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This talk presented an overview of the types of damage that air pollution causes to indoor cultural heritage materials.  It identified the main damaging air pollutants from outdoor sources to be sulphur dioxide, nitrogen dioxide, ozone, sulphide gases and particulate matter, and discussed the changing nature and trends in pollutant sources: in Europe industrial emissions had reduced in many countries, whilst those from traffic and related to photochemical processes were increasing.  It also highlighted the important role played by pollutants generated inside museum buildings, where damage was often caused through the build-up of reactive pollutants in close proximity to museum objects, for instance inside display cases.  The types of damage caused by pollutants to materials were described and in many cases illustrated.  The role of the museum building and its services in controlling the entry of outdoor air pollutants was described, and the role of ventilation system and rate, interior room layout and materials discussed.

The use of pollution standards and thresholds in conservation was discussed and methodologies for deriving meaningful standards described.  It was highlighted that many standards in current use are based on best available technology, for instance in terms of air filtration and are not necessarily related to safe levels to prevent damage to cultural heritage objects.  The advantages and disadvantages of different pollution control strategies and the types of building they are appropriate for were discussed; in particular the difficulty of installing full air conditioning and pollutant filtration systems in historic buildings was highlighted.  The presentation concluded by summarising the extent and limits of our knowledge of air pollution damage to cultural heritage and highlighted the need for a better understanding of damage mechanisms, realistic thresholds of damage to cultural heritage and pollutant behaviour in enclosures.
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Abstract

The safeguarding of our huge cultural heritage, which is one of the most urgent priorities, involves the proper conservation and prevention of deterioration of all artefacts and buildings having an important artistic and historic value. Conservation is a whole field regarding the care and treatment of valuable artefacts, both movable and immovable. It has two aspects: a) the control of the environment, to minimize the decay of artefacts and materials, and b) the treatment of these, in order to stop or slow down any deterioration and to stabilize them where possible against further dilapidation. The museum environment is a limited space dedicated not only to exhibitions, but also to the appropriate conservation of works of art. Consequently, it is of paramount importance that the museum microclimate conditions be properly arranged so as to guarantee a safe and long-term conservation aimed at preventing and limiting the deterioration process. This talk analyses the damage caused to works of art by exposure to wrong thermal, hygrometrical and lighting condition, together with the effects of air pollution. Indicative guidelines, as proposed by the specialized literature and discussion/work groups are also presented 1, 2.


 G. Thomson: ‘The Museum Environment’, Butterworth-Heinemann Ltd, Oxford, 1986.

2 D. Camuffo: ‘Microclimate for Cultural Heritage’, Elsevier Science BV, Amsterdam, 1998.
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According to our previous measurements carried out twenty years ago on the wall surfaces of the Scrovegni Chapel in Padua it was found that a sulphation process of fresco paintings was taking place.

The analyses carried out on the surface of frescoes revealed the presence of high gypsum concentration, lied between 20 and 40%. The highest concentrations were found on the Last Judgement.

The gypsum amount showed a decreasing trend moving from the surface to the inner layers of plaster indicating that the decay process was occurring mainly on the superficial layers of fresco due to the combination of sulphur dioxide with moisture and the calcium carbonate of the plaster.

As the gypsum formation showed a greater level on the walls close to the entrance door with respect to the ones far from the entrance we ascribed the main responsibility of the decay process to sulphur dioxide entering from the entrance door and a good correlation was found between sulphur dioxide concentrations in the atmosphere and the high rate of sulphation measured on the Last Judgement which is located above the entrance door.

At the beginning of 1990's the presence of salt efflorescences on the Last Judgement gave us the opportunity to make a survey on the state of conservation of the exterior wall masonry surfaces and it was decided to follow the recommendations of the 1970's survey which forecasted the closure of the entrance door and the construction of a new entrance room.

As during the last twenty years the management of the visitors in the Chapel changed and the exterior environmental pollution was probably changed it was decided to make a detailed research program with the following purposes:

i) to study the present pollution levels in order to evaluate if the causes of decay were the same as those previously found during 1970's campaigns,

ii) to study new aspects which were not previously clarified as for instance the correlation of nitrogen oxides in the atmosphere with nitrates present on plaster surfaces,

iii) to study the indoor/outdoor air exchanges by using a tracing gas,

iv) to study the fluido-dynamic model of air movements inside the Chapel by measuring temperature and relative humidity in different locations.

During 1990-94 measurements carried out on fresco surfaces (by the Central Institute for Restoration of Rome) by using wet cellulose pads an unexpected high amount of nitrates was measured. This new findings was at first difficult to explain according to our previous knowledge that decay of fresco was mainly ascribed to the sulphation mechanism.

After the environmental measurements carried out in 1995-96 it was possible to make some correlations among the new findings on plaster surface and the air pollutants measured.

As regards the suspended particulate matter at the end of 1970’s the concentrations were very high. At the end of 1990’s almost the same levels were found, but the summer levels were higher with respect to the winter ones and the diurnal concentrations were higher than the nocturnal ones, thus indicating that the suspended particulate matter was strongly influenced by visitor’s presence.

The analyses of gaseous compounds show that the sulphur dioxide amount is strongly diminished with respect to 1970's (a peak concentration of 50\SYMBOL 109 \f "Symbol"g/m3 was observed).  Notwithstanding the decreasing of SO2 concentration represents an amelioration it must be stressed that it is in any case still harmful for frescoes because the deposition rate of this pollutant and its reaction rate with plaster is very rapid and efficient. The new findings on the nitrogen dioxide showed concentrations in the range 10-40 \SYMBOL 109 \f "Symbol"g/m3 with peak values of 55 \SYMBOL 109 \f "Symbol"g/m3, which are 10 times higher than the standard allowed in the inside environment in USA museums. The outside nitrogen dioxide concentrations are lied in the range 10-55 \SYMBOL 109 \f "Symbol"g/m3 with a peak concentration of 90 \SYMBOL 109 \f "Symbol"g/m3 .

As regards previous measurements carried out by other people in indoor environment it is important to remember that together with nitrogen dioxide some nitrous acid in amount superior than the exterior one was found. This is an anomalous behaviour because generally inside the concentration of a pollutant is expected to be lower.

To explain the generation of nitrous acid it is necessary to make the following hypothesis: nitrogen dioxide in contact with moisture of the plaster is transformed into nitric acid and nitrous acid by an heterogeneous oxidation. This mechanism is well known and was proposed by Beilke in 1985.

2 NO2 (aq) + H2O \SYMBOL 222 \f "Symbol" 2 H+  +  NO3-  +  NO2-

It can be concluded that the increasing in nitrate concentration in the fresco surface is strictly correlated to the increasing NO2 concentration in the indoor of the Chapel which is in turn in agreement with the increase of NO2  taking place on a worldwide base.

In order to evaluate the indoor/outdoor air exchanges sulphur hexafluoride as tracing gas was used according to a methodology proposed by the Istituto Centrale del Restauro, which consists in the immission a few amount of tracing gas inside the Chapel and to measure the decreasing concentration, from time to time, which is dependent on the air exchanges with the outdoor environment.

During summer campaign the air exchanges with and without visitors show a different trend because during the visiting hours the opening of the entrance door caused an air exchange with outdoor environment.

In the presence of visitors air is changed 9 times per day, on the contrary without visitors the number of change is strongly reduced to half.

The results obtained show that even if the Chapel was completely closed a minimum of air exchange was measured and this means that pollutants can enter even if the Chapel is closed.

Recent perspectives on environmental factors in the deterioration of artists’ paints.
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Abstract

This paper will review broadly recent progress in understanding of the deterioration and ageing of artists’ paints, focusing primarily on paints made from drying oils.  Special consideration will be given to environmental effects, for example, the role of light, thermal processes, atmospheric pollutants and human intervention, insofar as these influence the chemical and physical condition of old paint.  Mr. Phenix was involved in the organisation of the recent joint UKIC/ICOM-CC conference entitled ‘Deterioration of Artists’ Paints: Effects and Analysis’ (British Museum, London Sept. 2001), and his presentation will attempt to draw together some of the themes and insights that emerged from that meeting.
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Abstract

Painted artworks on display are subject to changes that include discoloration of varnish, discoloration of pigments, degradation of the binding medium, etc. Rates of chemical and physical changes in paintings depend on the temperature, relative humidity, concentration of air pollutants and ligh intensity and wavelength distribution [1]. The control of artwork environment should be preceded by the understanding of the mechanisms that transform the artwork materials at the molecular level [2].
A systematic study of the chemical and physical effects that occur as a result of exposure to UV light (254 nm) of unvarnished egg tempera paint dosimeters has been undertaken as part of the research activities included in the European project “Advanced workstation for controlled laser cleaning of artworks” [3,4]. 

The samples were artificially aged by UV light (254 nm) under controlled environmental conditions. To identify and calibrate the processes a broad range of techniques has been used. These include profilometry, colorimetry, spectroscopic techniques, such as laser-induced fluorescence (LIF), laser-induced breakdown spectroscopy (LIBS), Fourier transform Raman (FTR) and infrared (FTIR), and analytical mass spectrometric techniques, like direct-temperature-resolved mass spectrometry (DTMS) and laser desorption time-of flight (LD-TOF) mass spectrometry. The results have been integrated and compared with those obtained by irradiation of the samples with a UV KrF excimer cleaning laser (248 nm). 

The main conclusions of the study can be summarized as follows: 

a) The combined use of several spectroscopic and analytical techniques is necessary to understand the chemical and physical changes induced by UV/laser irradiation of unvarnished paint tempera systems.

b) Prolonged exposure to UV light results in oxidative irreversible changes in the egg binding medium (oxigenation of phospholipids).

c) The presence of pigments modifies the response of the binding medium to UV light exposure as shown by the increase of fluorescence intensity, the formation of thin layer of char, etc. These effects are dependent on the pigment in the tempera mixture, implying that temperas with different pigments will respond differently to environmental conditions. 

c) 
1. UV light exposure yields different photochemical effects compared with irradiation with a UV cleaning laser. A modeling study of laser cleaning can only be validated in actual laser treated samples.
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Abstract

The aging process and the influence of light of triterpenoid varnishes has been studied in detail [De La Rie E. R., 1988]. However, there are some characteristics that are recently observed. When a fresh natural varnish is applied, a range of radical chain reactions initiates oxidation and alterations in the network polymer formation of the film catalyzed by of the ambient thermal energy and the absorption of UV light. An aged triterpenoid varnish can be characterized by brittleness which may result in severe cracks, change in plasticity due to higher molecular weight fractions and a sense of opacity and yellowing as a secondary effect of UV light absorption. So far the chemical reactions induced by the environment and at the same time the auto-degradation initiated by the compounds within the film have been well understood. Yet a feature of the aged triterpenoid varnish to filter these reactions exponentially in respect with the film thickness, during the aging process, introduces unknown features of the aged natural varnish, which must affect the interpretation of the influence of the aged triterpenoid varnish to the layers under it (e.g. paint). 


An uncertainty concerning the cross-linking processes within naturally aged triterpenoid varnishes sampled from a wide range of paintings had been expressed in the past. Recently [Van der Doolen, G., 1999] by means of GCMS and DTMS it is demonstrated that, apart from a formation of a more polar fraction possibly caused by oxidation, a higher molecular fraction occur, indeed, in naturally aged triterpenoid varnishes, which are not present in fresh varnish samples of the same type. It is so implied that chemical cleaning is not effective enough to remove these higher molecular weight substances, whereas the rest of the compounds in an aged varnish are soluble in commonly used solvents. Consequently, under these lines higher molecular weight compounds can be left on the coated surface after the varnish has been removed chemically, or to overcome this difficulty mechanical action would be required. It is notable that in this work sampling occurred after dissolution of the original varnishes and consequently any information for the structure of the network polymer face has been obscured.

Another work (Zafiropulos, V., et al 2000) demonstrates that in artificially aged dammar films of controlled thickness values (2 to 10μm) subjected to UV radiation and heat (100ºC for 8 days) there are scalar characteristics of various spectral properties that are related to the degree of aging. A change of UV absorption coefficients with respect to film thickness was observed. In particular, absorption coefficients were derived from FTIR spectroscopy in the C-H stretching frequency region were found to have an increasing trend with respect to film thickness indicating decreased loss of hydrogen and supported the UV findings, indicating consequently formation of higher molecular weight products. These changes found to take place logarithmically, which can be explained readily by Beer’s law for the absorption of radiation by matter. It is hence observed that during aging of resin films the UV light intensity reduces in an exponential way as the light propagates into the film thickness. Consequently the oxidation and the network polymer formulations of the film are expected to reduce from the surface exponentially. This process should have a straight effect to the preservation properties of varnishes.

Further to these findings an investigation of the natural aged varnishes of three nineteenth century Byzantine icons was carried out, aiming to the demonstration of the UV light effects across the thickness of the varnishes in various depth-steps (Theodorakopoulos, C., Zafiropulos, V., 2001). The depth-steps were produced by photo-ablation using a KrF excimer laser (λ = 248 nm). Early evidence of the expected stepped decrease of deterioration of the aged films was that yellowing and the density of cracks gradually decreased from the less to the deeper ablated steps. The solubility of the depth steps was tested chemically by use of two different solvent systems in each case in order to relate the results with the in-depth deterioration. A gradient in the solubility from the surface to the deepest ablated levels, as the concentrations of the solvent systems were diluted to affect every deeper step. It is remarkable that the same behavior maintained in all three cases although the resins were of a different type. The corresponding concentration of each solvent system reduced logarithmically. This reduction is related to the logarithmic law of the absorption of light and consequently to the light contribution to aging. 

Finally, LIBS analysis, carried out by the author, provided another evidence to the above findings. LIBS on a varnished sample from the Courtault Institute of Art, and a multi-layered varnish painting showed that intensities of characteristic peaks of the C2 Swan Band are reducing with respect to the inorganic peaks of the obtained spectra. In the first sample the chosen peaks for the comparison is one of the Ca and one of the C2 Swan Band. The same comparison was made with peaks from the other elements in order to draw a more thorough picture of the situation estimating so the uncertainty. It is observed that the ratio of the intensities from 1:2.5, after 20 pulses, gradually increases to 1:8.2 after 70 pulses. In the second sample it is observed that several additives within the layers contributed to a sequence of spectra acquired from 1 to 100 pulses. After the 70th pulse there was an overlap of inorganic and organic peaks and therefore the process ended to this point. The ratios increase from 1:3.4 after 11 pulses to 1:10.74 after 52 pulses (highest point) to reach 1:9.6 after 60 pulses. These fluctuations are attributed to the more detailed spectra (spectrum of each pulse) and the multi-layer structure. However, despite the differences in structure and age, both samples produced similar curves, demonstrating an exponential decrease of organic to inorganic compounds within the varnishes. These findings in comparison with the previous spectral characteristics of varnishes could be attributed to the logarithmic influence of light to the films. 

This work presents ultraviolet radiation effects of the deteriorated varnish layers that were not taken into account in the past. The results reveal that there is a gradient in oxidation and network polymer formation across the natural varnishes thickness, which is directly related with the exponential absorption of ultraviolet radiation from the film, resulting an equivalent gradient in the physical deteriorations, in the formation of organic compounds across the thickness and in the in-depth solubility. Pulsed UV laser ablation was used as a means of studying the scalar characteristics of various spectral properties related to the degree of aging and the creation of sufficient depth steps for measuring the solubility in-depth. Absorption coefficients derived from FTIR spectroscopy in the C-H stretching frequency region were found to have an increasing trend with respect to film thickness indicating decreased loss of hydrogen and supported the UV findings. Furthermore LIBS analysis was used as a tool for identifying and measuring known inorganic and organic compounds as well as their intensities. The intensity rations of the inorganic to the organic compounds that belong to the C2 swan band region increased with the deeper ablated spots. The studies presented found to be in a good agreement with each other, despite the different techniques, analysis and samples used. It is demonstrated that degradation of varnishes takes place exponentially keeping the varnishes ‘softer’ – less deteriorated and more soluble – with respect to depth. 
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Exposed stones and mortars suffer from, both, anthropogenic pollution and sea-salt contamination, leading to the formation of surface crusts through interactions between extrinsic and intrinsic factors. The effects of the environment on weathering of monuments can be evaluated through systematic mineralogical, petrographical and elemental analyses of depth profiles on samples of surficial crusts (dendritic black, compact black, grey and white). Black and grey crusts are formed in areas sheltered from rain, while white crusts are observed in areas experiencing effective wash-out. The elemental analysis of profiles through crusts, combined with thin section analysis, gives indications of their origin and growth mechanisms, given that the evolution of crust is associated with the presence of some contamination elements, whose concentration changes as a function of depth from the surface. 

Studies carried out on stone samples from monuments of Venice and Athens, reveal decay products of deposition and interactions between gases and stone, including wind blown dust, marine salts, anthropic aerosol, gypsum and nitrates, which are incorporated into the mineral matrix down to several depths. In areas sheltered from rain, the presence of humidity, carbonaceous particles and deposition of aerosols lead to the development of gypsum and other salts. Sulphates and nitrates reveal the chemical process leading to the transformation of calcium carbonate through reactions with atmospheric gases. Moreover in black areas, silicates, iron oxides, mica flakes, quartz and numerous organic constituents in low concentration have been also detected. 


In black crust, enrichment factors analyses indicate that the concentrations of Al and Si are primarily due to the deposition of wind blown dust. Sulphur, iron, titanium and non-carbonate carbon are the main elements ascribed to the atmospheric pollution. Na+ and Cl- found in the damage layers indicate marine influences in the decay process. SEM-EDS analysis of the atmospheric aerosol embedded within the outer layer of crusts reveal several spherical, porous and smooth particles within the samples. The detected particles are: (a) spherical and porous carbonaceous ones emitted in oil combustion, (b) spherical, smooth alumino-silicated ones originated from soil-dust deposition and (c) metallic ones mainly composed of iron and titanium oxides. All these particles play an active role in the damage processes affecting stone, since the elemental carbon and the transition metal oxides content contribute to the catalytic oxidation of atmospheric gaseous SO2 and to the sulphation of calcium carbonate.


In white crusts, formed in areas experiencing effective wash-out, chemical and mechanical attack cause surface recession.

 
To determine any associations, which may exist between stone weathering, climate, acid precipitation, acid gases and dry deposition, experiments were conducted under real atmospheric conditions by specially constructed sampling devices called micro-catchment units. The literature reports many studies carried out using exposure tests on building materials in polluted atmospheres with emphasis on the more chemical aspects, e.g. analyses of the run-off water and/or micro-analyses of the weathering stone surface. The physico-chemical analytical techniques employed in the study of building materials provide very accurate qualitative and quantitative results on the alteration features both related to the alteration layers and to the bulk chemistry of the exposed stone. The degree and nature of stone decay is shown to be dependent upon exposure conditions and stone type.

Interesting results of the initial stages of weathering were obtained on samples of Istria stone exposed to rain-washed conditions by using a non-conventional technique, such as X-ray Photoelectron Spectroscopy (XPS). This technique detects the transformation of the outermost atomic layers of a stone material, induced from adsorption and deposition of air pollutants and particulate matter. In a six-month interval XPS reveals deposition of calcium silicates, carbonaceous particles, sulphates, nitrogen compounds and organic compounds of lead, fluorine and chlorine up to a depth of 100 nm from the surface; sulphates, however, were identified up to the first 20 nm of analyzed depth. After an 18-month exposure period, dissolution both of the argillaceous inclusions of the carbonatic matrix and air-borne deposited particles occurs. The exposed surface exhibits pollutant compounds of fluorine and nitrogen along with new-formed pollutant compounds of phosphorous and zinc; sulphates penetrate deeper into the stone substrate (100 nm). The other applied analytical techniques, such as Fourier-transform infrared spectroscopy (FTIR) and scanning electron microscopy coupled with energy dispersive X-ray analysis (SEM-EDS), evidence alteration features related more to morphological modification and less to chemical changes. Therefore, XPS revealing deposition of typical components of atmospheric pollution, as well as deposition and/or dissolution of soil-derived and intrinsic elements evidences the initial weathering rate of exposed Istria stone to rain action. 


The effects of exposure detected in the XPS analysis were also complemented by analysis for Ca+2 and other ions in the run-off solutions of exposed rain-washed Istria stone, Carrara marble and Verona stone samples in the Venetian environment. From the total calcium reacted a surface chemical recession was calculated within the ranges of 10 and 7 μm y-1 for Istria stone, 10 to 8 μm y-1 for Carrara marble and from 17 to 13 μm y-1 for Verona stone samples. These differences in the calculated recession rates were primarily attributed to the different porosity and microstructure of the exposed material. 


Even though the degradation of stones of historical buildings concentrates much interest from the scientists concerning both laboratory and in-field studies, however, only a limited amount of knowledge is available for the deterioration of mortars, which being the binders of the ancient masonry, experience the heaviest effects of degradation. In particular, little knowledge exists on the corrosion of mortars in coastal areas, where the marine aerosol influence is much evident. 

To evaluate the decay susceptibility of mortars of magnesium oxychloride cement used for the restoration of blocks of Pentelic marble of the Athens Acropolis monuments, mineralogical and physico-chemical analyses were performed on samples from different exposure conditions. The decay of mortars depends mainly on environmental influences. The observed decay forms and the responsible processes are: i) expansion of mortars leading to break-up of the marble as a result of the carbonation of oxychloride phases; ii) disintegration of mortars exposed to washing and staining of marble due to the release of magnesium chloride; and iii) efflorescence in mortars sheltered from rain action due to the sulphation of mortar constituents that yields hydrated sulfate salts of magnesium and calcium with different water molecules; their hydration, crystallization and re-hydration during microclimatic shifts, imply volume changes and the release of corrosive solutions leading to formation of cracks and staining. 

In the historic monuments of Crete original mortars of great quality and strength were observed, showing complete carbonation and satisfactory behaviour in the humid and marine environment of the island. The investigation of the traditional production technology of mortars and plasters is of great significance in order to achieve effective mortar conservation. Mortars from historic monuments in Crete and from various periods from Minoan up to now have been studied (concerning the production technologies, raw materials, chemical and mineralogical composition, grain size distribution, hydration of lime and technical differences) to assess their durability in a marine rural environment. No significant differences between the various historic periods were observed. The grain size distribution, the mixture ratio, the lime technology and raw materials, as well as the application technique diversify the final composites in typical lime mortars, mortars with hydraulic-lime, crushed brick mortars and mortars with portlandite and pozzolanic material. The examined mortars present binders in quantities ranging from 16% (portlandite-pozzolanic mortars) to 25% (lime mortars). In hydraulic (such as, hydraulic-lime, crushed brick and pozzolanic-portlandite mortars) and typical lime mortars a binder/aggregate ratio per volume in 1/3 and ½, respectively, can be selected as the proper mixture ratio for mortars from Classical and Byzantine monuments. Most probably the washing out of calcite due to weathering accounts for these low quantities of binder material. Typical lime mortars with high values in soluble salts (15% in sulphates and chlorides) present an important risk of deterioration, since the presence of soluble salts induce enough stress to provoke cracks both to mortar and to the adjacent stone. The sequence of the measured tensile strength values follows the classification deriving from the results of the thermal analysis directly proportional to their level of hydraulicity: the higher values of fmt,k were found for portlandite-pozzolanic mortars and crushed brick lime mortars. 
HOLOGRAPHIC INTERFEROMETRY: A PROMISING STRUCTURAL MONITORING TOOL FOR ARTEFACTS PREVENTIVE DIAGNOSTICS

V. Tornari, FORTH/IESL
S. Stassinopoulos, Benaki Museum

M. Doulgeridis, National Gallery of Athens
Abstract

Holographic Interferometry can record the dimensional changes occurring in artworks due to various external fluctuations or interventive processes. The results of the technique to examine the way in which various materials behave dimensionally to relative humidity (RH) and temperature (T) variations are very promising. Additionally, the technique can provide novel ways of artworks classification in a repeatable and periodic manner, as it could be the introduction of a new field to assess sensitivity of individual artworks through generation of a thermal response profile. Also new damage assessments methods can be envisaged by mapping of defects based on specific features of the concerned artwork and compare them at later instances. The objective of the investigation in holographic interferometry for artworks sake is to suggest to conservation discipline innovative structural monitoring concepts far beyond the existing state of the art in structural diagnostic practices.
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The effects of air pollution on stone have received enormous attention in the past two decades. There is a general perception that air pollution is a modern problem, but several researchers have shown that it is a problem that dates from antiquity. 

The correlation between air pollution and stone damage may not be simple. The decrease of pollutant levels, which took place in many cities, is hardly in line with the reported rapid and increasing degradation of buildings and stone monuments during the last few decades. Although SO2 is generally believed to be the main source of acid that damages limestone, the actual SO2 concentration may not be the sole culprit responsible for the damage to stone buildings. Although the total load of corrosive pollutants in the urban atmosphere may well have diminished, it is possible that some components which are not decreasing, e.g. O3, NOx and particulate matter (containing metals which act as catalysts), may increase the effectiveness of the attack of SO2. Another explanation, however, may be that previous concentrations of pollutants affect present rates of decay, i.e. the so-called 'memory effect'. 

The weathering measured today could be due to wearing away of the outer layers of the stone weakened by acid attack from past pollution. In other words it may be said that the rate of deterioration is higher for materials that have a history of natural deterioration or surface damage caused by man. A worked stone can resist weathering for a long time without noticeable damage, but from the moment when the first damage occurs, when the surface is opened, all physical, chemical and biological forces can affect the stone surface more efficiently, which may lead to an accelerated loss of material. 

Pollutants are removed from the atmosphere by either dry deposition (settleable particulates, aerosols and gases) or wet deposition (via rain and snow). Dry deposition is intimately related to the air quality in the immediate vicinity of the receptor surface. Wet deposition comprises the incorporation of trace substances in cloud droplets (rain-out) and removal by falling precipitation (wash-out). It is also related to the air concentration, although the relationship is very complicated. The amounts of damage attributable to wet and dry deposition and natural weathering depend on the pollution level, with dry deposition being relatively more important in heavily polluted areas.

Sulphur dioxide

There is a general consensus that the chemical degradation of natural, calcareous building stone in polluted urban environments is predominantly due to the conversion of calcite to gypsum. The sulphation reaction can be represented in a simplified form.  
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The initial and end products are well known but little is known about the intermediate steps. Fassina [1988] has suggested three possible routes in this process depending on different atmospheric conditions. Probably, the most important process is the heterogeneous oxidation of SO2 in the aqueous phase, which occurs in the atmosphere or on the stone surface. According to others, the prevailing mechanism is related to dissolution of SO2 in bulk water, present in the stone as condensation in the capillaries or absorbed by hygroscopic salts. Catalysts for this latter reaction can be found in soot and dust, in the form of transition metal impurities such as Fe- and Mn-compounds. Dry deposition of SO2 was found to be the dominant input mechanism in urban areas; the amount of aerosol sulphur which is deposited on vertical sheltered stone surfaces is small in comparison with the contribution of gaseous sulphur. Other studies have shown that there may well be a significant contribution of the deposition of CaSO4 from the atmosphere to large gypsum accumulations in more or less pure silicate sandstone. These latter observations, together with the manifestation of gypsum layers even on bronze and glass surfaces, confirm that the gypsum constituting the deterioration layer does not always completely originate from the underlying rock. 

The far more soluble gypsum (2.4 g/L), compared to calcite (0.014 g/L), is easily washed away from stone surfaces, which are directly exposed to rainfall. In places sheltered from rain, dirt can accumulate as incrustations strongly bound to the surface with CaCO3 and CaSO4. The chemical composition and physical properties of the crust are different from the rest of the stone: higher density, lower permeability to water and total or partial substitution of CaCO3 by CaSO4. These differences speed up the decay of the stone, because of [Fassina, 1988]:

· variations in volume: gypsum has a greater volume than the calcite it replaces and its generation in cracks and pores at the surface is accompanied by expansive stresses.

· the difference in thermal expansion of the gypsum and the calcite. This difference is further emphasised by the black top layer, caused by fumes and carbonaceous particles, which tend to absorb a larger amount of radiation than white surfaces.

· the reduction of permeability, which will increase water retention and all the corresponding adverse effects.  

On masonry materials such as many sandstones, granite, and brick, dry deposition tends to produce a thin black accumulation. Both laboratory and field studies have shown correlations between the amount of this soiling and the dry deposition of sulphur oxides [National Acid Precipitation Assessment Program (NAPAP), 1992]. It is important to discriminate between the effects of SO2 and acid rain, since sulphur dioxide comes from local sources while acid rain is the result of long-range transport and chemical transformation of SO2 from distant sources. 
Nitrogen oxides

The oxides of nitrogen contribute a significant amount of the total loading of air pollution and of acid rain. However, their reaction products do not seem to be present on carbonate stone to the same degree as those of SO2. The existence of biological sources of nitrate further complicates the relation between atmospheric NOX levels and the occurrence of nitrates on exposed stone surfaces. The difficulty in finding calcium nitrate crystals on exposed stone surfaces is probably due to its very high solubility (2660 g/L for Ca(NO3)2.4H2O) in water and its hygroscopic nature. NO2 drastically increases the corrosion rate (indicated by weight gain) of calcareous stones in SO2-containing atmospheres at high (e.g. 90 %), but not at low (e.g. 50 %) relative humidities. Based on laboratory exposure of calcite powders, it has been proven that NO2 acts as a catalyst for oxidation of S(IV) to S(VI) at a pure calcite surface, in the presence of molecular oxygen at humid conditions (RH: 90 %). Extensive field and laboratory exposure of Pentelic marble also showed that the corrosion due to nitrates and that caused by sulphates are of the same order of magnitude. Nitrate enrichment on different calcareous stone types (marble, limestone and sandstone) was found to originate mainly from deposition of gaseous HNO3 and to a lesser extent to dry deposition of NO2. Because of their high solubility, nitrate salts are transported into the inner part of the stone, where they undergo phase transformations such as crystallisation and hydration, depending on the ambient conditions (e.g. temperature and relative humidity). This may cause micro cracks in the stone structure and hence, accelerate deterioration.

Carbon dioxide

Dissolution of CaCO3 from carbonate stones is generally expressed as a sum of three factors:

	Stone loss =
	dry acid (SO2, HNO3) deposition


+ acid rain neutralisation



+ karst dissolution (pH = 5.6)


The first term, dry deposition of SO2 and HNO3 and the subsequent dissolution of calcium sulphates and nitrates, as discussed above, is mainly due to relatively local sources. The second term (acid rain neutralisation) refers to the presence of 'free' acidity (i.e. H+, irrespective of the nature of the anion) in rainwater, in excess of naturally occurring acids as a result of human activity, and is mainly due do more remote sources. The third term (karst dissolution) refers to the dissolution of calcite by 'natural' water, in equilibrium with atmospheric carbon dioxide (pH = 5.6) and is given by the overall equation:
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Several authors have shown that this process cannot be ignored even in the presence of acid rain. Up to 85 % of the annual limestone surface recession rate may be due to the clean air (karst) effect (5 % is due to acid rain and only 10 % is due to SO2 attack). But it has been claimed that rain water running over the carbonate building stone is never in equilibrium with the calcite phase (and thus undersaturated with carbonate), which exaggerated the effect of the karst process. In urban locations (with significant levels of SO2), dry acid deposition is the most important factor contributing to carbonate stone dissolution, whereas in rural locations (with negligible dry acid deposition), karst dissolution dominates over acid rain neutralisation, in most cases. Laboratory exposure experiments confirmed that, although the contribution of free acidity is significant at pH-values less than 4.5, the karst effect is the major contributor to the weathering of limestone, under conditions limited to wet deposition only.

Although CO2 is a normal constituent of the atmosphere and it is not generally considered an air pollutant except, of course, in the context of climate change, a local increase of the partial pressure of atmospheric CO2 increases the amount of CO2 dissolved. For instance, if the water temperature is 25 °C, in rural areas, where the average concentration is about 350 ppm,, the CO2 dissolved is about 0.25 ppm. In urban areas, when peak concentrations of 3000 ppm are reached, the dissolved CO2 becomes ten times higher (2.5 ppm), increasing the solubility of calcite by more than a factor two.

Ozone

Ozone does not play a direct role in the deterioration of limestone, but it is important in that it is a strong oxidising agent. Ozone has been shown to accelerate the sulphate formation at a calcite surface in an SO2 atmosphere, under both humid and dry conditions.

Ammonia

Ammonia does not have a direct effect on the deterioration of stone, but has an influence on the aqueous oxidation of SO2. By increasing the pH of the surface and pore water, dissolution and subsequent oxidation of SO2 are enhanced [Fassina, 1988]. It has also been suggested that ammonium is nitrificated to nitric acid by microorganisms, thereby increasing the weathering of building stones.

Hydrogen Chloride

The role of hydrochloric acid in the deterioration of stone has never been studied in detail, both because there is a lack of atmospheric measurements and because chlorides (other than NaCl) are rarely found as a deterioration product (due to their high solubility, e.g. 2790 g/L for CaCl2.6H2O ).
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 Laser ablation and stable isotopes, a powerful combination to study weathering, conservation and provenance

Göran Åberg

Department of Environmental Technology, Institute for Energy Technology, NO-2027 Kjeller, Phone +47-6380 6000, Fax +47-6381 5553, e-mail. gaa@ife.no
Sulphation of limestone and carbonaceous sandstone is a well-known process in the deterioration of natural stone, playing havoc with our cultural heritage over bygone decades. The overall mechanism in this process is not completely understood. Current studies using a laser-ablation technique followed by mass spectrometry indicated a surprising shift in carbon isotopes after sulphation. Naturally weathered century-old carbonaceous sandstone as well as laboratory-exposed fresh stone of the same rocktype showed a consistent change in carbon isotopes (13C) during sulphation, indicating that atmospheric CO2 plays a part in the process.

Sulphation is a major mechanism for the deterioration of carbonaceous rocks in environments polluted with SO2, NO2, and O3. The process is also catalysed by redox elements such as iron and manganese.  A study of weathered balusters of the carbonaceous Gotland sandstone, exposed several decades to centuries outdoors, showed that there was a consistent lowering in the 13C-values at or close to the surface of the samples while the overall 13C-value in the unweathered sandstone was homogeneous with 13C-values of +3 to +4.5 ‰. Profiles perpendicular to the surface of the weathered sandstone showed that the values are 2-4 units lower at the surface, reaching the background value 1-7 mm below it.

The surface 13C-value is -1.7 ‰ which stabilizes below 1 mm depth at about +2 ‰ and then, proceeding inwards, slowly approaches the background rock 13C-value of just above +3 ‰. The investigated baluster was from the roof of the Royal Palace in Stockholm and exposed to all types of weather and pollutants like SO2, NOx, O3 etc. In the presence of NO2, O3,  or carbon particles, which all have an oxidizing effect and hinder the reversible desorption of SO2, SO2 gas readily converts calcite in the sandstone to gypsum via its sulphitic precursor CaSO3•0.5H2O. During this transition of CaCO3 to CaSO4•2H2O there seems to be concomitant exchange reaction of carbon isotopes or recarbonatisation. The only carbon source in this process is CO2-gas in the atmosphere. This assumtion is supported by the shift in 13C, which changes in the direction of the 13C-ratio of CO2 in the air.
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Building monuments’ stone DECAY IN relation to sulphur atmospheric pollution 
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Superintendence to Artistic and Historical Property of Veneto, 

S. Marco 63 , Venice, Italy, 

phone 041 2710911, fax 041 5207595, e-mail vasco.fassina@tin.it
Abstract


Marble and stone decay processes were extensively studied on several Venetian monuments in the recent past by many authors. Some characteristics marking patterns, defined in terms of black and white areas, were frequently observed and were generally correlated to different extent of decay due to the diverse mechanism of deterioration involved. 

To assessment of stone decay was carried out by taking surface samples from several monuments and three types of decay were observed: white washing, dirt accumulation and dirt washing.

i) White washing areas are characterized by the washing action of the rain, which has the effect of removing both the soluble compounds and the deposited soot. As a consequence the formation of a surface skin is prevented.

ii) Dirt accumulation takes place far from rain washing areas in well sheltered areas and is characterized by black superficial deposits that grow on the surface due to the collection of atmospheric particles and to the transformation of calcium carbonate into gypsum.

iii) Dirt wetting takes place at the interface between running water and the more sheltered areas. The thick and hard black crust taking place has a rough and spongy appearance and grows with respect to the original surface.   


Macroscopic observations of the forms of decay were subsequently correlated with quantitative analytical data in order to build a simple model which was able to explain in a general way the decay phenomena.


The results obtained show that the sulphate formation is greater in the black dendrite-shaped crusts which are generally formed in the interface between the white-washing areas and the sheltered ones. In this area the suphuric acid formation is more efficient because the stone remains moist for a longer time than the inner sheltered area due to the migration of water from the washed areas. 


The analyses of dendrite-form black crusts have shown the presence of metallic spherical particles  embedded in a close net of gypsum crystals. As far as the spherical particles are concerned we have observed in the SEM two different morphologically distinguishable types:

i) the porous ones characterized by an irregular surface are composed of carbonaceous particles. EDAX analyses of carbonaceous particles show a high sulphur content,

ii) the smooth ones are mainly composed of silicon and aluminium from, aluminosilicates, and by small amounts of other metals such as iron and titanium and discrete amounts of calcium and sulphur. The porous carbonaceous and the smooth spherical particles of aluminium and silicon are very active as catalysts in the transformation of calcium carbonate into gypsum.  

The white marble is severely damaged due to the different texture of calcite grains which, after a certain time, allows water to penetrate into intergranular spaces, and favours the reaction of acid sulphur-bearing solutions which form gypsum around the grains. This is the starting point from which a progressive attack of calcite marble takes place.

References: V. Fassina, A survey on air pollution and deterioration of stonework in Venice, Atmospheric Environment, 12, 1978, pp. 2205-2211.

V. Fassina, The influence of  atmospheric pollution and past treatments on stone weathering mechanisms of Venetian monuments, ECHNR, 1994, vol. 8, n.2, 23-35.

Assessment of environmental effects on glass objects

Hannelore Römich
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Glass is commonly regarded as a relatively inert substance which can last for centuries. However, the stability of glass strongly depends on its composition. In consequence, especially medieval glass objects are endangered by atmospheric attack. 

Extremely sensitive potash-lime-silicate glasses can be prepared in the laboratory to study the effect of atmospheric corrosion. Their reaction to humidity, temperature changes, pollutants and micro-organisms can be quantified by Infrared-spectroscopy. The corrosion values registered on the freshly prepared glasses are proportional to the corrosion levels of the environment at the exposure site. Consequently, standardised potash-lime silicate glasses can be applied as “glass sensors” to asses the environmental impact on glass.

Within the last decade laboratory and field studies were performed to evaluate the corrosion phenomena obtained on the glass sensors after exposure to different climate conditions and pollution levels. Glass sensors have been applied to monitor environmental effects on stained glass windows, in museums and showcases and on historic buildings.

Within the last decade a wide range of data has been collected, which demonstrate the effect of the environment on glass and from which conclusions on consequences for practical restoration works can be drawn.

References:

Fuchs, D. R., Römich, H. and Schmidt H.:

Glass sensors: Assessment of complex corrosive stresses in conservation research. 

In: Vandiver P. B, Druzik J., Wheeler G. S. and Freestone I. C., ed. Materials Issues in Art and Archaeology II, Mat. Res. Soc. Symp. Vol. 185 (1991), 239-351

Römich, H.: 

Laboratory testing of new cleaning techniques for stained glass and their application in the workshop. Interface between Science and Conservation (ed. Bradley, S.), British Museum, Occasional Paper Number 116 (1997), 165-171

Römich, H., Fuchs D. R. and Leissner, J.: 

Glass sensor studies for the evaluation of protective glazings on stained glass windows: a survey of results after 10 years experience. Proceedings of the XIXth CVMA-Colloquium “Stained Glass as Monumental Painting“, Kraków (1998), 223-231

Römich, H., Leissner, J. and Böhm, T.: 

Monitoring of environmental effects with glass sensors. Proceedings of the UN/ECE-Workshop on the Quantification of Effects of Air Pollutants on Materials , Berlin 24/99, (1998), 165-171

Römich, H.: 

Historic Glass and its interaction with the environment. 

Laboratory experiments to simulate corrosion on stained glass windows.

In: The conservation of Glass and Ceramics, Tennent, N. (ed.), James & James, London (1999), 5-14 and 57-65
Indoor / outdoor aerosol size distribution measurements in a small building

Rea Drakou and S. Rapsomanikis
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Abstract

The soiling of works of art due to the deposition of airborne particulate matter poses a hazard to museum collections. Over long periods of time, dark deposits build up on the surfaces of paintings, sculpture and stone building surfaces. In addition to soiling by particles, the deposited material can attack collections chemically (Baer and Banks, 1985; Brimblecombe, 1990; Nazaroff et al, 1990). The rate of deposition of particles onto surfaces is governed by atmospheric particle concentration and by size distribution of those particles. Laser based optical particle counters are commonly used to measure particle size distribution. In this work a Particle Measuring System LASAIR Model 5295 was used. 

Particle counts are divided by this instrument in eight channels, which correspond to the following size ranges (values are optical diameters): 0.3-0.5 μm, 0.5-1.0 μm , 1.0-2.0 μm μm , 2.0-3.0 μm, 3.0-5.0 μm, 5.0-10.0 μm , 10.0-25.0 μm, >25.0 μm. The scope of this study was twofold. Firstly, to investigate the  possibility to use a single instrument for both indoor/ outdoor count measurements, by using a system with a valve in the input flow of the instrument, that allow air to be alternately sampled from either indoor or outdoor environment. Secondly to investigate the relationships between the indoor/outdoor particle concentrations in a small building, naturally ventilated. 

Influence of the Ambient Atmosphere on the Weathering of Medieval Stained Glass and Enamel
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A-1010 Vienna/Austria 
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Medieval stained glass used as window panes at cathedrals, churches and other historic buildings have been exposed to the ambient atmosphere for several hundreds of years. During this exposure weathering crust consisting of gypsum (Ca2SO4.2H2O) and syngenite (K2SO4.CaSO4.H2O) can be determined as crystalline corrosion products and mainly hydrated silica as amorphous material on the external surface of such glass objects [1]. In a simplified presentation this weathering phenomena can be explained similar to the corrosion of silicate glass in aqueous solutions, where in neutral and acidic solutions the so-called network modifier ions of the glass such as sodium, potassium or calcium are replaced by protons or hydrogen bearing species from the ambient atmosphere by the following reaction: 


- Si - O-M+   +   H+     (     - Si - OH   +   M+   


This ion exchange mechanism is leading to the formation of a leached surface layer, where the silicate network is more or less intact but depleted on the network modifier ions of the glass and enriched on hydrogen. Contrary, in alkaline solutions an attack of the hydroxyl ions occurs, where a breakdown of the silicate must be observed: 


- Si - O - Si -   +   OH-     (     - Si OH   +   Si - O-   


In the presentation results obtained at specimen from medieval glass objects by scanning electron microscopy (SEM) as well as by secondary ion mass spectrometry (SIMS) and nuclear reaction analysis (NRA) were presented [2 - 4]. Similar investigations were carried out at specimen from medieval enamel of the Burgundian Treasure of the Vienna Kunsthistorisches Museum and will be discussed [5]. Additionally, in situ weathering tests have been carried out on sample glass similar in the chemical composition to the medieval glass and enamel by using atomic force microscopy (AFM) [6]. 


Therefore, the head of the AFM was used as a climate chamber, where the humidity and the concentration of acidifying gases such as SO2 or NO2 can be controlled and the weathering phenomena studied under the defined atmospheric conditions. 
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Atmospheric pollutant concentrations inside buildings housing works of art. A short review.

Rea Drakou and S. Rapsomanikis
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· Atmospheric gases: Indoor concentration of reactive photochemical oxidants, such as O3, NO2 in buildings housing works of art, in many cases are higher than the air quality standards specified for museums, archives and galleries, to prevent sensitive material damage. 

· Airborne particulate matter and cultural heritage: Particulate matter can produce soiling of works and the deposited material can attack collections chemically. Possible artwork degradation depends on: a) Particle size, b) Number concentration, c) Chemical composition and d) Nature of Near- Surface  Air flow

· Atmospheric pollutants threaten not only works of art but also any sensitive material, like electronic equipment or magnetic storage media.

· The effect of a pollutant on the indoor surfaces depends on:

· The material of the surfaces, 

· Pollutant indoor concentration,

· Indoor temperature and humidity, 

· Lighting levels,

· Air flow near the surfaces, 

· The synergistic effects of other indoor pollutants,

· Homogeneous and heterogeneous chemical reactions.

· Indoor air pollutant levels depend on:

· Outdoor pollutant concentrations

· Indoor sources of pollutants

· Building’s design, use and operation.

· It is simpler to control the indoor environment than the outdoor environment.

Future IAQ research needs:

Fundamental understanding on:

· Indoor chemistry. The chemistry that occurs indoors results in complex mixtures that are poorly understood. 

· Microorganisms (characterization, real-time measurements, standards)

· Modeling (indoor air quality models that incorporate computational fluid dynamic codes, indoor homogeneous and heterogeneous reactions, gas-to-particle conversion processes, atmospheric pollutant deposition velocities etc)  

· Synergistic effects of pollutants and microenvironmental parameters on materials.

Methods.

Many different types of professionals have carried out research on indoor air quality in museums. The resulting literature is rich in approaches, but heterogeneous in its methods and so it is difficult to compare the results of each work. 
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A laser method for ιNDOOR / outdoor atmospheric particle size distribution and concentration measurements.
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Abstract

The EPA has identified indoor air pollution as one of the top 5 urgent environmental risks to public health. Recent studies have brought renewed attention to the health effects of airborne particles, especially those smaller than 2.5 μm diameter. The adverse effect of pollution on public health depends more on the number than in mass concentration. 

In addition to health effects, particles in indoor air also can contribute to the failure of sophisticated electronic equipment and the soiling of cultural artifacts. The rate of deposition of particles onto surfaces is mainly governed by atmospheric particle concentration and by size distribution of those particles. Laser based optical particle counters are used to measure particle size distribution and atmospheric particle concentration. 

In this work a Particle Measuring System LASAIR Model 5295 was tested. Particle counts are divided by this instrument in eight channels, which correspond to the following size ranges (values are optical diameters): 0.3-0.5 μm, 0.5-1.0 μm , 1.0-2.0 μm μm , 2.0-3.0 μm, 3.0-5.0 μm, 5.0-10.0 μm , 10.0-25.0 μm, >25.0 μm. This instrument is a particle in cavity He- Ne laser spectrometer (LIGHT SCATTERING), and classifies the particles according of light scattered in the forward direction into 8 size channels (bins). 

Instrument specifications: 

Nominal sample air volume: 1.0 cfm. 

Maximum count rate: 12,500 particles/s. 

Maximum particle concentration: 750,000 particles/ft3(26,000,000 particles/m3. 

The scope of this study was twofold. Firstly, to test that indoor aerosol measurements with this instrument compare well with data reported in the relevant literature. Also, to check the possibility to use a single instrument for both indoor/ outdoor count measurements, by using a system with a valve in the input flow of the instrument, that allows air to be alternately sampled from either indoor or outdoor environment. Secondly, after these tests, to investigate the relationships between the indoor/outdoor particle concentrations in a small building, naturally ventilated, totally empty.
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