2 21.7 15.4 17.2 9.
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TABLE Il - Measurements taken inside the church of 8. Francesco, Arezzo

TSP Sulphuric acid  Conductivity
(ug/mc) (ng/me) {nSfcm.mc)
May 1 130 5.1 39
12 133 5.6 43
13 119 4.3 37
14 143 43 30
15 111 4.5 27
16 136 5.8 28
17 120 1.0 42
18 101 7.5 38
14 9N 73 31
20 126 59 26
21 96 1.0 27
22 127 g9 29
Avcrage 120 6.1 33

TABLE IV - Measurcments taken inside the church of 8. Francesco, Arezzo

50, TSP Sulphuric acid Conductivit
(ug/me) (ug/mc) (ng/me) (HS/cm.mc)
Dec. 3-4 19 9i 4.8 45
4-5 13 82 4.3 45
5-6 22 96 5.4 38
6-7 11 T 49 33
7-8 19 103 4.7 36
8-9 32 89 5.6 35
10-11 13 70 4.4 32
11-42 15 79 4.9 31
12-13 35 80 5.9 39
13-14 49 91 4.7 45
14-15 18 87 5.2 40
15-16 41 88 5.4 51
18-19 14 97 4.6 63
19-20 16 105 4.7 57
20-21 16 103 5.4 49
21.22 14 103 5.6 62
22-23 24 85 8.4 69
Average 22 90 53 45
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St. Cirlaco Cathedral in Ancona: the air pollution campalgn for the study
of stone decay

Die Kathedrale St. Ciriaco In Ancona: EinfluBl der Luftverschmutzung aul
den Stelnzertall

ABSTRACT

Lhe decay of stone sculptural elements and slabs of the fagade and of the stone
slabs of the interior of the Ancona Cathedral has required a survey of the main
pollutants inside the monument ( soluble salts of TSP and 572 ) for hvo seasons
(summer and winter) .

I he study has been integrated by recording some microclimatic parameters
outside and inside the church , measuring surface temperatures of some areas of
the facade and determining the inside -outside air exchange rate.

As conclusion of the research, an hypothesis of the stone decay has been
formulated

INTRODUCTION

I'he aim of this research was to correlate the damage of stone elements of St.
Ciriaco Cathedral in Ancona with the microclimatic trends and the air pollution
agents inside and outside the monument.

St. Ciriaco (X111 C), placed on the top of an hill in front of the harbour and facing
SW, is decorated with a protiro and two lions carved in "Rosso di Verena®. The
spiral columns of the protiro and the columns of the portal are carved in
“Proconnesio”matble; walls are lined and covered with limestone slabs from
“Conero” stone. All typical patterns of decay are clearly on view: darkening due
to SI'M capture, detachments of powdered and flaked Calcite, rain water
drippings and yellow patinas. [nside the church diffuse forms of decay are
detachment of stone (powdered and flaked) and accumulation of salt
efflorescences, overall in correspondence with slab joint.

ANALYSIS OF ALTERATION FORMS

The results of XRD are summarised in the tables | and 2.
QOutside the monument Gypsum is the normal form of alteration; the yellow
patina contains a lot of amorphous material { probably an organic coating).
indoors efflorescences are constituted of Thenardite, while stone flakes and
powder contain Halite; Gypsum is quite always present.
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METHODOLOGY AND EQUIPMENTS FOR THE ENVIRONMENT CONTROLS

Two campaigns were carried out in summer and winter for two weeks,
monitoring the following parameters:

1- T and RH in 9 sites indoors and in 3 sites outdoors. Measurements were
carried out during the day with an electronic equipment; at the same time 5
thermohygrometers were operated for a continuous registration of T and RH
{fig.1, respectively sites 1 -12 and sites 13-17 ).

2 - Surface temperature of the protiro and of the portal columns {at maximum in
10 points}), with an IR thermometer {fig.2).

3 - Solar radiation and radiation perpendicular to the church front.

4 -Rate of inside-outside air exchange using a gas tracer (Ske); the gas was
pumped inside the church in 9 sites and the corresponding concentrations were
registered at fixed intervals.

5 - Concentration of sulphur dioxide and SPM indoors and outdeors,operating,
respectively an UV fluorescence analyser and a sequential sampler.

MICROCLIMATIC MEASUREMENTS

The surface temperatures of the church front are reported in figg. 3.4. In
summer the maximum T was reached in the first afternoon, except the capital
{fig- 1 point 7) of a column which was irradiated up to 6:30 h. p.m. The highest
temperature registered was 38,5°C; some temporaneous inverted trend of T was
due to the shadows of the architecture. During this season the heating of the
front was mainly due to sun radiation (values not reported here).

(On the contrary in winter (fig. 4 } the heating of the surface was caused overall
by thermal convection from the warmer air. In three days at the carly morning T
values under 0 *( were measured, corresponding also to condensation and fog
events.

In summer the average range of oulside temperatures was 23-30°C; the inside
temperature fluctuations were very reduced, at maximum between 23,5 and
27,7°C. As it concerns RH the maximum values were between 50 and 90 percent
outdoors and 60-80 percent indoors; in correspondence the minimum intervals
were 30-60 percent and 40-70 percent.

In wintertime the outside daily T excursion was very reduced and the inside
one too; it was always Tin>Tqut (about 4°C).

SULPHUR DIOXIDE AN SIPM MONITORING

In summertime the half-hour values of %2 concentration monitored in the two
sites were very low ( the average value under 5 ppb) with a few ones above 7
ppb indoors and above 12 ppb outdoors. During wintertime the values inside the
church were correspondent to zero line, due to the constant closure of the
entrance door, while outdoors the same were between 1 and 6 ppb, with peaks
reaching at maximum 52 ppb.

The SPM was sampled in two periods (8a.m.-8p.m./ 8p.m.-8a.m.).in summer
outdoors it was day concentrations = ~ night concentrations, while inside the
church night concentrations were>day concentrations (figg.5,6)

In winter outdoor concentrations were always>indoor concentrations (figg. 7,8).
The concentration range of max. frequency was 326-425 ug/mc inside and

outside the church in summer, in winter the same was 26-125 ug/mc indoors
and 326-425 ug/mc outdoors.
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The very high values of SPM concentration outside in the two seasons and the
decrease of SP’M concentration inside the church during the winter closure
suggest a very substantial contribution of marine aerosol in correspondence with
the local NW prevalent wind.

In order to verify this hypothesis a comparison was made between
concentration ratios of significant ions of sca water and the same ratios
corresponding to the samples of SPM. The calculated values (not reported here)
indicate a significant enrichment in NaCl and a secondary contribution of
calcium and sulphate ions to the formation of the inside particellate. The same
conclusion 1s valid for the outside samples. As it regards the winter season the
same trend is confirmed nothwistanding some anomalous values.

INSIDE-OUTSIDE AIR DIFFUSION PROCESSES

With the aim of measuring the nside-outside air exchange rate a gas tracer (SFg)
was pumped into the church in 9 locations carrving out 3¢ concentration
measurements in 24 h.
An homogencous distribution was reached atter 5 h, with cosed doors,
Fhe equation linking concentration and time 1=
Cr=Cpllnt
and also
=1 (Cp ety
where
Ct = tracer concentration {ppb) at time t (minutes)
€0 = tracer concentration (pph) at the beginning
r = exchange tactor.
In this way it was calculated that nearly o he elapsed betore the concentration

reached 50 percent of its initial steady-state level Opening the door doubled air
exchange rate.

CONCLUSIONS

The results of this research are:

- the identification of the deterioration products ot stone materials inside and
outside the monument

- the identiticabion of inside and outside microclimatic trends

- the evaluation of the indoor- outdoor air exchange rate

- the evaluation of the internal and external concentrations of SPA and %02

Some conclusions can be drawn:

A relevant air exchange rate was caleulated in particular cases; in fact the rate
increased twice with open dours or with increased infiltration due to wind
pressure. It means that a high flux of marine acrosol can penetrate inside the
church and scavenge onto the stone slabs. An accumulation of marine SPM is
also possible obviously on stone surfaces outdoors in sheltered exposure.

In summer SPM concentration inside St. (iriaco reached a daily peak of 480
pg/mcand a value of 273 ug/me during the night : some high necturnal vatues
with closed doors were caused by the cleaning of the church floor in the early
morning '

Very high values of SI'M concentration are evident outdoors for the two seasons
(up to a max. of 738 pgfme).

By comparison of the ratios CF/Na7, 8O42/Na*, CFjCa*2, orifsos2
corresponding to sea water and to SI'M, a conspicuous contribution of the
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marine soluble salts to SPM formation is clearly evident.This explains also the
formation of Halite and Thenardite on the inside surfaces.

Gypsum can derive from three different sources © as a reaction product of SOz
with Calcite; as a component of SPM ; for solubilization and transport of
Gypsum from cement, used for wall consolidation.

40 concentration nowadays is very reduced, also if it has been very wasteful in
the recent past.

The external surfaces present the typical patterns of the decayed calcarcous
stones: black crusts, rain erosions, rain dnppings etc.

Diffuse decohesion (as powder or flakes) is present indoors and also outdoors in
correspondence with surface crystallisation of soluble salts. The Rt equilibrium
values regulating the phase systems solid talite-Halite saturated solution-water
vapour and Mirabilite- Thenardite-water vapour are respectively 755% and 82%.
These values are included in the variation range of RH  inside St Ciriaco, so
causing the cyclic dissolution and crystallisation of soluble salts and consequently
a progressive stone decay.

AL last it was possible to detect events of condensation and treese-thaw cycles,
Starting from these expenmental data a project for a better conservation of the
monument has pointed out and iflustrated Lo the Soprintendenza delle Marche in
Ancona
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Conservation in museums: environment and energy ressources

Konservierung in den Museen: Umwelt und Energiequellen

reie Untersuchungen an Kunst- und Kuiturgltern

I INTRODUCTION

The conservation ot historical. artistic and archaeological materials as well as
books and archives in museums, libraries and storage areas is closely hinked to
the temperature and humidity in the rooms, the leve) of lighting and indoor
biological and chemical pollution Relative humidity and temperature levels
suitable for proper conservation can be determined on the basis of the nature of
the material involved The average level of well-being determined experimentally
in terms of temperature and humidity, though with exceptions for special cases,
has been set at 50-60°% relative humidity and a lemperature of 18-20°C, also in
relation to visitor comfon

Relative humidity affects the chemical, physical and mechanical properties of
the material, as well as the likelihond of attack by microflora (fungi and bactena)
or msects of organic type matenal

The various phenomena of condensation on microparous surfaces should
also be taken into consideration, special attention must therefore be paid 1o
heating systems and the procedures by which air exchange takes place

The lighting factor is of particular importance inside museums, since the
higher frequency radiations verging on the visible spectrum (i e uliraviolet) may
lead to damage For example, in the case of cellulose or protein-based matenial
(parchment), U V rays trigger the rupture of chemical bonds which may lead 1o
significant colour change phenomena (often yellowing) or increased fragility
Infrared rays are equally dangerous, since they may overheat and dry out porous
matenals Light aiso has a range of effects on the possibility of biological attack

on  museum matenals High humidity {especially in storage areas for
archeological artifacts) can lead to local microflora proliferation (cyanobacieria,
microscopic algae, moss etc )

Lighting may inhibit the attack of some fungi and orgamisms (e g some
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stages of cellulose-eating insects), this means, for example, that it is advisable to
provide daylight lighting levels for at least a few hours per day in book storage
areas.

The significance of the role of external pollutants in the attack on materials
depends on the amount and quality of outdoor pollution, the amount of
exchange between the indoor and outdoor environment and the nature of the
material on display and their state of conservation.

With regard to the use of new technologies in museums, the correct use of
energy is of fundamental importance, since energy saving should also be
implemented when safeguarding the work of art

This research has two major goals

1. The first goal is to survey the museum complex selected for the study n erder
to optimise the sampling,

2. The second goal concerns the sampling campaigns and the analvsis of data
related to this museum

2. CHOICE Of THE MUSEUM

In the first stage of research, the museum environment considered to be in
some way representaiive of the overall situation in ltaly (antifacts consisting of
various materials, conserved in an old building) was identified as the Vilia Giulia
National Museum in Rome

There were various reasons for this cheice, based mainly on

a) The variety of the type and composttion of the artifacts,

b} The large area of the museum,

¢) The locatien of the museum in an urban area with heavy traffic,
d) The sixteenth century building adapted for use as a museum,

¢) The large number and variety of energy-consuming instailalions

3 ENERGY ASPECTS

In order to quantify energy requested in a museum we must take into
account the diversification of consumption throughout the day and throughout
the year, and verify areas where demand is not always predictable because of the
lack of planning in energy use The dispersion of power due to old electrical
syslems may also be sigmficant In programmes for the updating and
rationahising the systems, close atiention must be paid to the particular nature
and use of each room. and thus the need for the correct conservation of the
works of ant, together with the need to create a comfortable environment,
sultable for the correct enjoyment and appreciation of the items on display
Table | shows the subdivision by category of power-consuming equipments n
the Villa Giulia Museum

The highest energy consumption of the museum complex is due to energy
used for heating in the winter and for air conditioning in the surnmer, as well as
for air conditioning in the offices
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Table i- Approximate electrical power (kw) of the Villa Giulia Museum
complex, subdivided by sector

Sector Summer Winter
Season Season
Lighting r 30
Air conditioning 60 8
Heating 40
Photography Dept 10 30
Restoration Workshop B 8
Cafe. WC. miscellaneous W0 i0
Tetal 150 146

Totat real consumption
considering dispersion of’
electrical system 180 178

It should also be poimed vut that air conditioning and heating of the
different areas of the museum is not homogeneous and not provided by the same
system This means that there is a division of the production and distribution of
energy with potentially higher losses Taken as a whole. the equipments require
a higher amount of energy thas is actually supplied by the ENEL

This occurs at seasonal peaks Nevertheless, even under the most favourable
conditions. the energy demand may verge on the maximum limits of the
installations A new heting system using methane gas has been completed With
this new installation. heating can be provided for some areas of the museum
only For example. this wiil allow the offices to be discornected from the display
areas. which could thus be heated during evening opening hours

It should also be pointed out that some areas of the museum (e ¢ the store-
rooms) are not heated, and the microchmate is therefore directly refated to
outdear climatic conditions

With reward to lighting n the Villa Giulia Museum. various types of
I orescent. halogenous and incandescent hights are currently used in the display

a -as, while incandescent bulbs and neon tubes are used in the offices and other
rooms

4 MONITORING OF THE INDOOR AND OUTDOOR ENVIRONMENT

In the indoor areas the effects of air pollution are often considerable The
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amounts of pollution are related directly to the outdoor situation, but also to
indoor factors {combustion sources, tobacce smoke, emissions from materials,
display cases and structures, human respiration and perspiration etc )

In this research, including the sampling and analysis of pollutants inside and
outside the museum, the procedure consisted in a series of tests subdivided into
two periods of 15 days each, corresponding to two seasonal situations, 1 e the
summer and the autumn seasons. Tables 2 and 3 show the equipment used and
the main measurements carried out

Table 2 - Monitoring the indoer and outdoor environment at the Villa
Guulia Museum

a) Mobile Lahoratory equipped for the automatic detection of

- 80,

-NO

-NO,

-H,S

-0,

-CO

- THC nm (total non-methane hydrocarbons)

- TSP (total suspended particulate)

- Meteorological parameters (temperature, solar radiation, wind direction and
velocity, relative humidity, atmospheric pressure}

b) Indoor monitoring unit for:

- 80,

-NO

- NO,

- H,S

-0,

-CO

- THC nm

- TSP

- Microclimatic parameters {air temperature, radiating temperature, relative
humidity, air velocity)

5. ENERGY AUDIT

The Villa Giulia complex uses fuel ail for the heating system, gas for services
and heating, and electricity for lighting and mechanical equipments.

Energy consumption and the amounts comresponding to each category are
shown in Table 4. The data refer to 1991 and are based on the utilities bills. The

Table 3 - Instruments used in environmental monitoring

Pollutants Equipment employed

- 80, LIV fluorescence

-H,8 Oxidation and detection as for $0),
-NO.NO, Chemiluminescence

-0, UV absorption

-CO Infrared

- THC nm, CH, Flame ionizaton

- TSP Weight (%)

Meteorological data Instruments

{outdoors})

- Temperature
- Sunhght

I'hermocouples
Sun radiation meter

- Wind direction Wind vane

- Wind velocity Anemometer
- Relfative humidity Hygrometer
- Atmospheric pressure Barometer
Microclimatic parameters Instruments

(indoors)

- Temperature Dry bulh thermometer

- Radiating temperature Globothermometer

- Relative humidity Dry and wet bulb thermometer
- Adr velocity Hot wire anemometer

© Cellulose acetate filter (d = 47 mm, po-r_os.?yb 45 nm, aspiration
fow ~ 1 m¥/h)

table shows that with regard to heating. fuel oil should be replaced by natural
gas for obvious reasons of impact on the environment as well as a better
management and control of consumption in the heating system.

With regard to electricity, the problem is more complex due to the following
reasons:

- There are two types of electric power contracts supplied at different prices
{one at 30 kw and one at 15 kw),

- In particular, the contract for the 15 kw power supply was replaced by a 60
kw power supply contract in August 1991,
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- Despite this change, a penalty has always been charged for the customer
electricity demand exceeding the contract amount;

- The existing electrical system, on the basis of current regulations, should be
redesigned and rebuilt, since for demand exceeding 30 kw ENEL requires a
transformer station complying with its specifications.

In the context of the optimisation of consumption and thus of energy savings,
the contract with ENEL should be revised to provide for separate supplies at
different hours in accordance with the requirements of the museum

Table 4 - Consumption and energy costs in lire at the Villa Giulia
Museum in 1991

Energy Source Keal kWh  Monthly Toal Total cost
average penalties

- Fuel oil 278 3% 100 40,850,000

- Methane gas 34 2 x I 5,986,000

- Electricity

15 kW contract

(Jan -Jul 91y 49310 418,000 3000000 12,274,120

60 kW conlract

{Aug -Dec '01) 108,240 20000 2,500,000 25,262 000

30 kW contract

(Jan -Dec '91) G4 usy 16 004 000

The solutions to be adopred for a correct use of energy resources should
take into account both energy and econamic factars. as well as the possibility of
practical implementation in the contest of the building involved. which is an
historical monument subjected to various types of constraints Considenny these
factors. we can identify aspects comman to all museum complexes
- The predictable and quantifiable peak penods of energy consumption,

- The need for untving energy distribution,

- The increase in energv consumption over tme due to various factors (the
extension of display arcas, lighting msprovements. the extension of areas with
heating and air conditioning)

There follows a set of proposals which could be considered at least as a
pantial solution of these problems

- Optimisation of consumption by the reduction of energy dispersion,

- Choice of different lighting devices according to the specific requirements.

- Use of timers and cells for some equipment;

- Installation of solar panels for small equipment or for preheating,

- Use of cogenerator heating installations producing both heat and electricity
(solutions of this type, initially employed in large installations, industries,
municipalities and hospitals are now also being used in small communities
leading to considerable economy and energy savings),

- Setting up a CIB {Computer Integrated Building) system

In particular, the use of integrated management systems leads to museums
where system integration results in lower running costs, greater flexibility of the
use of installations and a more effective microclimate management for the
works of art

['here are four categones of functions liable to integration

- Environment management

- Security and protection of the works of art

- Telecommunication systems

- Svstems and instruments for providing information o users

From the cnergy point of view the use of a CIB system leads to a
insignificant rise in energy consumption For the Villa Giulia Museum, esnmaFed
power consumpiion is less than 5 kW, also taking into account the automation
of the air conditioning system

6 ENVIRONMENT ASSESSMENT

Following experiments carried out on the indoor and outdoor environments of
the Villa Giuhia Museum complex. the following evaluations can be made

1) Pollution detected outside the museum shows typical urban patterns with
poltlutants directly related to vehicle emissions

2) Because of local characteristics there is no overall accumulation of pollutants
in the area considered Nevertheless. at certaia times of the day there may be
high amounts of pollutants onginanng from vehicles

31 [n weneral, the paramelers detected outside the Museum did not exceed the
air quality standards durimg the two monitoring periods Nevertheless. some
episodes occurred in which ozone and carbon monoxide excecded standard
levels

4) A constant ditTerence was observed between pollutants measured outdoors
and indoors {outdoor pollutants exceeded indoor ones)

Expenments highlighted causes of diffusion from the outside to the inside
which differed according 10 the time of day
- In the early moming, opening of doors and windows (close correspondence
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between outdoor and indoor levels),

- During the day, closing of doors and windows (diffusion retated to visitor
flow),

- In the evening and on days when the museum was closed, slower diffusion and
greater difference between indoor and outdoor levels

5) With regard to different pollutants, changes in the indoor- outdoor ratio may
occur also because of the effects of adsorption or reaction with materials in the
display rooms.

a} In particular, there is a low indoor-outdoor correlation for CHy in autumn

b} With regard to H,S, the low outdoor amounts are decreased indoors by a
possibie adsorption of materials in the Museum, thus making the indoor-outdoor
ratio non-significan

c) it should be pointed out that the good indoor-outdoor correlation of 50, in
the autumn is not the same in the summer, due to disturbance which may be
caused by the air conditioning

d) With regard to NO,, there is a good correlation in autumn and less so in the
summer

) With regard to TSP, in the summer the indoor values are almost constantly
lower than the corresponding outdoor values, in the autumn, this is sometimes
due to the rain

6) The comparison between the TSP, SO,, NO, and O, data recorded in the
summer and autumn momtoring in the Villa Giulia Museumn and the threshold
levels suggested for museums and archives is shown in Tables 5-6 This
comparison shows that the average amounts of SO, and particulate recorded are
lower than the threshold levels for museums and archives, while average levels
of NO, and O, are higher

Microclimatic monitoring shows a limited level of temperature vanation over 24
hours, while relative humidity levels may fluctuate significantly The temperature
and humidity patterns obtained in a dynamic simulation model have a
satisfactory  correspondence 1o  temperature and humidity recorded
expernimentally

7. CONCLUSIONS

The following measures could be useful to improve air quality inside the
museum;

a) To air the rooms at times which do not coincide with maximum pollution
levels, especially NO, and O,;

b) To contro airtightness of the area before the entrance to the display rooms;
¢) To provide an air conditioning system for the Museum with the chemical
filtering of pollutants as gas and TSP. In some room it was ascertained that the
lack of this filtering led to a dangerous accumulation of the pollutants.

The structure of the Vilta Giulia Museum can ensure a good microclimate for

the artifacts stored there, on condition that

2) [mprovemements are made in the daily airing procedures in the Museum,

b) For the skylights, suitable double glass should be used in order to reduce
significant daily temperature fluctuations due to direct sunlight, this should lead
to a reduction in energy consumption of approximaltely 15%

Table 5 - Comparison between values detected in the summer season
and maximum threshold levels for air quality in museums and archives

Min Max  Average Threshold
{p/m) Museums Archives
S0, 056 319 82s 10 Ly
NQ, 265 116 43 10 47
0, 77 141 3 2 258
Particulate 25 100 47 - 75

Table 6 - Comparison between values detected in the autumn season and
maximum threshold levels for air quality in museums and archives

Min Max  Average Threshold
(pr/m?) Museuns Archives
SOz 02 258 43 10 10
NO;z 14 196 547 0 47
h 29 193 49 2 255
Particulate 1 74 28 - 75
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Deutsche Gesellschaft fir Zerstorungstfreie Priifung e.V., Berlin
4. Internationale Kanferenz Zerstdrungsireis Untersuchungen an Kunst- und Kulturgitern
4th International Conference on Non-Destructive Tasting of Works of Art

J. LeiBner, Wiirzburg

Kann elne Schutzverglasung zur Verminderuhg der korrosiven Belastung
fiir bemalte Innenseiten von Blelverglasungen des 19. Jahrhunderts
eingesetzt werden?

Do protective glazings reduce environmental stresses at the front side of
19th century stained glass windows?

1. Einleitung

Fortschreitende Schidden an bemalten historischen Glasfenstern sind schon seit
langem zu einem drangenden denkmalpflegerischen Problem geworden. Sie erfor-
dern die intensive Beschiftigung mit den Schadensvorgdngen und Schadensursa-
chen sowie, darauf aufbauend, die Erforschung und stindige Uberpriifung der Kon-
servierungsmethoden und ein frilhzeitiges Erkennen von Schidigungspotentialen.
Notwendige Voraussetzung dafir ist eine enge Zusammenarbeit zwischen Material-
wissenschaftlern, Denkmalpflegern und Restauratoren, Bisher beschrinkten sich
Untersuchungen und Schutzmainahmen fast ausschlieBlich auf die Glasfenster des
Mittelalters. Es ist deshalb um so mehr begrilenswert, auch die Gilasfenster des
19. Jahrhunderts mit einzubeziehen, deren Glassubstrate zwar ungleich weniger
verwittern als  mittelalterliche  Scheiben, deren Probteme {vor allem
Malschichtveriuste etc } dennoch einer fachgerechten Konservierung beddrfen.

Vor diesem Hintergrund ist diese Untersuchung an Buntverglasungen des 19. Jahr-
hunderts zur Abschatzung des Einflusses von Schutzverglasungen als ein wichtiger
Schritt zu wissenschaftlich fundiertem Datenmaterial zu werten.

Mit der sogenannten Glassensormethode [1-3] kénnen die korrosiven Belastungssi-
tuationen, wie sie an unterschiedlich geschitzten/konservierten Originalscheiben
aufireten, erfalit und direkt miteinander verglichen werden. Die Glassensoren regi-
strieren nicht nur die Temperatur- und Feuchtesitutation, sondern auch weitere Ein-
flisse wie Schadstoffe, Schmutzablagerungen, Mikroorganismen und besonders die
komplexen synergetischen Effekte.
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