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Preface 
 

 

Different as they are, an ancient unique book or a shipwreck, a statue or a historical build-
ing, a leaf from an herbarium or a filled archive, a musical instrument or natural history: 
they all need knowledge to be preserved for the future.  

The conservation of cultural heritage is a duty for all nations due to ethical reasons. Deci-
sion makers have only slowly started to understand that caring about cultural heritage and 
especially about museum, library and archival collections is also a valuable long-term in-
vestment for their economy and in the interest of their citizens. The accessibility of heritage 
depends not only on the direct conservation of it, but also on the preventive conservation 
actions. Sensitive materials, displayed in an aggressive environment may suffer from chem-
ical attack of pollutants, leading to irreversible damage within only a few weeks of inap-
propriate exposure. Long term storage or exhibition therefore may result in irreversible loss 
of the artefacts. 

Within the EU Research Initiatives, several projects have been dedicated to cultural herit-
age. The main goal is to reinforce the scientific basis for the establishment of measures and 
methodologies for the protection and rehabilitation of the European Cultural Heritage. 
Tools for stakeholders, to exchange knowledge and improve cooperation, can be found in 
cooperation and networking. 

One network instrument is provided by COST, European Cooperation in the field of Sci-
entific and Technical Research, which is one of the longest-running instrument supporting 
co-operations between scientist and researchers across Europe (www.cost.eu). Within 
COST, a number of actions have been dedicated to our cultural heritage. COST D42 is one 
of them.  

 

COST D42 – ENVIART 
On 20 September 2006, COST Action D42 “Chemical Interactions between Cultural Arte-
facts and Indoor Environment (EnviArt)” took its start. It lasted for four years. The aim of 
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COST D42 was to explore chemical interactions between cultural artefacts and typical in-
door environmental conditions through field studies and laboratory experiments and to 
transfer the results into preventive conservation practice. COST Action D42 established the 
links between the old and new European Research Initiatives and broadened it with new 
sections and co-operation initiatives. A total of 26 countries was involved, covering not 
only Europe but also abroad. A complete list is enclosed at the end of this book. 

Within COST Action D42 three working groups were active. Each working group was de-
voted to specific activities.  

Working Group 1 had two focus areas: Degradation and stabilisation as well as pre-
vention – to understand the changes in chemistry of an object due to the environ-
ment. Methods that were applied and discussed include e.g., AFM, HPLC, synchro-
tron FTIR and XRD and NIR. A trend setting strategic workshop organized in 2007 
was dedicated to artificial ageing and simulation techniques. Since then, experi-
mental techniques on ageing simulation have been improved. Degradation mecha-
nisms were studied and special attention was given to the role of light and indoor 
chemistry on ageing of materials. New methods of evaluating materials were devel-
oped including modelling outdoor and indoor air. Improvements were established 
in showcase development, and the role of microclimate and control methods such 
as anoxic environments considered. 

Working Group 2 dealt with the analysis of heritage materials and environments 
and was challenging as it dealt with complex systems. COST instruments such as 
workshops, training schools and small conferences were used to discuss indoor air 
chemistry and non-destructive characterization of material changes. The state-of-
the-art was discussed at a workshop on NIR / chemometrics for cultural heritage 
and a workshop on environmental analysis. It is important to mention the role of 
industry, as companies have been closely involved in the COST D42 workshops 
where they have launched their products and services. Other innovative tools were 
being developed and evaluated for analyses of the chemical composition of indoor 
air, studies of stability of inks used for labels in natural history collections, and 
volatile degradation compounds and their role in long-term preservation and iden-
tification of heritage materials. 

Working group 3 focussed on guidelines.  The cooperation this working group with 
CEN TC346 ‘WG4-Environment’ on the harmonisation of methods, storage and 
health with was fruitful, resulting in the publication of two EN standards: one on 
measuring the air and surface temperature non-destructively and one on specifica-
tions for light and lighting for exhibitions of art. Finally, it has to be mentioned here 
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that pioneering resulted in the development of a novel method to determine and to 
correlate emitting volatiles from an object with its ageing characteristics. 

 

Pandora’s box 
Indoor environmental sciences and conservation sciences make an excellent combination. 
How to create the best indoor environment conditions related to the lowest degree of dete-
rioration of an artefact. It all sounds so easy if only a simple pathway is followed. Once an 
outdoor contaminant enters indoor, many complex reactions may occur. 

Heritage networks improve the impact of heritage research and gain recommendations for 
needs in future research dealing with cultural heritage: movable and non-movable. Cross-
fertilization of disciplines strengthens knowledge and application for heritage restoration 
and conservation. All networks agree that although good attention is paid on the dissemi-
nation of the sound scientific developments within the FP programs, improvements can be 
made for bringing the results to where they have most impact: the field that needs to apply 
the tools and answers in conservation and restoration. Opening Pandora’s box may be easy; 
preserving it is somewhat more difficult. A continuous dialog between scientist, policy 
makers, conservators, restorers and all those who are involved in safeguarding our heritage 
is a big step forward and proper networking actions can be seen as one of the finest tools 
to realize this. 

 

STSM 
One of the COST instruments available was the Short Term Scientific Mission (STSM).  

Within the COST Action D42, we supported 37 short term scientific missions with the 
overall budget of 47 454 €. Members of 18 out of 22 signed countries participated in these 
missions. The success of the action can be also seen from the distribution of the missions 
over the years, starting with 4 in the first year and 15 in the fourth year. Hence, networking 
increased with the progress of the action. In the last year additional funding was granted to 
support outstanding projects. 

A large part of the missions was dedicated to technology transfer whereby the field studies 
were accompanied and compared to laboratory experiments. Development and testing of 
new techniques and monitoring systems cover another important group. Other missions 
served as pilot projects inspired by discussions during the action meetings. The results have 
been disseminated in the progress reports, presented at the Air Quality Meetings and other 
relevant conferences as well as in scientific publications in peer-reviewed journals.  
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Step Beyond the State-of-the-Art 
In November 2010, COST Action D42 organized a successful final conference in Dublin. 
Here scientists, end-users and suppliers were able to discuss the latest developments on the 
impact of the indoor environment on the preservation of our movable heritage. Over 29 
countries attended the conference program accomodating 27 scientific papers and 32 post-
ers. Based on research initiatives in the field of science for indoor heritage output was gen-
erated. For that moment, the latest state-of-the-art. However, based on the words that can 
be found on another piece of art1 

 

“There is no dark side of the moon really. Matter of fact it’s all dark. The only thing that 
makes it looks light is the sun.” 

 

could be rephrased for our work: 

 

“There is no step beyond the state-of-the-art really. Matter of fact it’s all state-of-the-art. 
The only thing that makes it looks the step beyond is the network”. 

 

 

John Havermans and Ira Rabin 
2011 

 

 

 

 

 

Additional note by the editors 
The original idea was to have this book published right after the completion of COST Ac-
tion D42 (i.e. in 2011). Due to unknown reasons to us, this was never accomplished. With 
the passing away of John Havermans in the spring of 2017, the Management Committee of 
COST Action D42 decided to renew the effort and have the book published in memory of 
John Havermans. 

                                                
1 Song Eclipse within the album The Dark Side of the Moon by Pink Floyd, released in 1973. 
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Indoor Environment and Historical Collections 
 

John Havermans 

 

The composition of the indoor air in museums, archives, libraries, and as well as in reposi-
tories for movable heritage objects is extremely complex. It is not only moisture and tem-
perature that catalyse is responsible for the deterioration of objects, particulate and gaseous 
indoor contaminants also play a role. The acidification of heritage objects due to the combi-
nation of moisture and contaminants causing acid deposition is well known. Also, the objects 
as a source of contamination has been identified, where natural deterioration processes give 
rise to unwanted volatile pollutants such as acetic acid. Nearby located objects may absorb 
these newly formed pollutants and a secondary deterioration reaction can result. The emis-
sions from objects may also be a threat for the health of the employees and visitors and the 
analysis of the indoor environment against guidelines for indoor air quality is an important 
requirement. There is a need to develop our knowledge of the indoor environment in order 
to safeguard our heritage, for which the dialogue between scientist, curators, and policy mak-
ers is a necessity. 

 

1. Introduction 
The first thoughts of many, when hearing the word museum, is of a nice historical building 
filled with extremely rare objects and beautiful old furniture and paintings. Indeed, historical 
buildings are often associated with historic collections and they do enhance the experience 
of visitors, as they step back in time. However, there are many modern buildings, which 
house important museum collections either as exhibition spaces or collection repositories, or 
for research purposes [1]. 

Everyone agrees when they have a look at historical objects that they are indeed beautiful or 
extremely rare or tell us a lot of the history. However, nobody will have a look at the ambient 
air. Both gaseous and particle contaminants can deteriorate the objects. These contaminants 
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may be formed by outdoor sources and industry and may enter the building to interact with 
objects indoors. Also, indoor objects including historical artefacts may act as a contaminant. 

Contaminants are harmful not only for the objects but also for the occupational health [2]. 
Besides contaminants other factors will affect the deterioration of objects seriously: temper-
ature and moisture, as was well demonstrated for organic materials by several researchers 
previously [3]. 

 

2. Guidelines and harmonisation 
In order to protect collections against harmful contaminants national and international guide-
lines have been developed. Although there is no international standard as yet, discussions 
are on-going within the European standardisation (CEN), technical committee 346 on con-
servation of cultural artefacts. Within this European network on standardisation experts co-
operate to improve environmental storage and exhibition guidelines to safeguard our herit-
age. Some countries do have guidelines included in their National law. For example, in the 
Netherlands, where the Dutch Archival Act, provides guidelines for the protection of ar-
chival heritage. Within this law, the environmental conditions for the permanent storage of 
archival materials are described along with the performance guidelines for storage materials 
such as archival boxes. This law was based on National research initiated and financed 
within the National program called “Deltaplan for conservation programme Deltaplan” [4]. 
Verification of the guidelines took place within the National Archives research strategy and 
were performed by TNO, Delft between 1994-2004 under the name: “Referentiedepot 
onderzoek” (reference depot research). After ten years of research it was concluded that the 
developed air purification system proposed by the Deltaplan guidelines successfully re-
moved contaminants such as nitrogen dioxide, sulphur dioxide and ozone. Also, the concen-
tration of organic contaminants was significantly lowered due to the air purification system. 
This resulted in a reduction in the speed of degradation of cellulose containing archival ma-
terials stored in these air purified repositories [5].  

 

3. From outdoor to indoor pollutants 
Up until 2005 research dedicated to the degradation of paper-based materials by pollutants 
was focused mainly on the impact of outdoor pollutants. The indoor air quality became more 
important as it was realised that collections may emit volatile contaminants which can affect 
other collections in the same storage space. Conservation treatments may also cause the un-
wanted release of contaminants. For example, mould treatment using ethylene oxide may 
result in emission of ethylene oxide many years after the chemical application. Objects af-
fected by fire, may in certain cases even benzo(a)pyrene, a volatile carcinogen, and the 
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natural ageing of objects can result in the emission of volatile acids such compounds as 
acetic acid that may cause the deteriorate other objects present in the same area. Figure 1 
shows a schematic interaction of the outdoor and indoor environment with the objects sche-
matically. In this model the objects are continuously exposed to pollutants, resulting in an 
accelerated deterioration pathway. This deterioration results in new volatile compounds, 
which again may affect other objects. A typical example of this auto-deterioration is given 
in Figure 2. Here one sees the results of acetate containing films which produce automati-
cally acetic acid due. Due to their specific storage system, they absorb the produced acetic 
acid which is reabsorbed causing acid catalysed hydrolysis of the cellulose acetate. 

 

Figure 1. The interaction between outdoor and indoor environments and their effect on objects. 

 

 
Figure 2. An example of deteriorated acetate film by hydrolysis (photo by Hadassa Koning). 
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4. Volatile pollutants that are harmful for the collection 
In this section, some groups of volatile contaminants are described that may be harmful for 
the collection: indoor pollutants, outdoor pollutants, and moisture. 

4.1. Outdoor contaminants 
Most known outdoor contaminants are nitrogen oxides (NOx), sulphur dioxide (SO2) and 
ozone (O3). Organic based heritage objects, such as paper, are highly sensitive to these con-
taminants as they are able to accelerate the natural deterioration of cellulose based materials. 
An example is given in Figure 3 where the natural deterioration is presented as a combination 
of the degradation reactions of oxidation, hydrolysis and cross-linking. Contaminants can 
accelerate these reactions. Also, other external factors may contribute to the deterioration, 
for example compounds present in inks, or radiation. This paper will not discuss further these 
other external factors. 

 

 
Figure 3. A simplified pathway of the deterioration of cellulose containing materials [9]. 
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Although the phenomena of deterioration of materials due to air pollution was known already 
in the 19th century, it was the end of the eighties and the beginning nineties that serious 
attention was paid to the phenomenon of deterioration of paper materials due to contami-
nants. An example of paper degradation due to acidic air pollutants is given in Figure 4. SO2 
and NOx are adsorbed by the paper matrix resulting in acid catalysed hydrolysis. Here the 
book shows this degradation by turning brown and brittle at the edges.  

 

 

Figure 4. An example of a book, affected by air pollutants (photo John Havermans) 

 

Havermans and Porck showed in 2002 that the combination of outdoor contaminants and 
moisture can be disastrous for the object. They investigated identical books stored at the 
Royal Library (The Hague, Netherlands) and at the New York Public Library (USA) [6]. 
The difference in material performance and thus the accessibility of the objects was severe. 
Books from the New York Public Library were extremely fragile (brittle). Although books 
from the Royal Library were also deteriorated, they still were accessible without falling 
apart. 

 

4.2. Indoor pollutants 
It is not only outdoor pollutants that deteriorate objects, indoor pollutants are able to do so 
as well, and even more severely. For example, acetic acid and formic acid. These acids can 
be formed due to oxidation of ligno-cellulose materials. Certain inks (e.g. iron gall inks) 
present in historical documents play a serious role in the formation of these contaminants. 
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Attention was paid to this phenomenon by several national and European research projects, 
such as InkCor and MIP. Besides inks and paper, many wood species can emit acetic acid, 
for example oak wood. This was demonstrated in the EU-ProPaint project. The emission of 
the organic acids from wooden frames were able to severely degrade the iron connections 
present in the frames. This can be seen in Figure 5. Besides corroding the iron parts in the 
frames, these acidic contaminants can deteriorate the painting materials. Damage of the fi-
brous canvas will cause damage to the painted image. Also, metal objects, e.g. lead, are being 
deteriorated by both organic acids. This was well demonstrated by the EU project Sensorgan 
[7]. Here organ pipes, made from lead, were deteriorated due to organic acids such as acetic 
acid emitted from the wooden valves for leading the air through the pipe (Figure 6). 

 

 
Figure 5. Deterioration of the metal joints in a 

wooden frame, belonging to a painting (Source: 
Marianne Odlyha, Birkbeck College, London, UK). 

 
Figure 6. Deterioration of an organ pipe by formic 

and acetic acid. (Source: Annika Niklasson, 
Chalmers University of Technology, Gothenburg, 

Sweden). 

 

Other indoor contaminants for example are carbonyl sulphide (COS) and hydrogen sulphide 
(H2S). These contaminants have a serious role in the phenomenon called silver tarnishing, 
oxidation of silver artefacts. This was demonstrated in the EU-SILPROT project.  

COST ACTION D42 combined all the different causes of deterioration of artefacts due to 
indoor pollutants, and researchers all over Europe and abroad cooperated together in this 
network [2]. Networking is one of the multi-disciplinary challenges to exchange knowledge 
and improve international cooperation.  

The composition of the indoor air at locations where cultural artefacts remain (e.g. exhibition 
and storage) is rather complex. Uhde et al. presented in 2007 a scheme showing how com-
plex the indoor composition can be. The emission of gaseous contaminants from building 
materials can initiate indoor reactions [8]. These reactions may even occur within the 
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artefacts in these indoor areas. The combination of outdoor pollutants, and the emission of 
volatile compounds from building materials, and the reaction of contaminants within the 
objects, can result in a new chemical composition of the indoor environment. Subsequently 
this new chemical composition can be the cause for the onset of deterioration reactions 
within the collection (see also Figure 7).  

We can differentiate between two types of volatile compounds that are emitted form mate-
rials: (1) primary emission (i.e. the physical release of compounds which are present in a 
product) and (2) secondary emission (i.e. compounds produced by chemical reaction in the 
product or in the indoor environment). 

In fact, materials present in the direct surroundings of an object, the building materials and 
incoming pollutants have to be taken into account as all the volatile compounds together 
may be harmful for nearby located collections.  

 
Figure 7. The emission of volatile compounds from materials, the formation of primary and secondary emis-
sion from chemical constituents of materials and how they are able to form new chemical indoor air composi-

tions (according Uhde et al., modified). 
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4.3. Moisture 
Finally, moisture can be seen as a contaminant, although moisture can also be needed in 
order to avoid the artefact from drying out. At high concentrations, moisture indoors can 
initiate mould growth. At a relative humidity level (> 65%) and in the presence of acidic 
outdoor pollutants, accelerated deterioration of organic objects as cellulosic ones and also 
metal artefacts may occur. Moisture may also play a serious role in the occurring gas-phase 
reactions indoors. Together with, for example, SO2 and NO2 acidic compounds may occur 
as H2SO3, H2SO4, HNO2, and HNO3. Finally, moisture (H2Oaq) is able to oxidize paper ar-
tefacts due to the vaporisation of moisture it may react with oxygen to form superoxide ani-
ons. This phenomenon results in a chemiluminescence effect of paper [9]. 

 

5. Contaminants harmful for mankind 
Besides the fact that indoor contaminants can be harmful for cultural artefacts, organic con-
taminants can be present that are harmful to the public and occupational health. An example 
is the emission of contaminants from wooden objects and wooden constructions found in 
historical buildings. Previously these objects were treated using wood preservatives to pro-
tect them against, for example, mould and woodworm. Well known biocides, also affecting 
our health, are PCP (penta chlorophenol), lindane and dichloro diphenyl trichloro ethane 
(DDT). These chemicals were applied at high concentrations even until the late 1980s. Now, 
even over 10 years after the application of these chemicals in historical buildings the com-
pounds may emit concentrations harmful for the public and occupational health [10].  

Although many of these compounds are now prohibited, the emission of these compounds 
from treated building materials continues. This also occurs in historical objects present in a 
museum where wooden objects (e.g. pieces of furniture, blanket chests) were previously 
treated with PCP or DDT. The following example will show more details about the use and 
cleaning of DDT. 

In 1999, an inventory and assessment of the indoor objects present in Castle-museum at 
Nieuw-Loosdrecht (the Netherlands) was undertaken. It was found that even on non-coated 
surfaces of the wooden artefacts a white glow was present on the surface. Analysis showed 
that this film contained DDT. The archives of the museum showed that in 1968 Detmol was 
used as an insect/pest control compound. Detmol contains DDT and was prohibited by law 
in 1973. By means of large-scale cleaning actions, the surfaces of all the objects were freed 
from the film containing DDT, however it is unknown yet if this cleaning action was really 
effective. After the cleaning action, no control of the indoor environment and the surfaces of 
the objects were analysed.  
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Often, the treatment of collections against mould, insects etc. is not always documented. 
Therefore, it is difficult to retrieve these previous preservation treatments and to find out if 
non-permitted chemicals were applied. For example it was concluded during a study at the 
National Museum in Wales that pesticides applied were not documented well [11]. In certain 
natural history collections mercury salts, DDT, ethylene oxide, naphtalene, 2,2- dichloroe-
thenyl dimethyl phosphate and carbon disulphide CS2 can be present. Once brought into the 
objects, they have the ability to reemit and may present a threat for our health. The emission 
can also occur after they react in the object. For example, the emission of metallic mercury 
(Hg) from collections treated with mercury chloride (HgCl2). Traditionally this treatment 
was applied frequently up to end of the 1970’s to protect herbarium collections. Herbarium 
materials were soaked in a solution of HgCl2 /ethanol, or they were brushed with a solution 
of HgCl2/phenol. Several investigations proved that these collections do have a serious effect 
on the indoor air quality. Oyarzun discovered that the mercury concentration at the Madrid 
herbarium exceeded 40 µg Hg per m3 [12]. Although the Scientific Committee for Occupa-
tional Exposure Limits (SCOEL) in 2006 advised a maximum threshold level of 20 µg/m3 
Hg indoors (time weight average of 8 hours), it was the World Health Organization (WHO) 
who decreased this maximum threshold level drastically to 1 µg Hg per m3 [12]. This sug-
gests that working in these polluted environments is unhealthy and unwanted. Therefore, 
solutions are needed to continue to work with these collections, as a non-consultable collec-
tion has no value for both the collectors and researchers. Figure 8 shows a page from an 
herbarium collection. Although it looks nice, invisible reactions take place as it was treated 
with HgCl2, which means mercury now is emitted slowly from its surface. 

 

 
Figure 8. A sheet from a herbarium collection (photo John Havermans). Both the brown spots and the white 

areas close to the leaves indicate that the object was treated. In this case with mercury chloride. 
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6. Discussion 
A collection only has value for collectors, researchers and visitors if it is accessible. Whether 
it is a collection of paintings, archival materials, a herbarium or a collection of mammals, 
one always needs to know the indoor air quality of the locations where the objects are kept. 
It is therefore extremely important to cooperate internationally and to develop simple tools 
to indicate the presence of certain contaminants. Once detected, the concentration must be 
determined and tested against present standards for indoor air quality. Subsequently the ef-
fect of the found contaminants on the present collection should be determined and actions 
should to be taken to improve the indoor air quality.  

To reduce the volatile pollutants, the application of a good ventilation system is required. By 
means of a good ventilation system, rooms can be flushed with clean(ed) air, resulting in a 
reduction of the concentration of contaminants. It is important that the air used for ventilation 
is not taken directly from the outdoor as this air may contain other contaminants that may 
also deteriorate the objects (e.g. NO2 and SO2). If air ventilation and air circulation is fre-
quently applied, an excess of outdoor contaminants can be avoided. Also, in the case of the 
application of an air purification system, an air circulation rate higher than an air ventilation 
rate will extend the durability of the applied filter system significantly. If it has been proved 
that the collection also emits contaminants, the circulated air should also be cleaned to avoid 
unwanted indoor air reactions. 

It is without any doubt that the presence of an air-purification system is not a guarantee for 
creating a clean indoor environment. Both environmental monitoring and maintenance of 
the system frequently are a need for keeping the indoor air quality under control.  

To avoid collection degradation by contaminants it is also important to know the source 
emitting the unwanted pollutants. However, this sounds easy while it is not. A good example 
is the contaminants formed due to natural ageing of an object. For paper collections, it sounds 
simple as frequently acidification is identified as the main source of natural deterioration. 
De-acidification sounds like a good remedy. However not all processes are based on similar 
chemicals, and therefore they may emit certain compounds such as ethanol [13]. Ethanol can 
be oxidized to acetic acid and can affect certain collections. 

If a collection has been in contact with harmful chemicals, it is advisable to put this collection 
in quarantine, until a solution is found. Methods to remove contaminants out of objects are 
rare at present, however research is on-going and innovative methods will be welcomed by, 
for example, collection keepers.  

Guidelines for a safe indoor environment are present, however as there are so many different 
guidelines, interpretation of the indoor air quality is not always that easy. Most guidelines 
are dedicated to the well-being of the human rather than to the well-being of the object. The 
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Netherlands, for example, shows National threshold levels of certain contaminants on-line 
(website of the Sociaal-Economische Raad, www.ser.nl). These threshold levels are set by 
Dutch law. However, frequently it is advisable to apply lower threshold levels, for example 
those that are published by the WHO. Again, these values are valid for the public/occupa-
tional health and not for the objects.  

In case the indoor air quality is investigated, one measurement takes place. And thus, other 
guidelines have to be applied, in order to have a representative value of the air quality. EN 
689 (1992) concludes that action must be taken in case 10% of the threshold value is found 
indoors. Many measurements for archival and museum indoor air quality are done now, and 
therefore there is a serious need for new interpretation guidelines for this sector as well. In 
certain cases, pollutants can be non-harmful for the public/occupational health as these val-
ues are based on a time weight average over 15 minutes or 8 hours. However, objects gen-
erally remain on location, and are therefore exposed to even low concentrations of contam-
inants for 7 days a week, 24 hours a day. Therefore slowly, non-reversible deterioration 
reactions may take place. 

Standardisation organizations, such as CEN, have working groups discussing guidelines. 
However, guidelines are also published at national level as is the case in the UK. Here the 
BS 5454 mentions that archival objects are only allowed to be situated in areas that are free 
of contaminants [14]. This is not actually possible, as archival objects also do emit contam-
inants. More realistic are the guidelines for storage in the Netherlands, presented by Vosteen 
[15]. These guidelines were developed as a part of the national programme ‘Deltaplan voor 
Conservering’ and are dedicated to safe storage of archival materials. Within the guidelines 
both threshold levels for concentrations of outdoor pollutants and a method to determine 
these levels continuously are presented. By the end of 1995 these guidelines were put into 
the Dutch law (archival act) [16]. Recently the values presented in the Archival Act were 
evaluated and revised (2010). It seems that after revision, the threshold levels have changed 
significantly and, if we compare these with the work of Vosteen, we can conclude that the 
indoor air after revision of the Archival act can be seen as dirty [17]. Also, the advised 
method for measuring and maintaining the indoor air quality has been removed. This may 
affect the collection seriously as by maintaining the new threshold values and having no 
control on the indoor air quality, deterioration of the present collection may accelerate. Such 
kind of change of guidelines, even adopted by law, may never be the intention for safeguard-
ing our heritage.  

Therefore, a continuous dialogue between those who are issuing the guidelines on safeguard-
ing heritage, interpreting these guidelines, and maintain these guidelines with (conservation) 
scientists is demanded. 
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Changing threshold values has to be done in dialogue, otherwise our heritage will be at se-
rious risk afterwards.  
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Specifying Air Exchange Rates of Showcases 
 

David Thickett 

 

A series of models to predict internal showcase conditions from room conditions, air ex-
change rate, materials and geometry have been tested. Control to low relative humidity with 
silica gel and dehumidifiers (including using a single dehumidifier to control several show-
cases), ingress of sulphur and nitrogen dioxide and the concentration of internally generated 
acetic acid have all been found to be accurately predicted. The models used were based on 
equations by Thomsen, Weintraub and Tétreault and Weschler. The ingress of dust was 
shown to be strongly affected by the air exchange rate, but details about the deposition of 
different particle sizes and ions were more complex. This approach allows setting targeted 
limits for air exchange rates for new showcases or re-fitting existing showcases to improve 
their performance. 

 

1. Introduction 
Air exchange rate (AER) has been recognised as a fundamental factor in showcase perfor-
mance since at least the 1960s [1]. Although the main function of a showcase is to provide 
security against theft and physical handling of its contents, all of the major preventive con-
servation benefits depend to some degree on air exchange rate. Methods for measuring air 
exchange rate were developed in the 1980s, but remained expensive and only relatively small 
numbers tests were carried out in heritage institutions [2]. The development of tests based 
on low cost commercial loggers greatly improved the availability of testing. This has allowed 
equations quantifying preventive conservation as a function of air exchange rate to be vali-
dated [2-3]. The properties required for a showcase depend on the artefacts to be installed. 
Some examples of the requirements for showcases housing particular material types are 
shown in Figure 1. The relative importance of each factor has been rated 1-5 for each object 
type. The major preventive conservation properties considered here are discussed below. 
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Figure 1. Object types and the environmental requirements for showcases containing them. 

 

1.1. Protection for relative humidity and passive relative humidity control 
Almost all showcases are installed to provide a degree of buffering for relative humidity 
(RH) against room fluctuations. It is important to be clear what timescale for buffering is 
required. Relatively small amounts of silica gel, e.g. 1 kg m-3 of Art Sorb (Creative Humidity 
LLC. Raleigh, NC USA), can reduce short term (daily) fluctuations. However, they will have 
little effect against longer term fluctuations (e.g. in a comfort heated room where the relative 
humidity may be 20% for several months) [4]. In this instance, the relative humidity in the 
case will drift down to the value of that in the room, unless large amounts (circa 8 kg m-3 of 
Art Sorb) are used [3]. 

For middle value RHs, 35-40% or 40-60% depending on contents, it was found 8 kg m-3 of 
Art Sorb was required in a case with an air exchange rate below 1 day-1. Table 1 shows the 
measured RH bands in a series of cases at Rangers House, London, from Thickett et al. [3]. 

The percentage of time within the RH specification, is very close to 100% for the showcases 
with an air exchange rate less than 1 day-1. This empirical approach to specification will only 
be valid for the showcase geometries and environments tested. 

Thomsen developed the first equation to quantify the effect of relative humidity and intro-
duced the concept of hygrometric half-life, the time taken for the RH inside the case to move 
half way to the value of the relative humidity outside the case [5]. 
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 (1) 

where t1/2 is the hygrometric half-life in days 
M is the specific capacity of the buffer, i.e. the amount of water vapour adsorbed 
for a 1% increase in RH in g kg-1 (for most materials this is a function of the rela-
tive humidity and a single value cannot be used over wide RH ranges), 
B is the loading of buffer material in kg m-3, 
n is the air exchange rate, day-1. 

The relative humidity inside a showcase can be calculated from the relative humidity in the 
room and the hygrometric half-life relatively simply with a spreadsheet. 

 

Table 1. Showcase and room RH bands for showcases with different air exchange rates 

Air Exchange 
Rate (day-1) 

Room conditions 
(Min-Max, %) 

Specification for 
showcase RH (%) 

Percentage time inside 
specification (%) 

0.4 25-82 40-50 100 

0.6 28-78 40-50 100 

0.6 25-80 35-45 100 

0.8 28-86 35-45 98 

0.8 25-86 0-40 100 

1.0 31-78 40-60 100 

1.6 31-78 40-60 96 

2.4 28-77 40-60 96 

2.6 25-77 40-60 81 

2.6 25-84 40-60 81 

4.5 25-82 35-45 41 

 

Weintraub and Tétreault developed a similar equation to determine the amount of silica gel 
required to buffer to a given RH fluctuation [6]. This can be modified to estimate the time 
taken to reach a given RH [7]: 

 

t1/2 = 4
MB
n
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 (2) 

where tRH is time to reach a specified RH (days) 
F is the targeted range of RH fluctuation (%) 
MH is specific moisture reservoir corrected for hysteresis 
B is the loading of buffer material in kg m-3 
Ceq is equilibrium concentration of water vapour (g m-3) 
D is decimal difference between the external RH and the enclosure RH. 

The equation was iterated by calculating the time to reach 0.001% RH intervals and adding 
the RH increase for which the time that was the closest to 1 hour (the logger time interval) 
to the previous reading. The hysteresis of silica gel complicates the application of both equa-
tions and Weintraub introduced the hysteresis corrected B value to take this behaviour into 
account. The corrected value can also be used in the Thomsen equation. 

These two equations along with two others were tested with a large series of polypropylene 
storage boxes. These two equations gave better agreement with monitored internal relative 
humidity values [8]. 

For vulnerable material, the relative humidity inside a showcase may be required to be con-
trolled to a value that is not the room average RH. The equations introduced previously can 
be used to calculate the amount of silica gel required to keep a showcase at a set RH level 
for a given period. Standard showcases have been designed and tested to keep the RH below 
30% for archaeological iron in very damp historical buildings [9]. The cases had air ex-
change rates of less than 0.4 day-1. The 11 kg of normal silica gel present, reliably dried to 
5% RH kept the 0.21 m3 cases below 30% RH for twelve months. After which time the silica 
gel was replaced. At low RH silica gel hysteresis is not an issue (the two drying and wetting 
isotherms are coincident). A series of 17 showcases have been investigated to determine the 
relative performance of the two equations. 

 

1.2. Mechanical RH control 
Mechanical control systems are frequently used for showcases. Humidifiers and dehumidi-
fiers have been used for over twenty years. An empirical study into the performance of 
Munters MG50 dehumidifiers in a series of showcases with different air exchange rates has 
been previously published [10]. The amount of water vapour ingressing or leaving a show-
case can be calculated from the change in RH (calculated previously), and change in tem-
perature, from the input data set. 

tRH =
MHFB
CeqDN



Specifying Air Exchange Rates of Showcases 

 29 

The capacity required for either humidification or dehumidification can be calculated from 
the room RH, the showcase air exchange rate, its volume and the specified RH. Figure 2 
shows how much water vapour (g h-1) needs to be removed each hour from showcases at St 
Peters Church, Barton in North England to keep archaeological bone below 65% in the damp 
church atmosphere. This data can be readily transformed into energy demand for the dehu-
midifier if its characteristics are known. 

 

 

Figure 2. Required dehumidifier capacity for the showcases at St Peters Church, Barton in North England 

 

Such calculations allow specification of case air exchange rates and the dehumidification 
equipment and have been used in English Heritage for over 10 years. When considering 
dehumidifiers, the temperature affects the dehumidification capacity and should be taken 
into account. The case and room RH monitoring from 6 dehumidified showcases was as-
sessed to determine satisfactory performance. Energy monitoring and monitoring the RH 
over the dehumidifier outlet were undertaken on the cases to verify the calculations. Dehu-
midifiers are relatively expensive and most have large capacities, significantly above what 
is required for even large case volumes. These calculations can be used to determine whether 
it is feasible to split a single dehumidifier between 2, 3 or even 6 showcases. The perfor-
mance of twelve such installations has been assessed. 

Small units that can both humidify and dehumidify are now available to control the RH 
inside showcases. Similar calculations for the required humidification and dehumidification 
capacity can be undertaken to specify the combination of showcase AER and unit capacity. 
Although several of the manufacturers are, at the moment, unable to supply the capacity 
figures for their equipment as a function of temperature, which is particularly important as 
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temperature particularly affects the dehumidification capacity of the Peltier type condensers 
used in many of these units [11].  

 

1.3. Protection against dust ingress 
Understanding the direct damage caused by dust is an emerging area. Ion deposition from 
dust onto metal surfaces has been recognised as an issue [12]. Alkaline dusts are also known 
to damage certain object types [13-14]. Inert dusts can also act as condensation centres ac-
celerating metal corrosion [15]. However, even fully inert dusts will drive cleaning of ob-
jects. Many object types are fragile, such as deteriorated silk or aged polychrome surfaces 
and even careful cleaning brings risks to the material. The composition of dust varies greatly 
and depends on its source. Whilst a sulphur dioxide molecule in London is identical to all 
those anywhere in the world, dust composition varies widely [16-17]. For a particular series 
of showcases a negative correlation was observed between the overall percentage of dust 
ingressing (compared to that in the room) [3]. Further investigations have been undertaken, 
measuring more showcases and looking at the particle size distributions and ion contents of 
dust ingressing into showcases as a function of air exchange rate. Whilst models have been 
developed for dust ingress into enclosed spaces, testing was not undertaken as part of this 
work, but is planned for the future. 

 

1.4. Protection against ingress of external pollutants 
Industrial pollutants, mainly from traffic, are increasing in many urban centres that house 
museums and historic properties. The key damaging pollutants for collections are nitrogen 
dioxide, ozone, peroxy-acetyl nitrate, sulphur dioxide, hydrogen sulphide and carbonyl sul-
phide, with dimethyl sulphide present in maritime locations and hydrogen chloride present 
in polluted maritime locations. The concentrations of these pollutants inside showcases are 
reduced from room levels by a combination of air exchange rate and deposition onto the 
internal showcase surfaces. For steady state conditions, this reduction is described by the 
mass balance equation developed by Weschler [18]. 

 (3) 

where I is the internal concentration (ppb or µgm-3), 
O is external concentration, 
n is air exchange rate (day-1), 
K is the surface removal rate (ppb or µg per day), 

I =
nO+G

V
n+ K
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G is the generation rate of pollutant (ppb or µg per day) 
V is the showcase volume (m3). 

as 

 (4) 

where v is the deposition velocity of the surface materials inside the showcase (ms-1) - this 
is a function of both temperature and RH 
A is the area of material (m2) 
V is the showcase volume (m3). 

 

For gases with no internal source, this reduces to 

 (5) 

where I is the internal concentration (ppb or µgm-3), 
O is the external concentration, 
n is the air exchange rate (day-1), 
S is the surface area (m2), 
V is the showcase volume (m3). 

Reducing the air exchange rate of the showcase will reduce the inside concentration for a 
given room concentration.  

The IMPACT project measured the deposition rates of sulphur dioxide, nitrogen dioxide and 
ozone onto a series of common (showcase) materials as a function of temperature and rela-
tive humidity [19]. The project also developed a web-based application to easily apply the 
Weschler model without numerous calculations [20]. A series of measurements has been 
undertaken on eight showcases in the British Museum. 

 

1.5. Concentration of internally generated pollutants 
Concentration of internally generated pollutants is probably the major drawback of show-
cases and needs to be controlled, ideally by removing unsuitable materials via testing, or the 
use of adsorbents if this has not been undertaken. 

Ethanoic (acetic) acid from wood products (wood itself, plywood, medium density fibre-
board, pin boards) and methanoic (formic) acid from paints and coatings are the most com-
mon damaging internally-generated pollutants inside showcases. The internal concentration 

K =ν
A
V

I
O
=

n

ν
V
S
+ n
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is again given by equation 3. If the species is not present in the room environment, O is zero 
and equation (3) reduces to [21]:  

 (6) 

Whilst G values, the surface generation rate of ethanoic and formic acid are available [22], 
very few values for K, the surface removal rates have been published. If two sets of meas-
urements exist for the concentration inside showcases with identical materials, but different 
air exchange rates, then a series of simultaneous equations can be developed and solved for 
K.  

The performance of a series of showcases has been studied for each of the properties and 
compared with published equations. Air exchange rates were measured along with the rele-
vant physical and chemical parameters. The showcases were carefully selected to reduce 
interferences, such as their contents affecting the parameters being measured. 

When designing a particular showcase, one needs to determine the requirements of the arte-
facts to be displayed. This determines which mix of factors are important. Many showcases 
contain mixtures of artefacts with different needs and a balance must be established. The air 
exchange rate specification can then be made knowing the effect on each factor, the room 
environment and considering how low an air exchange rate will be needed and what can be 
afforded. Whilst many manufacturers can produce showcases with air exchange rates below 
0.1 day-1, this is only possible with certain designs and generally will add something like 10-
20% to the showcase costs. Additionally, the showcases will need to be tested for compli-
ance. This can be done internally or externally, but either method has resource implications. 

 

2. Methods 
2.1. Protection for relative humidity and passive RH control 
A series of 17 new showcases was used to test the two equations. The internal and room RH 
(and T) was measured with loggers Rotronic Hygrolog D or radiotelemetry transmitters 
(Meaco). Both used Rotronic hygroclip I probes with RH accuracies of 0.8%, which under-
went 3 point calibration before and after the measurements with salts traceable to national 
standards (National Measurement Accreditation Service). The air exchange rates were meas-
ured using carbon dioxide tracer gas decay [2]. These cases have very little hygroscopic 
material present apart from the silica gel. The modelled RH data was compared to the rec-
orded data. The mean square difference (MSD) between the modelled and actual RH data 
was calculated. The model with the lowest MSD gave the best fit to the measured data. 

I =

G
V
n+ K
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Table 2. Calculated performance of new showcases 

Location Number of 
showcases 

Calculated number of days for the relative hu-
midity to increase from 5 to 30% 

  Thomsen Weintraub and Tétreault 

Portchester 2 512 524 

Pevensey 2 593 587 

Lullingstone 4 623 613 

Goodrich 1 381 380 

Osborne 1 703 694 

Jewel Tower 1 610 624 

Chesters 6 418 409 

 

 

A further 33 showcases were assessed, but using lower accuracy (± 2 or ± 3%) RH probes 
(Hanwell Humbug, Elsek GP10 and ACR SR002). These desktop type showcases had been 
installed in a range of English Heritage properties over a twenty-year period. The perfor-
mance of these cases was monitored (temperate and RH, air exchange rate (AER)) and MSDs 
calculated with the modelled data. The locations and physical characteristics of the cases 
examined are listed in Figure 3 and Table 3. 

 

Type A 
Type B 

Type C Type D 

 

Figure 3. Types of table top cases 
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2.2. Mechanical RH control 

Four showcases controlled with Munters MG50 dehumidifiers (www.munters.com) were 
monitored to assess how often the dehumidifier was running. The temperature and RH in the 
room and case, and at the dehumidifier outlet into the case, were monitored with Rotronic 
Hygrolog G loggers (www.rotronic.com) set to record every 1 minute. The energy consump-
tion of the dehumidifier was calculated by measuring the voltage and current drawn, using a 
Tinytag TGE-0001 logger (www.geminidataloggers.com). 

The performance of 12 Munters MG50 or MG90 dehumidifiers, each controlling 2 to 6 
showcases was assessed by monitoring the room and showcase temperature and RH using 
Rotonic Hygrolog G loggers or Meaco radiotelemetry transmitters (meaco.co.uk). Any rapid 
instances of the RH moving towards the room RH and falling/rising back were assumed to 
be the showcases being opened. In 6 situations, a log was kept when the showcase keys were 
accessed and compared to the data. 

 

2.3. Protection against dust ingress 

Dust ingress into 40 showcases was measured in a range of environment types and covering 
a large range of air exchange rates. Glass slides were exposed for twenty days to collect dust 
and analysed with microscopy and image analysis to give the percentage surface coverage 
[23]. The percentage in reduction of this compared to a slide exposed in the room containing 
the showcase was calculated. The particle size distribution and chloride content were deter-
mined in three showcases in two rooms in a maritime location, Portchester Castle. The par-
ticle size distributions were extracted by image analysis. After image analysis, the soluble 
anion content of the dust was measured by extracting in water and ion chromatography. The 
sea salt aerosol and hence, chloride concentration in dust, is a strong function of wind speed 
and direction. It would be expected to vary greatly over time and a twenty-eight-day meas-
urement may not be very representative of the long-term deposition rate. As these showcases 
were replaced, samples of the showcase fabric were available. These were weighed, ex-
tracted with 18.2 MΩ/cm water and the chloride concentration and long term (twenty-eight 
years) deposition rate calculated. The filtered solutions were analysed with a Dionex DX600 
ion chromatograph (www.thermofisher.com) using a AS14A column, an eluent of 8 mM 
sodium carbonate and 1mM sodium bicarbonate. The solution ion concentrations were con-
verted to mass on the surface. 

 

2.4. Protection against ingress of external pollutants 

A series of measurements have been undertaken in showcases to test the validity of the 
Weschler equation and derived IMPACT model. Eight showcases, built between 1995 and 
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1999, in the British Museum were measured over twelve months. The showcases were se-
lected to have very similar designs and were built by the same company using the same 
materials. All the showcases investigated were approximately 2 m high, 1 m deep and 2 m 
wide, with ‘pull and slide’ doors as the front face. Showcases were selected in four galleries 
that contained only silver or ceramic objects. The air exchange rates were measured twice in 
the twelve-month measurement period. Sulphur dioxide and nitrogen dioxide concentrations 
inside the showcases and in the three different rooms they are located in, were measured 
with Palmes type diffusion tubes. Each measurement was for 28 days and a measurement 
was carried out every three months. The filter was extracted with 18.2 MOhm cm-1 water. 
The filtered solutions were analysed with a Dionex DX600 ion chromatograph as before. 
The airborne sulphur dioxide concentration was calculated from the extracted sulphate con-
centration, tube parameters and exposure time. The nitrogen dioxide was calculated from the 
combined nitrate and nitrate extract concentrations. The showcase dimensions and surface 
areas of each material present were measured. All the data and the room concentration was 
fed into the IMPACT application to calculate the internal concentration, and errors were 
calculated. This was compared with the measured internal concentration. 

 

2.5. Concentration of internally generated pollutants 

A sub-set of six showcases, from the twelve assessed previously at the British Museum, was 
selected to give a range of air exchange rates. Cases without objects that could be sources of 
carboxylic acids were selected and the surface area of an internal source (Moistop sealed 
MDF base and back boards) was measured. The emission rate of ethanoic acid from this type 
of sealed board had been measured previously [24]. All other materials in the showcases had 
undergone, and passed, accelerated corrosion tests with lead, indicating an extremely low 
emission rate of carboxylic acids. The air exchange rate of each case was measured twice. 
Carboxylic acid concentrations inside showcases were measured using diffusion tubes ex-
posed for twenty-eight days and analysis by ion chromatography [25]. Measurements were 
made every three months to account for the large seasonal variation in carboxylic acid con-
centrations in showcases containing wood products in naturally conditioned buildings. This 
is because seasonal variations in temperature and RH dramatically influence carboxylic acid 
emissions from wood products and paints. The equations were then solved for pairs of equa-
tions giving 15 values for K. 
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3. Results 
3.1. Protection for relative humidity, passive RH control 

Table 4 shows the predicted and measured RH values after a year and the MSD values for 
that years’ worth of high accuracy RH data. Figure 4 shows the data for the wider range of 
desktop case types with lower accuracy RH data. 

 

Table 4. Measured and calculated performance of new design showcases 

Location Showcase RH 365 days after installation of sil-
ica gel conditioned to 5% 

MSD 

  Calculated 
Thomsen 

Calculated 
Weintraub 

Measured Thomsen Weintraub 

Portchester 1 22 22 21 0.0086 0.0179 

 2 20 20 19 0.0158 0.0214 

Pevensey 1 18 17 16 0.0083 0.0118 

 2 19 19 17 0.0151 0.0211 

Lullingstone 1 17 18 18 0.0122 0.0101 

 2 15 14 17 0.0112 0.0281 

 3 18 19 18 0.0068 0.0041 

 4 18 17 19 0.0112 0.0054 

Goodrich 1 29 28 27 0.0095 0.0214 

Osbourne 1 15 15 13 0.0181 0.0071 

Jewel Tower 1 16 17 16 0.0110 0.0202 

Chesters* 1 25 26 28 0.0295 0.0136 

 2 24 25 24 0.0199 0.0052 

 3 26 27 28 0.0118 0.0190 

 4 28 28 29 0.0152 0.0025 

 5 25 24 25 0.0151 0.0144 

 6 27 27 26 0.0046 0.0166 

* Not a standard case design, top back hinged – type B in Table 2 
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Figure 4. MSD values of 33 showcases with lower accuracy monitoring 

 

The predicted RH values are in very good agreement with the measured values. Most values 
are within 2%, the combined measurement error of the RH probes used. Only two values; 
one from using the Thomsen equation and one from the Weintraub and Tétreault equation, 
are greater than this. This prediction of lifetime between changing silica gel would be the 
main purpose of the calculations shown. The MSD values are very good and there seems 
little difference in performance between the two equations. 

The MSD values from the much greater range of desktop type and air exchange rate show-
cases still indicate good agreement with either equation and the measured data. 

 

3.2. Mechanical RH control 

The calculated and measured percent running time for the six showcases controlled by 
Munters MG50 dehumidifiers is shown in Figure 5. 

There is a good agreement between the calculated percentage time the Munters MG50 de-
humidifiers need to run to achieve the target RH, and that measured by both the energy usage 
and the time low RH air is being fed into the showcases. 

In all twelve instances examined splitting a dehumidifier between 2, 3, 4 or 6 showcases 
provided the level of control estimated from the calculations. Showcases with lower products 
of volume and air exchange rate tended to run at lower RH values. Depending on the sensi-
tivity of objects present, careful consideration should be given as to which showcase the 
controller is placed in. The showcase with the controller best matches the RH setting. Show-
cases with a higher product of AER and volume tend to have higher RH values, those with 
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a lower product, lower RH values. The difference in RH was no more than 6% for any show-
case. More advanced control technologies are available, such as Eltek and TREND, but their 
costs tend to negate the cost benefit of splitting the dehumidifier between cases. It is often 
not significantly more expensive to use a separate dehumidifier and controller per case, 
which will give better control in most instances. 

 
Figure 5. Calculated and measured dehumidifier running time 

 

3.3. Protection against dust ingress 

The percentage dust deposition rates (compared to the rooms) are shown in Figure 6. There 
is a reasonable negative correlation between the percentage of dust deposition and the air 
exchange rate.  

 
Figure 6. Dust deposition rates 
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The amount of scatter shown is unsurprising with several different showcase geometries, 
opening systems and the seven locations used. There does not seem to be a difference in 
behaviour in dusts from the different typologies of environment. Results for the chloride 
deposition are shown in Table 5. 

 

Table 5. Dust and chloride ingress into three showcases at Portchester Castle 

Case Air Ex-
change Rate 

Dust coverage 
in 30 days (%) 

Chloride deposi-
tion rate 
µg/m2/day 

Long term chlo-
ride deposition 

rate mg/m2 

Room A  0.98 238  

Case 1 1.8 0.53 124 75 

Case 2 3.9 0.67 41 33 

Room B  1.23 335  

Case  2.1 0.76 61 41 

 

 

The dust ingress reduces with air exchange rate, as do the amounts of deposited ions, but to 
different degrees. 

Figure 7 shows the particles size distributions of dust deposited in showcases and the rooms 
they are in. Room 1 contains showcases A and B. Room 2 contains a single showcase. The 
particle size distributions were extracted by image analysis. 

Finer particles tend to penetrate showcases preferentially. The coarser dust (> 20 µm equiv-
alent diameter) does not ingress into the showcases. Figure 8 shows the same data with the 
percentage of number of particles at each size fraction calculated compared to the room. 

A greater proportion of finer particles ingress the showcases. Each case shows a different 
distribution due to different crack sizes and geometries. There is no apparent correlation with 
the measured case air exchange rate. 
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Figure 7. Particle size distributions of dust in showcases 

 

 

 

Figure 8. Percentage of dust ingressing at each size fraction 
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3.4. Protection against ingress of external pollutants 

The ratios of the measured value divided by the calculated are shown in Figure 9. The verti-
cal lines mark agreement with a ratio of 1. The error bars are estimated at 20% from previous 
measurements. If the error bar includes the vertical line, the results are statistically equiva-
lent.  

 
Figure 9. Comparison of measured and calculated sulphur dioxide and nitrogen dioxide concentrations in a 

series of showcases 

 

The measured concentrations were quite close to the values calculated from IMPACT. Over-
all, most measurements were within 30% of the calculated values for nitrogen dioxide and 
20% for sulphur dioxide. The July values, and to some extent the April values, seemed to 
show higher errors. This may be due to homogenous reactions in the gas phase, which the 
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model neglects. Such reactions can be driven by light, and light levels were highest during 
these measurements [26].  

The higher errors in the nitrogen dioxide values than the sulphur dioxide values are probably 
due to nitrogen dioxide being re-emitted from surfaces. The model assumes that once a gas 
has reacted at a surface it will not be re-emitted. Nitrogen dioxide can convert into nitrous 
acid which will be re-emitted [27-28]. 

 

3.5. Concentration of Internally Generated Pollutants 

Figure 10 shows the measured ethanoic acid concentration in the eight showcases. The red 
lines show the Weschler equation with the minimum and maximum K value extracted from 
the 14 pairs of simultaneous equations. Black lines for K = 0, no surface deposition and K = 
2, a relatively high value are also plotted. 

 
Figure 10. Ethanoic acid concentration inside glass and steel showcases with MDF 

 

The only emissive material in the showcases measured was medium-density fiberboard 
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exchange rate reduces. Practically, in this situation (these materials, environmental condi-
tions and geometries) this means there is a pseudo threshold for air exchange rate, above 
which the ethanoic acid concentration is low (below 750 µg m-3) and below which it rapidly 
increases to over 1500 µg m-3. The K values extracted are significantly lower than those 
published by Rhyl-Svennsen [21]. This is probably due to the low sorption capacity of the 
materials in the showcases selected. Rhyl Svennsen’s work was in a store with ethnographic 
collections, probably including several materials that would be expected to sorb ethanoic 
acid much more effectively. The K values extracted could be used to model similar showcase 
and collection materials over a range of surface to volume ratios and air exchange rates. 
Emission rates are available, and the increase in use of emission testing will generate many 
more rates for at least the studied species [29-30]. It should be noted that such testing at 
present does not assess at least 25 species reported to have caused deterioration of cultural 
heritage objects. Also, it is extremely likely that other species, as yet unreported, will also 
cause degradation. 

In order to specify an air exchange rate, it is necessary to have a critical concentration level 
to keep below. The effects of carboxylic acids on inorganic materials are well known [31]. 
Although their effects on organic materials are beginning to be studied, generally there is a 
great deal of uncertainty for many organic materials [32-33]. This area has been a major 
topic in the European Commission Seventh Framework Project, Measurement, Effect As-
sessment and Mitigation of Pollutant Impact on Movable Cultural Assets. Innovative Re-
search for Market Transfer, MEMORI [34]. Critical ethanoic acid concentration levels have 
been tabulated on the MEMORI website [35]. 

 

4. Conclusions and future directions 
A variety of numerical models have been verified that allow modelling of internal showcase 
environments from external data, air exchange rates and geometry and materials details. 
These appear to be sufficiently accurate to allow specification of air exchange rates for new 
cases to meet particular criteria depending on their contents. The examples presented in this 
work used concurrent environmental and air quality data. For specification, previous or mod-
elled data will need to be used. Modelled data is still relatively expensive and a previous 
year’s data is most commonly used. Some work has already been undertaken looking at 
seasonal variation of air quality pollution data in a particular space [36]. Further work is 
required to assess annual reproducibility of climate data in a given space and its impact on 
the passive and mechanical control calculations presented. The routine application of air 
exchange rate measurements when new showcases are constructed guarantees their perfor-
mance from a conservation perspective. When new showcases do not meet air exchange rate 
specifications, suitable contractual agreements are required to redress the issue. 
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The authors plan work to assess dust infiltration and deposition models with the data pre-
sented and other sets already collected. Whilst the passive control model appears to work 
well at low RH values, many institutions rely on cases at middle RH values for organic 
objects. The moisture specific reservoir value ‘M’ values are RH dependant above 40% and 
it is planned to develop a model in the future to accommodate this information. The effect 
of hysteresis will also be studied and the model corrected for this. Many existing showcases 
contain wood or wood products. These present a more complex situation. The depth of water 
vapour penetration into wood is strongly time dependant. This means that the amount of 
buffer material available depends on the duration of the RH fluctuation. For oak with a four-
hour RH fluctuation, only the top 2 mm of the surface will be able to respond, whereas for a 
fluctuation occurring over three days, 10 mm of wood will act as a buffer. This would in-
crease the loading ‘B’ value significantly for longer fluctuations. Initial work indicates it is 
possible to take this effect into account empirically by allowing the hygrometeric half-life to 
vary in the calculations and use the best result. 
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Should We Discard Historical Wooden Archival 
Boxes? 

 

Michel Dubus, Victoria Asensi Amoros, Stéphane Bouvet, Jean-Michel Brarda-Wieber, 
Isabelle Colson, Anne-Laurence Dupont, Agnès Lattuati-Derieux, Catherine Lavier, 

Éric Masson, Thi-Phuong Nguyen, Caroline Rogaume, Valentin Rottier 

 

A total of 868 historical wooden archival boxes from the municipal and regional archives as 
well as from the French National Archives were studied by archaeodendrometrical tech-
niques. The boxes were shown not to be airtight and to emit moderate concentrations of 
volatile organic compounds. The interactions between their content and the indoor environ-
ment were studied to investigate whether the emitted volatile organic compounds can impact 
the stability of the cellulosic documents and metallic artefacts they contain. Regardless of 
their age, results have shown that the boxes do not seem to represent a particular risk for 
cellulosic materials nor metallic artefacts. 

 

1. Introduction 
Since the early Middle Ages, archives have been preserved in wooden boxes, otherwise 
known as in French as layettes or cassettes. They were largely replaced in the twentieth 
century by cardboard boxes, partly because wood is known to emit volatile organic com-
pounds (VOCs) that may degrade the documents. A number of institutions still keep them in 
storage or on exhibition, others in educational showcases. 

Scientists from the Centre for Research on the Conservation of Collections (CRCC), the 
Centre for Research and Conservation of the French Museums (C2RMF), the Scientific and 
Technical Laboratory of the French National Library (BnF) and the Laboratory for Study 
and Research on Wood Material (LERMAB – ENSTIB) have been working together in col-
laboration with Puratech, a company specializing in air quality, to check the historical value 
of the boxes and their safety towards their contents. In addition, a large set of historical boxes 
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was studied by archaeodendrometry and dated the wood. The latter was done by the Univer-
sité Pierre et Marie Curie (CNRS-URM8220), in association with the company Xylodata. 

 

2. Experimental 
2.1. Characterisation of the wooden boxes 

2.1.1. Dating and wood craft 

A total of 868 boxes, held in the archives of national museums (libraries and general docu-
mentation offices of the museums of France), the national archives, the municipals of Mont-
pellier and Toulouse, the departments of the Ardennes, the Haute Marne, the Hautes-Pyré-
nées, the Loire-Atlantique, the Lot, the Vaucluse, the Meurthe-et-Moselle and the Puy-de-
Dôme, were studied using archaeo dendrometric methods. In addition, 288 of these boxes 
were dated using dendrochronology. 

An example of such a wooden box is shown in Figure 1. Ordered by Anne de Bretagne, 
Duchess of Brittany in the sixteenth century, it is among the oldest boxes in France. It shows 
the care taken by the craftsmen in the cutting (radial by cleavage) and the shaping of the 
wood (cuttings, grooves) as well as the assembly (using dovetailed joints). 

 

 
Figure 1. Detail of a box made in oak tree (Quercus sp.) from the treasure of the charters of the Duchy of 
Brittany, kept at the departmental archives of Loire-Atlantique, Nantes, France – © C. Lavier.  Arrow 1 

demonstrates the perfect radial cutting by cleavage; arrow 2 shows an example of a groove shaping and ar-
row 3 shows the assemblage by dovetail joint between the two boards. 

 

The plant species of every board of every box was defined by microscopy. Dendrometrical 
examinations were performed to study the production of the boxes (cutting, shaping, and 

1 

2 3 
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assembly) as well as the morphology of boards (characteristics of the trees used). Dendro-
chronological experiments were made according to protocols set up for wooden objects and 
artworks, without impairing the integrity of the object, neither taking any sample, nor de-
structing the object [1-4]. All data obtained were analysed in order to determine the position 
of the wood in its tree, to precisely date the felling of every tree and to define its provenance. 
In all, more than 700 boards were studied by dendrochronology and 342 boards were actually 
dated. More than 78 000 pictures were made for the observations, measurements and use-
wear analysis with a total of 280 000 analysis points of the tree rings. 

 

2.1.2. Emission chamber tests on wood covers 

A first set of measurements to determine the volatile organic compounds (VOCs), such as 
benzene, toluene, ethyl benzene, xylene and carbonyl compounds), were carried out in an 
emission chamber of 51 litres on 7 oak covers (emission areas between 0.11 and 0.22 m²), 
which dated between the fourteenth and twentieth century.  A total of 28 passive air samplers 
(Radiello®*) were introduced under steady climatic conditions (25 °C / 55% relative humid-
ity) according to the NF EN ISO 16000-9 standard and this for 7 days (ISO 16017 2006) 
(Figure 2). The samples were placed in the emission chamber after 48 hours of filtered air-
wash cleaning in order to avoid any contamination. 

 

 
Figure 2. Set-up of the emission chamber according to the NF EN ISO 16000-9 standard. 

 

2.1.3. Air tightness and climate performance 

The air exchange rate (AER) was carried out on five wooden boxes with two different clos-
ing systems: sliding and flapping systems (Figure 3). After a week of acclimatization 
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(temperature 21 °C and relative humidity 50%), around 5000 ppm of CO2 gas was injected 
into the boxes, after which its concentration was monitored in order to evaluate their air 
exchange. For each box, three to four tests were performed. 

The climate performance tests were carried out using a climate chamber. Similar controlled 
relative humidity fluctuations (50 to 80%) were applied to each box.  The boxes were 
weighed at the start of the experiment and at the end of the experiment to evaluate the water 
mass loss or gain.  Our hypothesis here was that water vapour was the main exchange be-
tween the box and its surroundings [5-10]. 

 

 

Figure 3. The boxes of the archives of the Lot and Hautes-Pyrénées in the climate chamber – © M. Dubus. 

 

2.1.4. Volatile organic compounds 

Six nineteenth century boxes, made of poplar wood originate from notarial archives and held 
in the archives of the French Hautes-Pyrénées and Lot departments, were conditioned in a 1 
m3 glass chamber at a temperature of 23 °C and a relative humidity of 50%. Radiello tubes 
and solid-phase micro extraction fibres (SPME)** were placed outside and inside these boxes 
for 11 days. Diffusive (passive) samplers for organic acids Swedish Environmental Research 
Institute (IVL) were placed in four wooden boxes in a controlled environmental chamber at 
a temperature of 23 ºC and a relative humidity of 50%) (Figure 3). 
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2.2. In situ measurements into historic boxes 
2.2.1. Corrosion and volatile organic compounds 

A set of measurements was set up in the municipal archives of Toulouse and Montpellier, 
the departmental archives of Ardennes, Haute-Marne, Loire-Atlantique, Hautes-Pyrénées 
and Puy-de-Dôme, as well as in the archives of the national museums. Radiello® passive 
samplers were exposed for 10 days in the fresh air intakes, the ambient environment, and in 
either full or empty boxes to collect aldehydes and BTEX chemicals (benzene, toluene, 
ethylbenzene and xylene). In addition, Purafil type ERC*** silver and copper coupons were 
placed to assess the air quality (Figure 4). Results were interpreted according to references 
[11-14].  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. Exposure of Purafil coupons and Radiello samplers in 
one of the wooden boxes and in the ambient atmosphere at the 
departmental archives of Puy-de-Dôme – © M. Dubus. 

 

2.2.2. Concentration of volatile organic compounds 

Solid-phase micro extraction (SPME) coupled to gas chromatography mass spectrometry 
(GC-MS) allows collecting and characterizing a wide range of VOCs emitted by various 
materials. SPME/GC-MS is a sensitive and reliable technique. It is easy to apply and does 
not require material sampling. It has been successfully used to identify gaseous emissions 
from organic materials in artworks [15-16]. In the present study, SPME fibres were placed 
in three wooden boxes at the French National Archives for 15 days. 
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2.2.3. Cellulose degradation 

The impact of the microenvironment in five wooden boxes at the French National Archives 
was studied. Three out of the five boxes were those that were also used for the SPME sam-
pling reported above. The fourth one was an empty box, which was added to the test to 
differentiate the impact of the wood emissions from those of the box content. The fifth box 
was made of poplar which resembles boxes from the eighteenth century. However, it could 
not be studied by dendrochronology as sampling was not possible. It contained geographical 
maps on paper with a silk lining.  Examples are shown in Figures 5 and 6. 

 

 

Figure 5. Constitution box (1790), poplar, 
French National Archives, room 117, mezza-

nine, A/69 – © A.-L. Dupont. 

 

Figure 6. Oak box, French National Archives, room 
117 – © A.-L. Dupont. 

 

Four of the above-mentioned paper samples were placed in a neutral cardboard box and were 
kept in stable conditions in the laboratory (23° C and 50% relative humidity) during the same 
period (14 months) as the control samples. 

Whatman papers no.1 (W1) and no. 40 (W40), made of 100% cotton, were placed in the 
boxes for fourteen months as sensors. W1 has long fibres and a neutral pH, whereas W40 
has oxidized fibres and an acidic pH. Both papers were characterized at the start and at the 
end of the exposure time. 

Some of the W40 samples were pre-sensitised by chemical oxidation with sodium hypo-
chlorite at concentrations of 0.13% and 0.26% (percentage active chlorine). This treatment 
induced cellulose oxidation and a random chain cleavage, and was carried out for a better 
appraisal of the possible modifications incurred during the exposure. 

Four paper samples (W1, W40, W40-ox0.13 and W40-ox0.26) were placed in each of the 
five boxes, at the bottom or inserted between the archival documents.  

Physicochemical tests included viscosity measurements to determine the average degree of 
polymerization (DPv) and copper index measurements to determine the degree of oxidation 



Should We Discard Historical Wooden Archival Boxes? 

 55 

of the cellulose.  They were performed according to the TAPPI test methods TAPPI 230-
om99 and TAPPI 430 cm-99, respectively.  

 

3. Results 
3.1. Historical value 

The historical value of the wooden boxes is greatly linked to the quality of their manufac-
turing and to their age. Some are of the same or nearly the same age as the documents they 
contain. The oak wood or the fir (Abies alba), depending on their provenance, was replaced 
during the last century by poplar (Populus sp.), which was lighter and cheaper. 

At Nantes, 107 wooden boxes made using oak wood during the fifteenth and sixteenth cen-
turies, can be divided into three groups. The oldest ones, which are contemporaries of Anne 
de Bretagne, were assembled by wide dovetails. They are 52 cm long and 30 cm wide. Their 
sides are 15 mm in thickness. The second group is composed of 68 boxes with thin dovetails. 
Their edges are decorated with mouldings. They measure between 50 and 54 cm long and 
between 29 and 34 cm wide. The third group contains 23 boxes which are all assembled by 
nails, with a round profile for their tracks. Their sides are bevelled and shaped by cleaving. 
They measure between 53 and 54 cm long and between 31 and 34 cm wide. These wooden 
boxes thus belong to the memory of the duchy and its domain. 

In Avignon, 336 boxes are composed of fir and poplar with 43 whole boxes and 39 associated 
covers. The parchment and paper leaves, dating from the sixteenth to the eighteenth centu-
ries, have always been preserved inside these boxes. 

In Clermont-Ferrand, the boxes are composed of fir, sorb (Sorbus sp.), poplar and ash wood 
(Fraxinus ex.). They differ in size. The wooden boxes of the fund of Clermont's abbey, St-
Alyre, may have been made during the classification and the inventory recorded in 1787-
1788. A part of them was replaced in the first half of the nineteenth century (before 1860). 
52 boxes of the eighteenth century and 23 of the nineteenth century are empty. Three of the 
eighteenth century and eleven of the nineteenth century boxes are still full.  They are sup-
plemented by two wooden boxes from the collection of the convent of the Jacobins of Cler-
mont [18]. 

In Charleville-Mézières, two batches of seven and 93 boxes were not dated because of the 
weakness of the information obtained on their wood (poplar). 

At the National Archives, a group of 92 boxes, representing 552 boards of oak and poplar, 
was studied but none of them were able to be dated, either because of a problem of access to 
the tree rings, or because of a shortage of tree rings. 
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The treasure of the charters of the dukes of Lorraine is preserved in the departmental archives 
of Meurthe-et-Moselle, in the Hôtel de la Monnaie of Nancy, since 1771. The wooden 
shelves were replaced by metal shelves in 1980, then by compactus in 1993 during the ren-
ovation of the Treasure Room. The wooden boxes were used until 2011. 95 boards in oak 
wood date from the seventeenth and the eighteenth centuries, and those in fir wood date from 
the nineteenth century (Figure 7). 

 

 
Figure 7. Distribution of species of the wooden boxes of the departmental archives at Loire-Atlantique, 

Meurthe-et-Moselle, Puy-de-Dôme and Vaucluse according to the age of the wood – © C. Lavier. 

 

3.2. Air quality in the boxes 

For the six boxes studied (see paragraph 3.3), holes were noticed and some of them went all 
the way through (cracks, gaps, exit holes…). The results for all boxes are very similar with 
an air exchange rate of one to two volumes per hour (1-2 h-1), which means they cannot be 
considered as airtight boxes. In comparison, a well-constructed showcase has an air ex-
change value between 0.02 and 0.04 h-1. The air tightness seems to better for the flapping 
system compared to the sliding one. 

Indirect information was obtained during the test showing the climate environment in which 
these boxes were made and used. Indeed, while testing the boxes, it was noticed that opening 
and closing them is very difficult (in some case even extremely difficult) when they are 
acclimatized at a relative humidity of 50%.  This all becomes relatively easy at a relative 
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humidity of 80%. The monitoring of the weight of the boxes and of the climate fluctuations 
indicates that there is always an exchange of water vapour with their surroundings.  Never-
theless, in spite of their lack in airtightness, they seem to be able to protect their contents 
against the external daily variations of relative humidity and thereby show a certain buffering 
performance. 

IVL (Swedish Environmental Research Institute) diffusive (passive) for organic acids were 
placed in the four wooden boxes in a controlled environmental chamber (23 °C and 50% 
RH).  The analyses indicated concentrations of the order of 51-80 µg/m3 for formic acid and 
170-189 µg/m3 for acetic acid. It can be noted that these results are similar to those measured 
in archival boxes in the UK National Archives in Kew [19]. The acid concentrations meas-
ured in the ambient air in the chamber, where the wooden boxes were placed for the moni-
toring period, were quite similar, being 64 µg/m3 for formic acid and 166 µg/m3 for acetic 
acid. These results indicate that the organic acids emissions level of the boxes is low and 
that the equilibrium between the interior and the exterior of the boxes was easily established 
due to the high air leakage and high air renewal rate of the boxes.  

 

3.3. Air quality in the repositories 

In all of the repositories surveyed, the air quality is comparable to the one found in normal 
indoor environments. Corrosion of Ag and Cu indicates the presence of SO2, O3, NO2, and 
HCl that could affect cellulose, organic materials and metals. Copper sulphide (Cu2S) and 
copper oxide (Cu2O), silver sulphide (Ag2S) and chloride (AgCl) are the most frequent com-
pounds. The data have been interpreted with reference to the recommendations of Sacchi 
and Muller and ISO 11844-2 standard [14].  The pollutants inside and outside the boxes are 
the same and their concentrations are similar. Formaldehyde, acetaldehyde, acrolein, butyr-
aldehyde and valeraldehyde are the most abundant compounds that were identified. Formal-
dehyde and acetaldehyde are emitted by wood, wooden panels, solvent-based paints or 
cleaning agents. Acrolein is emitted by exhaust gases, heated grease, polymers manufactur-
ing and fumes. Butyraldehyde is emitted by photocopiers, printers or organic solvents. Val-
eraldehyde is emitted by books and newspapers, solvent-based paints, particles boards. Tol-
uene is emitted by paints, varnishes, glues, inks, carpets, gasoline. The correlation between 
the concentrations of aldehydes and toluene in ambient air and in the boxes, is equivalent, 
meaning that there is no particular pollution inside the boxes (see Table 1). 
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In the full boxes held in the national museums archives and in the archives of the department 
of Lot, this correlation is not observed; this is probably due to the content which emits addi-
tional VOC’s. The patterns of VOC’s distributions inside 3 boxes held in the French national 
archives are similar. The VOC’s identified are very varied, the most abundant are: straight-
chains alkanes, BTEX (benzene, toluene, ethyl benzene, xylene), PAH (polycyclic aromatic 
hydrocarbons) and phthalates; aldehydes and straight-chain saturated carboxylic acids, fur-
fural, vanillin, which are characteristic of wood and paper degradation; cinnamic and ben-
zenic derivatives which are indicators of beeswax. These last VOC’s are detected in boxes 
which contain wax seals. 

 

3.4. Degradation of the reference papers  

Being a hygroscopic material, paper is subjected to sorption and desorption cycles of humid-
ity and gaseous pollutants, depending on the ambient thermohygrometric parameters [20-
21]. The impact of pollutants on paper, whether these are outdoors or indoors generated, is 
still poorly understood. Recent research showed that formic acid is more aggressive towards 
paper-based collections than acetic acid, whereas aldehydes (formaldehyde, acetaldehyde, 
hexanal, furfural) have no deleterious effect [22]. 

At the end of the 14 months exposure period in the boxes, most papers (whether or not pre-
oxidized) did not show any significant decrease in the degree of polymerization (DPv) nor 
any additional oxidation. 

However, in two boxes, the highly pre-oxidized papers W40-0.26 showed a drop in the de-
gree of polymerization (DPv) of 23% and 8%, respectively, compared to the reference sam-
ple kept as control in the neutral cardboard box. The two boxes, their content, or their envi-
ronment thus showed a significant degradation potential for paper. The repository ambient 
air is likely not the cause of this degradation since the other boxes that were in the same 
environment (same room) did not induce degradation in the reference papers. It is worth 
noting that the two ‘aggressive’ boxes were both made of poplar and that they had a varied 
materials content, paper-based for the most part, but also a certain number of wax seals in 
one of the boxes, and silk used as paper lining material in the other. 

It is difficult at this stage to relate the decrease in the degree of polymerization of cellulose 
to the VOCs measured in the boxes. It is thought that cross contamination between emissive 
materials and the paper may be the cause, some organic acids may have been produced be-
sides formic and acetic. Despite the short exposure period, these results indicate a low dete-
rioration potential of the old wooden boxes for paper-based materials and evidence possible 
problems of cross contamination between vicinal mixed materials. Using sorbents in the 
mixed content boxes would possibly help to lower their deterioration potential. 
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4. Conclusions 
Irrespective of their age, wooden archival boxes present no danger neither to the paper nor 
to the metals, on the one hand because they are not airtight, on the other hand because they 
emit little volatile organic compounds. The boxes offer good protection against dust and 
water. They were not infested by insects. 

New passive samplers for organic acids have been tested. A methodology to assess the im-
pact of pollutants on the paper collections was applied in true scale.  

The dating method by dendrochronology has put the undeniable historical value of numerous 
boxes in to focus. For example, in Brittany and in Lorraine, where accurate and precise 
craftsmen made custom-made layettes to keep the treasures of the charters. Their know-how, 
until now underestimated, even perhaps ignored, is unique in Europe. 

The species of wood used vary over time and in geography: oak wood in Nantes in the fif-
teenth and sixteenth centuries, as well as in Lorraine in the eighteenth and nineteenth centu-
ries and fir wood in Avignon from the sixteenth to the nineteenth century, as well as in Lor-
raine and Puy-de-Dôme during the eighteenth and nineteenth centuries. 

In Nantes, Clermont, Montpellier, Tarbes, the boxes have not been used for several years, 
but they are still carefully stored.  Whereas in Cahors, Avignon, Châlons-en-Champagne, 
Charleville-Mézières or Toulouse, the boxes are still in use. 
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* Radiello® is a radial diffusion passive sampler made up of a diffusive element in which a cartridge is in-
serted, all mounted on a support. The type of diffusive element and cartridge depends on the pollutants to be 
analyzed. The diffusion of the compounds depends on the thickness of the membrane and of its porosity, 
hence higher or lower flow rates. The compounds are desorbed by adding a solvent (CS2) to be analyzed by 
gas chromatography. 
 
** The principle of this technique is based on the adsorption of volatile compounds onto a fused silica fiber 
coated with a polymer phase inserted into a support about twenty centimeters in length. The fiber is placed 
close to the emissive material for a predetermined period of time ranging from a few hours to several days. 
The fiber on which the volatiles are adsorbed is then inserted into the injector of a chromatograph and the 
compounds are thermally desorbed, separated and then characterized by GC / MS. 
 
*** Silver and copper corrosion coupons (CCC) are used to assess the air quality in low corrosive environ-
ments in museums, archives and libraries. The corrosion products depend on the pollutants, and the corrosion 
rate depends on the level of contamination. After one month, the coupons were sent to the Purafil laboratories 
to be electrochemically analyzed. The report contains the photography of the coupon, the thickness of the 
corrosion film and the classes of corrosion. Most often, copper sulfide (Cu2S) and oxides (Cu2O), silver sul-
fide (Ag2S) and silver chloride (AgCl) are identified. A data base for museums and archives is used as a 
benchmark for comparison.
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The EU project PROPAINT (SSPI – 044254) (2007 - 2010) investigated the protection 
against gaseous air pollutants offered by microclimate frames (mc-frames) for paintings and 
the degradation of varnishes due to air pollutants. As a part of this work the environmental 
quality inside mc-frames was assessed by using a combination of dosimeters that measured 
the photo-oxidizing and acidic impacts of gaseous air pollutants, and by using passive diffu-
sive samplers to measure the levels of single pollutant gases.  In addition, varnish samples 
were exposed to pollutant gases in the laboratory and to environments in museums. The 
analysis of the varnish samples showed, among other effects, comparable oxidising and cross 
linking of natural resins due to exposure to acetic acid, and due to exposure to NO2 and O3.  

 

1. Introduction 
Paintings are among the most important and most visited masterpieces in European muse-
ums, galleries and exhibition facilities. A main task for museum administrators and conser-
vators is to preserve the paintings as close as possible to the artists’ original expression. 
Specially designed microclimate frames (mc-frames) are increasingly being used to protect 
paintings against degrading influences of various indoor environments. There is a growing 
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concern about the nature of the microclimate which develops over time inside these enclosed 
spaces and its potential to damage the paintings. 

The main aim of the EU PROPAINT project was to “provide conservation staff and stake-
holders with innovative protection treatments used as a preventive conservation measure for 
paintings during exhibition, storage and transit”. To achieve this aim, the following objec-
tives were investigated [1]: 

• Evaluation of the protective effect of microclimate frames for paintings. 
• Evaluation of the physical-chemical state and hence the protective effect of varnishes 

on paintings, generally and in microclimate frames specifically. 
• Contribution to preventive conservation strategies and standards for microclimate 

control of paintings on display, in storage and in transit. 
• Optimisation of microclimate control and its implication for design of new microcli-

mate enclosures. 

The environmental conditions inside microclimate frames, particularly the synergistic action 
of pollutants, relative humidity, temperature and light, had not been much investigated prior 
to the PROPAINT project. To address the objectives of the project air pollutants and their 
potential degradation of paintings were measured for the first time inside microclimate 
frames. In addition, the protective effect of varnishes on paintings were analysed and evalu-
ated. 

This paper reports the methods developed and results obtained in PROPAINT from passive 
measurements of the air quality inside the microclimate frames, and the main observed ef-
fects of the exposure of varnish samples to air pollutants in the laboratory and to the envi-
ronment inside and outside of microclimate frames in museums. 

 

2. Experimental 
The quality of the environment inside the mc-frames was assessed by using a combination 
of dosimeters that were developed in previous EC research projects: AMECP (EV5V-CT92-
0144), MASTER (EVK4-CT-2002-00093) and MIMIC (EVKV-CT-2000-00040). Four 
types of dosimeters were used.  They included the “Birkbeck resin mastic and lead coated 
piezo electric quartz crystals (RM-PQC and L-PQC)”, the “NILU Early Warning Organic 
(EWO) dosimeter” made from a synthetic polymer and the “Fraunhofer glass slide dosimeter 
(GSD)” [2]. The dosimeters measured either the photo-oxidizing or acidic impacts of gase-
ous air pollutants. The piezo electric crystals measured the air quality impact as electronic 
frequency shift in the crystal vibration (delta f/F0 or % change) due to reaction on and weight 
change of the crystals. The EWO and GSD dosimeters measured the air quality impact as 
increased light absorption at through the dosimeters at designated wavelengths in the UV 
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(EWO-absorption units) and IR (GSD-Delta E) bands, due to the impact [2-3]. The concen-
trations of specific air pollutants, including NO2, O3, SO2, formic and acetic acid, formalde-
hyde and volatile organic compounds (VOCs), were measured inside and outside of micro-
climate frames. All the pollutants, except the total volatile organic compounds (TVOC), 
were measured with diffusive passive pollution samplers of the IVL badge type. TVOC was 
measured by tube type samplers with Tenax sorbent [1, 3, 4].   

The degradation of the varnishes by gaseous air pollutants was evaluated by accelerated 
ageing of varnish samples, by exposure to NO2, O3 and acetic acid in the laboratory and by 
long-term exposure inside mc-enclosures in museums, and subsequent chemical and physi-
cal analysis. Mastic, dammar, MS2A and Paraloid varnishes, and dammar and MS2A also 
with added Tinuvin, were prepared by spraying on stainless steel foil of dimension 0.01 x 2 
x 8 cm [1]. The varnish samples were exposed in 21 separate experiments to either NO2, O3, 
NO2 + O3 or acetic acid, at a temperature of 22°C, every time at constant concentration and 
relative humidity varying between 5.5 and 22 ppm and from 20% to 80%, respectively, for 
the single exposures which were run for 10 to 30 days. The varnish samples were also ex-
posed in the field, inside and outside of microclimate frames and in vitrines, for periods of 
8 to 17 months in six museums. The major methods used for the analysis of the samples 
were optical microscopy, dynamic mechanical thermal analysis, scanning probe techniques 
and various gas chromatography and mass spectrometry techniques [1].  

Table 1 gives an overview of the locations for the mc-frames, where the environment was 
measured, and the properties of the frames. The SIT-Artyd mc-frame (No. 1, Table 1) was 
arranged as a “worst case scenario” and a fresh oak panel prepared with a natural varnish 
and a polyvinyl chloride (PVC) containing old white carpenter’s glue was installed. Varnish 
samples were exposes inside mc-frames no. 4.2, 5, 6, 9.1 and 9.2 (Table 1), and in addition 
in a vitrine in the Uffizi gallery in Florence. 
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3. Results 
The measurements of air quality with dosimeters and passive samplers generally showed 
low levels of pollutants from the external, but high levels of internally emitted organic acids 
(and other volatile organic compounds) inside most of the mc-frames [1, 2, 4]. Figure 1 
shows results from exposure of 4 types of dosimeters in the mc-frames and rooms compared 
with recommended levels for environments.  

 

 
Figure 1. Results from measurements with dosimeters in PROPAINT, displayed in location-tolerance dia-
grams with recommended values for cultural heritage objects in indoors locations. Results from (A) RM-

PQC (x-axis) and L-PQC (y-axis) and from (B) EWO (x-axis) and GSD (y-axis). The numbers given in the 
diagrams are tolerability location levels: 1. Archive store, 2. Purpose built Museum Gallery, 3. Historic 

House Museum, 4. Open display in open museum, 5. Outside store with no control, as determined in the EU 
project MASTER. The three close vertical lines (left to right) for each level give tolerability at the relative 

humidity of = 45%, 55% and 65%. 
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The assessment of the recommended levels for the EWO dosimeter response were made in 
the EU project MASTER [5] and were further developed for the GSD dosimeter and the PQC 
dosimeters in PROPAINT [1, 2]. Table 2 shows the respective measurement values. 

 

Table 2: Measurement values for the dosimeter measurement 

No. Location EWO GSD Resin mastic PQC Lead PQC  
(Table 1) (Absorption 

units) 
(Delta E) (1000 * delta f/F0) (% change) 

Inside mc-frames 
1 Sit. Artyd 0.0028 0.83 4.0 54.9 
2 NG 0.0000 0.025 

  

3.1 EH. A.H. 0.0023 0.012 5.4 12.1 
3.2 EH. K. 0.0047 0.282 2.2 29.4 
4.1 Tate B. 0.0029 0.15 5.8 40.5 
4.2 Tate S. 0.0002 0.28 5.4 27.3 
5 SMK 0.0082 0.016 

  

6 MBV 0.0202 0.025 10.7 12.6 
7 MNA 0.0026 0.018 0.5 10.2 
8 GNM 0.0051 0.136 

  

9.1 NMK1 0.0184 0.063 
  

9.2 NMK2 0.0017 0.063 
  

In rooms 
1 Sit. Artyd 0.0204 0.01 

  

2 NG 0.0178 0.013 
  

3.1 EH. A.H. 0.0360 0.014 25.4 10.6 
3.2 EH. K. 0.0239 0.008 13.0 

 

4.1 Tate B. 0.0190 0.04 25.5 24.4 
4.2 Tate S. 0.0025 0.02 4.7 11.9 
5 SMK 0.0266 0.019 

  

6 MBV 0.0464 0.017 29.2 3.1 
7 MNA 0.0358 0.014 22.6 4.8 
8 GNM 0.0485 0.014 

  

9.1 NMK1 0.0255 0.054 
  

9.2 NMK2 0.0178 0.05 
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Figure 2 shows the level of the oxidizing gases NO2 and O3 measured inside and outside mc-
frames. 

 

 
Figure 2. Concentration of NO2 and O3 measured inside and outside the mc-frames. For location-abbrevia-

tions, see Table 1. Reported zero values for NO2 were measured to below the detection limit. The results for 
the O3 concentration in the room at location EH A.H. is not available. 

 

Figures 3 and 4 show the measured inside to outside ratios and levels of the organic gases, 
respectively, measured in the mc-frames and rooms. The concentration of NO2 or O3 was 
measured to below 6 µg m-3 in all the studied mc-frames, and to below 2 µg m-3 in most of 
the frames. The measurements showed that organic gases are often present at magnitude 
higher concentrations inside mc-frames than outside the frames. 
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Figure 3. Inside to outside ratios of organic gases measured in mc-frames in PROPAINT. 

 

 

 
Figure 4. Total concentration of volatile organic compounds (TVOC), acetic acid, formic acid and formalde-

hyde measured inside and outside the mc-frames in PROPAINT. See Table 1 for location abbreviations. 
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A concentration of TVOC up to ~ 5000 µg m-3 was measured in many of the “modern” 
(Table 1) mc-frames whereas the level of TVOC in the “mc-frames adapted to classic 
frames” were measured up to about 2000 µg m-3 (Figure 4). Especially, toluene, methyl met-
acrylate and chloroform were measured in high concentrations in several of the “modern” 
mc-frames, and also hexanal and octanal in one of the “modern” mc-frames5. Methyl met-
acrylate and chloroform were measured exclusively in the “modern” mc-frames. The level 
of alfa-pinene was particularly high in one “mc-frame adapted to a classic frame” (No. 4.2, 
Table 1), whereas a relatively high concentration of some other organic compounds was 
measured in some of the “mc-frames adapted to classic frames” in Table 1: 3-carene in no.2, 
limonene in no. 4.2 and hexanal in no 3.1 and 5 [4]. A concentration up to ~ 2000 µg m-3 of 
acetic acid and up to ~ 500 µg m-3 of formic acid were measured inside the mc-frames (Fig-
ure 4).  

For the varnish samples that had been exposed in the laboratory and field [1], markers of 
change at the molecular and macro-levels were identified. The physical and chemical anal-
ysis of the varnishes that had been exposed to high concentrations of pollutants in the labor-
atory, showed a comparable oxidising and cross linking of the natural resins due to exposure 
to acetic acid, and due to exposure to NO2 and O3, with some dependence on RH. In com-
parison, the synthetic resins, MS2A and B72, on the whole, showed less sensitivity to these 
pollutants. B72, however, did exhibit marked sensitivity to ozone, and this sensitivity was 
shown to be RH dependent. Ozone was found to be more aggressive at low values of RH 
than at high RH values. Where Tinuvin 292 was used, as in dammar and MS2A, its retarding 
action on degradation was confirmed.  

The markers of change of the varnish samples were used to rank the physical-chemical 
changes that were measured following the exposure within mc-frames and in rooms in se-
lected museums. Differences were observed between varnishes exposed within mc-frames 
and in rooms for each location, which could not be attributed to light and were found to be 
influenced by levels of acetic acid within the mc-frames and their measured air exchange 
rates. 

Retention of solvents in MS2A varnish films even two years after the preparation were ob-
served (Figure 5). 
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Figure 5. Aromatics contained in the solvent used to prepare the MS2A varnish replicas were retained in the 
resin film, even after two years exposition in museum environment. Thermal desorption at 130 °C and analy-

sis by Py-GC-MS. 

 

4. Discussion and conclusions 
Microclimate frames are known to protect paintings against rapid fluctuations of relative 
humidity [6-7]. The measurements in PROPAINT with dosimeters and passive diffusive 
samplers showed how the use of mc-frames affect the presence of air pollutants and their 
expected degradation of objects inside the frames. 

The measurements and analysis that were performed with a range of dosimeters showed very 
different response between the dosimeters, and between the inside and outside of the mc-
frames for the different dosimeters. By correlation of the dosimeter responses with the meas-
ured pollutant concentrations it was found that the EWO and the RM-PQC were sensitive to 
NO2 and, or O3 whereas the GSD and the L-PQC were sensitive to acetic acid [2]. The EWO 
and RM-PQC dosimeters gave a much higher response outside than inside the mc-frames. 
Oppositely, the GSD and the L-PQC dosimeters gave much higher response inside than out-
side the mc-frames. By using pairs of the dosimeters with complementary response, it was 
found that a better evaluation of the air quality for objects in the mc-frames, or in other 
indoor locations, could be obtained. The response levels (1-5) for the measurement locations 
(mc-frames and rooms), shown for the L- and RM-PQC dosimeters in one diagram (A) and 
for the EWO and GSD dosimeters in another diagram (B) in Figure 1, are very similar. This 
shows that these two systems have a similar sensitivity to the environment. Most of the room 
locations were categorized as “Historic House Museums” (Figure 1), which was found to be 
realistic. One more protected room location, Tate store (no. 4.1, Table 1) was categorized as 
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“Archive store” (Figure 1). Three room locations (no. 3.1, 6 and 7, Table 1) were categorized 
by the dosimeter measurements (Figure 1 and Table 2) as either “Open display in open mu-
seum” (no. 3.1 and 7) or “Outside store with no control” (no. 6). These were all museums 
located in polluted urban areas. Some of the locations inside the mc-frames were categorized 
as level 1: “Archive store”. However, several locations were categorized to the levels 2 and 
3, and even to the levels 4 and 5. The categorization to the levels 2 and 3 were due to more 
infiltration of external pollutants because of higher pollutant concentration in the rooms and, 
or because of more ventilated frames. The categorization to the levels 4 and 5 were due to 
more internal emission of acetic acid inside the frames. 

The measurements that were performed with diffusive samplers of single pollutant gases 
showed that the mc-frames reduced the presence of NO2 and O3 inside the frames to low 
concentrations. In two well-sealed frames, no. 3.2 (EH A.H.) and 6 (MBV), relatively high 
values of O3, which were difficult to explain, were measured. The concentrations of VOCs 
in the mc-frames, resulting from internal emissions, were in most cases high (Figure 4).  

An important source for the high concentrations of acetic and formic acid, and for the high 
concentration of alfa-pinene found especially in one mc-frame, was probably wood in e.g. 
the mc-frame, picture frame and stretcher. It is also known that solvent based lacquers are 
primary emission sources for VOCs and their secondary reaction products, and that acetic 
acid is formed through hydrolytic cleavage of acetyl esters emitted from lacquers [8]. The 
emission source for the high chloroform concentration found in several of the “modern” mc-
frames was located to be a procedure for gluing of polymer foams by using chloroform. 
Little is known about the possible long-term degradation effects to paintings from the VOCs 
that were measured inside the mc-frames, but it has been shown that especially the low mo-
lecular weight formic and acetic acids degrade some organic materials, such as paper [9-10], 
and also other materials [11]. The studies of the varnishes in PROPAINT showed that acetic 
acid can have comparable oxidising and cross-linking effects on natural resins as can expo-
sure to NO2 and O3. This can have implications for the future state of conservation and need 
for conservation treatment of paintings kept in mc-frames. The aromatic compounds, from 
solvents used to prepare the varnishes, that were found to be retained for a long time in 
MS2A films, are known to be dangerous for human health, and may be harmful for the paint 
layers because they could migrate towards the paint films and act as solvents for some of the 
paint constituents. This could affect the stability of paint layers and contribute to the well-
known phenomenon of the ghost images on the inside of the glass in front of the painting.  

The organic pollutants that were observed inside mc-frames, are emitted from traditional 
materials used in the mc-frames, such as wood, from new synthetic materials, but also from 
the objects installed in the mc-frames. The use of new synthetic materials in mc-frames has 
opened a new line of research concerning emissions from new and modern materials, the 
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reactivity of the emitted compounds and their effects on cultural heritage objects such as 
paintings. More research is needed to understand the effects of organic acids and other VOCs 
at the levels measured, especially on objects made from organic materials. 
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“Beyond the Box” 
Using Showcases in Interpretation 

 

Jenny Cousins 

 

English Heritage is the British Government’s advisor on the historic environment. It also has 
direct responsibility for caring for over 400 historic sites which are open to visitors. The 
Properties Presentation department is responsible for determining how those sites and their 
collections are displayed and presented to the public. It includes curators, conservators, his-
torians and interpretation staff. 

This piece is intended to give an overview of the criteria which an interpretation manager 
would apply to showcase design. It is focused on the object displays at two sites which were 
redisplayed in 2008-2009 – Lullingstone Roman Villa and Down House, the home of 
Charles Darwin (Figure 1). 

 

  
Figure 1. Lullingstone Roman Villa (left) and Down House (right) 
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1. The project team 
At English Heritage, the project team determining how showcases are displayed usually con-
sists of three people. Each person advocates a different point of view: 

• The conservator is primarily concerned with the safety of objects – both their physical 
security and long-term survival. 

• The curator is also concerned with the care of objects, but more particularly in the ob-
jects themselves – what they look like, what they signify, whether they are important 
or unusual. 

• The interpreter is concerned with how objects contribute to the overall narrative of an 
exhibition and how visitors might respond to them. 

 

2. Telling a story 
For the interpreter, there are four main points to consider. The most important is that each 
showcase or group of objects should further the story that is being told in an exhibition. 

Objects should not be put on display for the sake of getting them out of storage or to fill up 
display space. Being selective about what to display is, on the one hand, a practical consid-
eration – budgets and display-space limitations make selection inevitable. But it is also a 
philosophical principle. Modern exhibitions are not places in which to assemble as complete 
a collection of something as is possible. Today’s exhibitions are about communicating 
themes and ideas. Often, long before showcases are discussed, the project team will have 
defined a series of key themes and messages to present to visitors; everything in an exhibition 
is geared towards delivering these messages. 

Sometimes it is necessary to work quite hard to make the meaning and importance of objects 
clear because they are not, in themselves, beautiful to look at or even recognizable. 

Lullingstone Roman Villa was a farm which was occupied for around 350 years from AD 
75. As a visitor today, you can see the remains of the walls of the main house of the villa 
complex.  One of the main aims of the redisplay was to try to get visitors to see Lullingstone 
as a house and a farm rather than merely a series of ruined walls. 

The majority of the collection consists of archaeological objects which might not, in them-
selves, look particularly interesting, but which contribute to an understanding of the site as 
a home.  We grouped them thematically into cases – domestic work, cooking and eating, 
building, etc. We then commissioned reconstruction drawings to go with each case from 
award-winning children’s illustrator, Jane Ray (nearly two thirds of visitors to the site are 
under the age of 10 and we wanted the experience of visiting to feel a little like walking into 
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a giant picture book). Each picture shows some of the objects in the case being used as they 
would once have been by Lullingstone’s Roman inhabitants (Figure 2). 

 

 
Figure 2. The scene in which the paw prints on these fragments of tiles were made is imagined in the painting 

behind the showcase. 

 

We also made use of the drawings of the objects from the published excavation report. 
Younger visitors are encouraged to spot the objects in the cases within the pictures, and in 
doing so, understand what they are looking at better. 

 

3. Enhancing significance 
Sometimes, however, it is the object itself which is the story, not how it contributes to un-
derstanding something else. If this is the case, it is important to display it to bring out its 
significance. 

Successful exhibitions generally have a hierarchy – there are star items which you do not 
want visitors to miss. If so, this needs to be reflected in case design. It is usually done by 
putting as little in a case as possible. The emptier space around an object and the more iso-
lated it is, the more important it appears. At Down House, we displayed the manuscript pages 
and first edition of On the Origin of Species in a case on their own in the centre of the room 
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(Figure 3). Lighting is also a useful tool in creating an impression of value and rarity. If an 
object sits alone in a pool of light and glows, visitors assume it is impressive. 

 

 

Figure 3. The manuscript case at Down House sits in the centre of the room, indicating the importance of its 
contents. 

 

4. Designing to entice and surprise 
Just as film and print are media with their own strengths and weaknesses, rules and possibil-
ities, an exhibition is a medium too and has its own particular qualities. An exhibition is a 
3D environment. It needs to be attractive and appealing to make the visitor want to explore 
it. Thinking creatively about cases is an important part of this. 

It is possible to view showcases as barriers – preventing visitors engaging with objects. In 
an ideal world, it might be better not to have cases at all and to take each visitor on an 
individually-tailored journey through a site, its collection and its story.  Clearly though this 
is not practical – time, money and security forbid it. To protect the objects, we compromise 
by putting them in glass boxes where we have a degree of control. 

However, it is advisable to look at showcases more positively – the glass box imposes a 
useful discipline in itself and offers us creative opportunities. 

Confronted with a box we have to make decisions about what is worthy to go in it. It is a 
miniature environment which, with just a little set-dressing, we can transform into something 
or somewhere else. 

Depending on what you wish to communicate with a display, it can be useful to work within 
the box, and then integrate the box in a larger display. At Down House, we placed Darwin’s 
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notebooks within a large map charting his voyage on HMS Beagle. They are displayed in 
the geographical vicinity in which he wrote them to give them context. 

When working with objects, there can come a temptation to line things up and make them 
symmetrical. Displays like this are common – particularly with weaponry.  They can suc-
cessfully give the impression of either scale or beauty, but they do not really encourage vis-
itors to see the individual items on their own merits. It generally pays not to treat objects like 
a decorative art collage if the aim is to bring out their significance. 

At Down House, there is a case displaying the contents of a writing box that belonged to 
Darwin’s eldest daughter, Annie, who died tragically when she was 10 years old. Her mother 
kept the box and filled it with mementoes of her daughter. It is a small treasure chest full of 
personal things, therefore the display is informal to reflect this – the possessions are spread 
out and overlap one another. 

Sometimes it is useful to try to break out of the box altogether. A case at Lullingstone holds 
a selection of pots and tableware (Figure 4). They have been displayed as if within a kitchen, 
to give them meaning as a group. The table appears to intersect the case. It supports an in-
teractive in which visitors have to guess what meal is being prepared from what they can see 
on the part of the table which is inside the case. 

 

 
Figure 4. A case at Lullingstone holds a selection of pots and tableware 

 



J. Cousins 

 82 

Not all showcases have to be glass boxes. At Down House, English Heritage has an im-
portant collection of items that Charles Darwin had with him on his 5-year historic voyage 
around the southern hemisphere on board the Beagle. They are displayed inside a replica 
ship’s cabin as a group. 

 

 
Figure 5. The Beagle cabin display also includes a Pepper’s ghost illusion of Charles Darwin using some of 

the objects. 

 

5. Accessibility 
Accessibility underlies all object display. Wheelchair users, children, tall people – all have 
a right to see what is inside exhibition cases. Although this might seem like an obvious con-
sideration, it is easy to forget it when selecting objects. It needs to be constantly returned to 
and checked during the design process. 

There are guidelines, but no absolute rules; it depends on what is on display. The optimum 
height for showing intricate objects is just above adult waist height where people can get up 
close to them, but the larger the object, the less this applies. 
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6. Conclusions 
Putting things in showcases is the accepted cost-effective solution to the need to display 
things safely and securely in a public place. However, it is important to remember always 
why we are doing it – to display objects that are deemed important for people to see. Care 
must be taken not to become over-preoccupied by the showcase itself and forget what is 
inside it and why. 

It is also easy to let the conservation requirements of the objects themselves dictate the way 
that they are displayed. It is vital to recognise that nothing lasts forever and that all display 
is a balancing act between the needs of conservation, interpretation and access. Ultimately, 
getting the balance right will result in a rewarding experience for all. 
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Preventive Conservation Studies at the University 
of Antwerp 

Five Representative Cases 
 

René Van Grieken, Benjamin Horemans, Barbara Krupinska, Anna Worobiec, Velichka 
Kontozova, Laszlo Bencs, Giulia Gatto Rotondo, Larisa Darchuk, Velibor Novakovic, Kat-

leen Van Meel, Willemien Anaf, Angel Conesa Fontan, Songül Akbulut, 
Karolien De Wael 

 

 

An important research line within the research group “Environmental Analysis” (now “Ant-
werp X-ray Analysis, Electrochemistry and Speciation - AXES”, University of Antwerp, 
Belgium) is preventive conservation. Deterioration of precious cultural heritage items can 
occur through deposition of particulate matter and adsorption of gases. By characterizing 
these particulate and gaseous atmospheric pollutants, their sources could be identified and 
hence some of the effects of the indoor/outdoor environment on cultural artefacts could be 
remedied. Some of these case studies are presented in this work. 

 

1. Introduction 
Cultural heritage (CH) conservation aims to minimise deterioration risks to collections and 
damage to works of art by controlling the environment in which they are displayed or stored. 
Eventually all materials deteriorate. In addition to their intrinsic parameters, environmental 
factors play a key role in an appropriate conservation. Studying the environmental conditions 
(micro-climate, microbiology and chemical pollution) around a work of art, with the inten-
tion to improve them and to extend the object’s lifetime, is one of the aspects of “preventive 
conservation”. The idea of preventive conservation has become popular only during the last 
decades. 
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One of the first thorough studies regarding the effects of air pollution on historical buildings 
was performed at the Taj Mahal, in Agra, India (1970s). The marble of the Taj Mahal was 
found to react with SO2, forming a crusted layer on top of this shining white stone [1-2]. The 
same phenomenon was observed at many other buildings and statues in Europe. Today, this 
effect has been studied thoroughly, and a general consensus has been reached regarding its 
mechanisms. Atmospheric SO2 (mainly from S impurities in fossil fuels) transforms calcite 
(CaCO3), the main mineral in marble, limestone and sandstone, into gypsum (CaSO4.2H2O). 
Compared to calcite, gypsum has a higher porosity and water-solubility. Consequently, the 
top-layer of the gypsum is washed away easier by run-off rainwater, and, at sites protected 
from rainwater, it absorbs soot (emitted mainly from diesel cars) and atmospheric water va-
pour, resulting in a blackened crust which is more prone to frost damage in winter. In most 
developed countries, atmospheric levels of SO2 have been reduced significantly in the last 
three decades, e.g., by more than 60% in the European Union from 1980 to 2000. Therefore, 
in developed countries, the SO2 attack on calcite bearing stones is now considered to be a 
minor problem. Nowadays, in Europe, the effect of SO2 on buildings is no longer studied in 
terms of chemistry and physics, because the related processes of deterioration are rather well 
known, but rather in terms of aesthetics, public awareness and public acceptance, i.e. chem-
istry and physics studies are replaced by sociologic and economic concerns. 

On the other hand, concentrations of other gaseous pollutants, like NOx and O3, have not 
been reduced in the meantime. At present, preventive conservation in the context of air pol-
lution is mostly concerned with particulate pollution, both in the outdoor and indoor envi-
ronment. Famous examples are the soiling effects on the splendid wall paintings of Michel-
angelo at the Sistene Chapel in the Vatican, and on Leonardo da Vinci’s Last Supper in 
Milan. Also at the Taj Mahal, SO2 and NOx levels are acceptable nowadays; however, dust 
concentrations remain very high, especially in the dry season. 

Analytical chemistry plays an important role in CH research [3]. In view of its non-destruc-
tive nature, X-ray spectrometry (XRS) is one of the most relevant analytical techniques in 
the field of preventive conservation. For the past decades, it has been the primary technique 
for determining the inorganic composition of atmospheric aerosols. Bulk aerosols and indi-
vidual aerosol particles are often studied with X-ray fluorescence (XRF) spectrometry and 
electron probe X-ray microanalysis (EPXMA), respectively. Aerosol loaded filters are ideal 
targets (e.g. thin, homogeneous) and XRS does not require the dissolution of aerosols of low 
solubility (e.g., silicates, oxides of transition metals). This is in contrast to the more popular 
and wide-spread atomic absorption spectrometry (AAS) and inductively-coupled plasma 
atomic emission spectrometry (ICP-AES) and mass spectrometry (ICP-MS), where the fil-
ters have to be dissolved often in strong acids prior to analysis. 
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Conservation and preservation of our CH is a main challenge in the European Union. Main-
taining a work of art in ‘good condition’ is the core business of CH conservation. Within the 
research group “Environmental Analysis” (University of Antwerp, Belgium) the effects of 
the indoor/outdoor environment on the cultural artefacts were investigated extensively in the 
past. Some case studies are presented in the present work. 

 

2. Sampling and analysis of atmospheric aerosols and relevant gaseous 
pollutants 
2.1. Overview of the used methods in the context of preventive conservation 

For characterizing indoor atmospheric particles and their sources, a wide set of (micro-) an-
alytical techniques are applied: ion chromatography (IC) for the analysis of ionic species, 
gas chromatography coupled to mass spectrometry (GC-MS) for organics, aethalometry for 
the monitoring of soot, gravimetry for determining the total aerosol mass in air, XRF for 
elemental analysis and EPXMA for individual micro-particle characterization. 

 

2.2. Atmospheric gases 

The sampling of gaseous air pollutants for periods up to one week was performed with Radi-
ello® passive samplers (Fondazione Salvatore Maugeri, Padova, Italy). For long term gase-
ous sampling, passive samplers from Gradko International Ltd. (Winchester, England) were 
selected. The exposed NO2 and SO2 samplers were leached with ultra-pure Milli-Q water, 
and then the leachates were analyzed for nitrite, sulfite and sulphate, with a DX-120 ion 
chromatograph equipped with an AS50 autosampler (Dionex, Sunnyvale, CA, USA). Ozone 
concentrations were obtained by a colourimetric method as recommended by Radiëllo. 

 

2.3. Total suspended particulate matter and PMx analysis 

Total suspended particulate (TSP) was sampled on Nuclepore filters by means of a Sartorius 
(Göttingen, Germany) polycarbonate filter holder, fitted with a tube (18 cm long, 6 cm di-
ameter) to ensure homogenic deposition of aerosols. MS&TTM samplers (Air Diagnostics 
and Engineering Inc., Harrison, ME, USA) were used to collect aerosol fractions with an 
equivalent aerodynamic diameter (EAD) below 1 µm (PM1), 2.5 µm (PM2.5) and 10 µm 
(PM10) on Teflon membrane filters (TK15-G3M 37 mm, Pall, Ann Arbor, MI, USA). The 
vacuum pumps for PM1, PM2.5 and PM10 sampling (Air Diagnostics and Engineering Inc.) 
were operated at flow-rates of 23, 10 and 10 L min−1, respectively, which was checked daily 
with a calibrated rotameter. Total sampled air volumes were registered with standard gas-
flow meters. In order to determine the aerosol mass concentrations in air, filters were condi-
tioned and weighed at a constant temperature and relative humidity (20 ± 1 °C; 50 ± 5%) 
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before and after sampling. Up to 20 elements were analyzed in the aerosol filter deposits by 
EDXRF analysis. An Epsilon high-energy EDXRF spectrometer from PANanalytical (The 
Netherlands) was used. The spectrometer has a powerful X-ray tube, 3D polarizing geome-
try, up to 15 secondary targets and a high-resolution HPGe-detector, which provide more 
favorable detection limits. MicroMatter Co. standards were used for calibration of spectrom-
eter. These standards are thin (Mylar) film standards of elements prepared by vacuum dep-
osition resulting in a highly uniform layer. A check of the calibration was made by analyzing 
the standard CRM 2783 from NIST. In earlier studies, a more economic PANanalytical Min-
iPal-1 and a Tracor Spectrace-5000 instrument were used. 

 

2.4. Single particle analysis 

Size segregated sampling was performed using a Berner or May type cascade impactor. Par-
ticles were collected on Si or Ag substrates. The size-segregated samples were analyzed by 
means of a JEOL 733 electron probe micro-analyzer equipped with a super-atmospheric 
thin-window EDX under the control of homemade software. This setup allows the analysis 
of low-Z elements, like carbon, nitrogen and oxygen, which are required for -rough- chem-
ical speciation at the single particle level. About 100 and 300 particles were analyzed in the 
manual (fine particles) and automatic mode (coarse particles), respectively. To avoid beam 
damage, the sample holder was continuously cooled by liquid nitrogen. The X-ray spectra 
were evaluated by a non-linear least squares fitting program. The semi-quantitative ele-
mental composition in the particles was calculated with an iterative approximation method 
based on Monte Carlo simulations [4]. In the next step, the particles were classified by means 
of hierarchical cluster analysis (HCA), based on the elemental data obtained by the low-Z 
EPXMA. The HCA was performed using the Integrated Data Analysis System (IDAS) pro-
gram [5]. All analysed particles were divided into different clusters (i.e. particle types) ac-
cording to their elemental similarity, followed by the calculation of the average elemental 
weight concentrations, average diameters and relative abundances (%) of each particle type. 
Particles on the different impactor stages were all treated independently. 

 

3. Preventive conservation case studies 
3.1. Preventive conservation in the Altamira Cave (Spain) [6] 

The Altamira Cave in Spain is well-known for its prehistoric wall paintings. The famous 
polychromatic paintings are approximately 15 000 years old [7]. When the paintings were 
discovered in 1879, they were in a very good condition due to natural preservation, i.e. a low 
infiltration rate of water through the calcareous strata above the cave, and a stable microcli-
mate of the karstic system. Unfortunately, after discovery, an enormous number of tourists 
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visited the cave, especially in the sixties and seventies. In 1952, 30 000 visitors were regis-
tered, in 1973 the number increased up to 175 000. These visitors were responsible for 
changes in the microclimate, causing deterioration of the paintings. The wall paintings in the 
cave were faded, and sometimes a white deposit was observed (Figure 1). Nowadays, access 
to the cave of Altamira has been restricted to a small number of people in the fields of con-
servation and research, and visitors are no longer admitted to the cave. A copy of the cave 
has been built in a museum for the tourists to visit. 

 

 
Figure 1. Rock wall painting in the cave of Altamira. 

 

From an inorganic point of view, the air temperature, the CO2 concentration of the cave and 
the variations in these environmental parameters produced by visitors are most important.  
Recent etchings of calcite and aragonite crystals from the Altamira Cave in Spain have been 
observed by Scanning Electron Microscopy with Energy Dispersive X-ray detection (SEM-
EDX) on a JEOL JSM 6300 instrument. The aim of the quantitative approach is, taking into 
account thermodynamic and kinetic criteria, to estimate the influence of the present visits 
regime on the natural etching process in this cave. 

 

The daily number of visitors is divided in groups of five people and each visit is accompanied 
by a tourist guide of cave. The visitors remain in the cave interior for a period of approxi-
mately 20 minutes. Different microclimatic parameters were analyzed during a complete 
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annual cycle. The results obtained on the variations in the micro environmental parameters 
of the cave during the studied annual cycle at the Altamira Cave are characterized by means 
of air temperature, cave air CO2 and relative humidity of the air.  

The annual cave temperature ranges from 13.25 °C to 14.5 °C. This variation is partially 
induced by the visitors who produce a measured temperature increase of, at least, 0.25°C 
every day and cause sharp breaks in the natural evolution of the temperature during the an-
nual cycle. These breaks are especially clear during the May-June period, when the regime 
of visits changes from 10 to 40 people/day, inducing a sharp change in the temperature trend 
in the cave interior as shown in Figure 2. 

 

 
Figure 2. Variations in the temperature and CO2 concentration in the air of the Polychromes Hall during 2 

days with visitors, June 1997. 

 

The combined effect of an increase in CO2 concentration and temperature variations induced 
by visitors can directly affect the intensity and even the development of wall corrosion pro-
cesses. Every visitor produces a series of variations in the cave microclimate due to their 
own metabolism. These alterations are produced by heat emission through radiation via skin, 
by CO2 and water vapour exhaling together with the consumption of O2 through respiration. 
By means of the automatic recording system, both daily CO2 and temperature variations due 
to the influence of the presence of visitors inside the cave have been monitored. Figure 2 
shows an example of the standard curves for variations in both parameters for two days (14 
and 15 June 1997) provoked by the daily entrance of eight consecutive groups of five visitors 
with a guide. When the visitors left, the temperature dropped to its original level in approx-
imately 70 minutes. During that period, the CO2 concentration was more or less constant. 
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Therefore, condensed water had the time to attain equilibrium with atmospheric CO2. The 
CO2 concentration decreased slowly, reaching its initial value 18 h after the visitors left the 
cave. An increase of 0.25°C and sharp changes in the annual temperature evolution were 
observed, next to an increase of 500 ppm CO2 concentration after each visit. As a result, 
according to thermodynamic and kinetic models, the calcite deposition rate was enhanced 
up to 78 times in comparison to its natural deposition. Outdoor air pollution had a negligible 
effect. The composition of the indoor air was completely different from the composition of 
the air collected outside, taking into account that for these measurements the ventilation rate 
is rather low. In a situation of increased ventilation rate, we have to consider the penetration 
of NaCl into the cave, possibly enhancing the carbonate corrosion process.  

 

3.2. Preservation study in the Wawel Castle Museum (Poland) [8-10] 

The Wavel Castle Museum in Cracow (Poland) is a precious historical monument well 
known for its Flemish tapestries and other priceless artworks from the whole world. In 1978, 
the Wavel Castle was placed on the UNESCO List of the World’s Cultural and Natural Her-
itage. This museum is open in summer and winter time, but most visitors are recorded in 
summer. The number of tourists has increased a lot in the last few decades. Every year, 
nearly one million tourists visit the museum. Therefore, the indoor air quality should be 
monitored because such an intensive tourism flow is potentially dangerous for the objects of 
art present in the museum. It was observed in the museum that some tapestries were getting 
engrained by indoor pollutants. The influence of tourism on microclimate perturbations and 
indoor pollution was investigated. Samples of the PM and gaseous matter were collected 
inside and outside the Museum of the Castle, in winter and summer, and in different rooms 
at varying floors.  

Figure 3 illustrates the ratio of particle abundances for days with and without tourists. The 
particles were analysed with EPXMA. A T/NT ratio (i.e. concentration ratio for days with 
tourists (T) and days without tourists (NT) when the museum is closed) of 1 means that there 
is no influence of the visitors. The ratio of the low-Z element abundance is independent of 
the presence of visitors, in both seasons and floors. Carbon rich compounds and soot were 
found, which enhances the potential threat regarding CH protection. Micro-Raman spectros-
copy confirmed the presence of soot particles, in addition to (NH4)2SO4, being a natural 
global background aerosol. It can be assumed that outdoor pollution is the main source of 
particles indoors. The very fine particle fraction can easily be transported indoors by air 
exchange through leaks in windows and doors. Therefore, based on this chemical analysis, 
a preventive conservation measure is to seal windows and doors with silicones to prevent 
the entering of soot particles. Knowing that these soot particles are released by diesel cars, 
an additional measure is to prevent car traffic in the neighbourhood of the museum.  
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Figure 3. Tourist to non-tourist (T/NT) ratios of individual particle types in the coarse PM fraction for the 

Wawel Castle. 

 

The elemental concentrations were determined by XRF (not shown). For Cl, a remarkable 
situation was observed. The T/NT-ratio was near 1 in summer, while in wintertime the con-
centration of this element is much higher (ca. 20 times). Based on Figure 3, the same obser-
vation can be made. It appears that Cl is present as pure NaCl and NaCl conglomerates with 
Ca- and Fe-rich compounds. Probably, NaCl is brought in the museum by visitors due to 
street de-icing in winter. Therefore, it was advised to avoid de-icing with salt nearby the 
museum and to de-ice manually by using shovels instead. 

 

3.3. Preservation of medieval stained-glass windows in the cathedral of Cologne (Ger-
many) [11] 

The Cathedral of Cologne is Germany’s largest cathedral and one of the most magnificent 
churches of the Gothic period. Its construction started in 1248 and was completed only in 
1880. The Cologne Cathedral’s famous stained-glass windows (ca. 10 000 m2) date from 
different time periods (1260-2007). When stored in a dry and unpolluted atmosphere without 
thermal shocks, glass is principally a durable material. However, the atmosphere in Western 
and Central Europe is neither dry nor unpolluted, especially since the period of industriali-
sation. As a consequence, the ancient stained-glass windows deteriorated more during the 
last 60 years than during the 300 years before. Glass corrosion is initiated by the attack of 
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humidity on the glass surface and can be accelerated by air pollutants such as particles, gases 
and micro-organisms. The Cathedral of Cologne is situated in the centre of the city, in the 
neighbourhood of the central railway station, the main shopping districts and the river Rhine. 
In the area around the cathedral, all vehicular traffic is underground, but at a distance of 
approximately 200 m, very busy streets are also in the open air. 

Protective glazing is one of the most widely accepted preventive conservation methods for 
stained glass windows in many European countries (Figure 4) [12].  

The Orvieto Cathedral has the oldest example of protective glazing, installed between 1826 
and 1886 [13]. A protective glazing is a secondary layer of modern float glass, or another 
transparent material, which is installed between the stained-glass window and the indoor or 
outdoor environment. The interspace between the original and the protective glass is venti-
lated with air. The main question was “Does the glazing system really protect the stained-
glass window from the environmental attack or is there an accumulation of air pollutants on 
the inner surface of the interface?”. Besides the Cathedral of Cologne, investigations were 
also performed in the Sainte Chapelle, Paris and the Basilica Saint Urbain in Troyes, France 
[14-17]. 

Both gaseous and particulate pollutants were characterized in order to study the air quality 
in the Cathedral of Cologne. The function of the protective glazing system was investigated 
from both the gaseous and particulate pollutant point of view. The sampling sites were lo-
cated at two adjacent clerestory windows on the northern side of the medieval choir. At one 
window, the newly constructed protective glazing was installed, whereas the other window 
remained unprotected. Gaseous and particulate air pollutants were collected inside and out-
side the Cologne Cathedral for a year (2003-2004). Since most of the stained-glass windows 
in the Cathedral of Cologne are found at a height above 20 m from the ground, pollutants 
were collected at this height. 
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Figure 4. Double glazing system in the Basilica Saint-Urbain. On the right, a view on the separating metal bar 
with the narrow openings in the interspace. 

 

The results showed very low indoor SO2 and O3 concentrations, whereas NO2 was elevated 
indoors, probably due to burning candles. Additionally, the rate of deposition of NO2 on 
indoor surfaces is highly dependent of RH (the lower RH, the less deposition) and the indoor 
air and surface chemistry may even produce NO2 (e.g. from reactions between NO and O3 
in air) to a level where the indoor concentrations may exceed ambient. The outdoor O3-
concentration was found to be 19 µg/m3 and was significantly higher compared to the indoor 
concentration (± 1 µg/m3). Single particle analysis identified several aerosol types such as 
soil dust, organic particles, as well as sulphates and nitrates, from which the latter two are 
dangerous for the stained-glass windows. For all pollutants (particulate and gaseous), the 
concentrations at the interspace between the stained glass and protective system were com-
parable with those found at the indoor environment indicating that there is no accumulation 
of reaction ongoing in the interspace. This indicates that there is enough ventilation in the 
interspace, preventing the accumulation of pollutants and humidity, which is essential for 
the preservation of the windows.  

Based on the analysis of indoor and outdoor pollutants, the protective glazing system in the 
Cathedral of Cologne can be considered as advantageous from both the gaseous and particle 
point of view. Only the indoor source of NO2, as indicated by the elevated indoor concen-
trations, should be addressed in order to maximize the preservation of the stained-glass win-
dows. 
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3.4. Alhambra monument in Spain: a preventive conservation study [18] 

Every year, three million people visit the world-famous Alhambra monument in the South 
of Spain, listed as UNESCO world cultural heritage since 1984. The monument represents a 
beautiful example of Islamic Art and architecture from the Middle Ages located in the West-
ern world. Granada city is situated in a natural basin, surrounded by mountains with altitudes 
up to 3500 m, about 50 km from the Mediterranean Sea. Due to this topography and the 
prevailing low wind speeds, in combination with traffic emissions, pollution-derived PM 
often accumulates in the urban air of Granada. Although it is closed to traffic, taxis are al-
lowed to enter the monument. Public transport buses are scheduled every 10-15 minutes to 
shuttle the visitors between the city centre and the monument. The composition, sources and 
potential risks from atmospheric aerosols for conservation were investigated at the Alhambra 
monument. 

The palaces at the Alhambra monument were originally built to maximally integrate the 
surrounding nature and environment and to provide a refreshment shelter from the hot and 
dry summer climate of Granada. The rooms of the Nasrid palaces consist of high, arch-like 
entrances and many open windows. Consequently, the indoor concentrations of PM1 and 
PM10-1 were observed to be fairly high and followed closely the variations in outdoor air 
quality. The PM10-1 aerosols were mainly composed of soil dust, rich in calcite, dolomite and 
silicates, and contained considerable amounts of aged sea salts, especially NaNO3. The car-
bonate rich soil originated mainly from suspension of local soil. However, also North Afri-
can dust contributed to the mineral aerosol content in summer. In the non-industrialized area 
of Granada, vehicular traffic was found to be the main source of PM1, consisting mainly of 
ammonium sulphates and nitrates (the latter only during winter) and black carbon (BC). 
Heavy metals were found to originate from diesel exhaust (V and Ni) and tyre tread emis-
sions (Cu, Cr, Pb and Zn). Figure 5 shows a time series for the BC concentration recorded 
during the summer inside the Nasrid palaces. In Granada, BC is expected to be mainly pro-
duced by vehicular emissions and could therefore be used to monitor the impact of car (die-
sel) emissions on the Nasrid palaces. Daily BC concentrations accounted for about 19-40% 
of the total PM1 fraction by mass. The highest concentrations are found on working days 
during morning traffic jams; however, concentrations also peaked at the beginning of the 
evening hours (especially in the weekends) when the life in the city is boosted after a long 
and warm summer day. 

Although the Alhambra brings prosperity and economic benefits to the Granada region, it 
should also be protected from the pressure of mass tourism. Recently, the city hall plans to 
help tourists find their way more easily to the monument, by allowing cars to drive through 
the “Gate of the Pomegranates” and the Alhambra park. At present, the BC concentration 
close to the Gate of the Pomegranates is around an average of 2 µg m-3. However, when the 
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street would be opened for traffic in the future, the BC concentration is expected to rise up 
to 8 µg m-3 or even higher, as found at a similarly steep street with dense traffic. Such deci-
sions could have a considerable impact on the levels of BC and other vehicle derived pollu-
tants inside the Nasrid palaces, with major implications for their future conservation and the 
enjoyment of visitors to this famous monument. 

 

 
Figure 5. Concentration trends of black carbon (BC) and UV-absorbing aerosols (UV) recorded during sum-

mer inside the Nasrid palaces (Alhambra). 

 

Results from this work enabled the decision not to reopen Cuesta de Gomerez to general 
traffic. Although a final decision remains to be taken, the best available option appears to be 
a one-way limitation to electric micro-buses facilitating tourists access to the Alhambra. It 
is important to start a debate between the authorities of the Alhambra and the city hall of 
Granada, to define targeted strategies with respect to traffic sources, in order to preserve the 
Alhambra and its UNESCO world cultural heritage label. 
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3.5. Preservation at the Plantin-Moretus printing museum in Antwerp (Belgium) [19] 

Christopher Plantin (1520–1589) was the greatest printer-publisher of the second half of the 
16th century and the museum is his printing plant and publishing house. In 1877, both the 
living quarters and the printing offices opened to public. Today, one can visit the fascinating 
16th and 17th century printing workshop, the letter foundry, the corrector's room and the 
bookshop, the library (more than 25,000 volumes from before 1800) and the office, all still 
in their original state. The collection contains more than 600 manuscripts from the 9th to the 
16th century, including many atlases and bibles and 154 incunabula (such as the 36-line Bible 
from Gutenberg, made in 1461 at the latest), etc. Because the building is a historic monu-
ment, not originally built as a museum, it is not easy to maintain good environmental condi-
tions. The premises consist of a series of original houses and buildings connected to each 
other, with a central, late 16th century, enclosed garden/courtyard in the middle. Several 
doors open onto this garden and the visitor steps out from the rooms directly into the open 
air (and vice versa).  

The on-going research in the Plantin Moretus Museum focuses on the indoor air quality 
assessment in terms of seasonal changes of outdoor pollution levels. The main task is to 
characterise the most threatening air pollutants and to determine whether the showcases are 
protective enough. The research project started in September 2008 and runs until February 
2012. The conclusions made hereafter from these studies will be used in the future to ame-
liorate the way the collection will be presented to the public. 

For preventive conservation purposes, it is important to keep noxious air pollutants outdoors. 
The considered gases were SO2, NO2 and O3. The concentrations of the gases were generally 
found to be the highest outside the museum, lower in the rooms and the lowest in the show-
cases, during all seasons. PM was differentiated into two fractions of bulk particulate matter 
(PM2.5 and PM10) and size segregated single particles. The reduction of the coarse fraction 
of PM (cut-off diameter between 2.5 and 10 µm) indoors was higher in comparison to the 
fine fraction (cut-off diameter below 2.5 µm). The Indoor/Outdoor ratio values are shown in 
Figure 6.  

In case of aluminium silicates and calcites, an accumulation process of fine particles was 
observed, but only in the autumn and winter periods. Sulphur-rich particles, potentially 
harmful for cultural heritage objects, were mainly associated with the fine fraction (more 
than 88% by mass) in both the indoor and outdoor environment. Since fine particles penetrate 
more easily to the indoor environment, indoor sulphur concentrations were found to be com-
parable to those in ambient air. Carbon-rich particles, the most dangerous from preventive 
conservation point of view, were particularly present also in the fine fraction and were 
equally distributed in the building. In the summer, they represented up to 80% of all particles. 
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Figure 6. Indoor/Outdoor (I/O) ratio values for fine and coarse fraction in different seasons (Plantin-Moretus 
Museum). 

 

4. Conclusions 
All of these case studies have shown that environmental factors are important for preventive 
conservation, even indoors. By using different analytical techniques, we try to find the rea-
son for the deterioration of CH objects. Moreover, we try to optimize their storage conditions 
in various indoor environments. Future studies are urgently needed concerning the deposi-
tion rates of atmospheric pollutants to CH objects, and particularly the interaction process of 
particles with the surface of CH objects. Indeed, considerable work has already been done 
on the interaction of pollution gasses with CH objects, but with the exception of sea salt, 
hardly any research has been carried out and published on the direct effects of atmospheric 
particles. 
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Indoor Air Quality in Estonian Libraries, 
Museums and Archives 

 

Jaan Lehtaru 

 

The number of condition surveys carried out in Estonian libraries, museums, and archives 
was gradually increasing during the last decade. Monitoring of environmental parameters 
has become more and more the focus of activity. The results of the measurements of air 
pollutants (NO2, O3, SO2, formaldehyde, acetaldehyde, acetone, acetic acid, corrosive reac-
tivity and dust level) in the repositories of different institutions are presented. 

 

1. Introduction 
The effect of indoor air conditions (relative humidity, temperature, pollutants etc.) have been 
a topic in preservation of cultural heritage for several decades. In fact, the atmosphere sur-
rounding an artefact contains several inorganic and organic compounds emitted by different 
materials (storage boxes, cabinets, showcases etc.) including the artefact itself. Investigation 
of the role of volatile organic compounds (VOC) and dust particles in the degradation of 
paper-based collections has become an important topic of research for conservation science. 
Monitoring of VOCs in libraries, archives and museums should become more regular and 
should not to be neglected. 

 

2. Condition surveys 
During the last few years a number of condition surveys were carried out in Estonia. The 
project THULE (1998–2006) was the first joint project in Estonia dedicated to the preserva-
tion of document heritage. A condition survey and particularly the survey of environmental 
conditions were one of the most important parts of this study. Environmental measurements 
were carried out in The National Library of Estonia, Estonian Literary Museum, Academic 
Library of Tallinn University and Library of Tartu University. The project was financially 
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supported by UNESCO, the Open Estonia Foundation, the Open Society Institute in Buda-
pest and the Ministry of Culture of Estonia. The results of the microbiological analysis of air 
samples (air sedimentation method) showed a relatively low content of fungi between 12 
and 100 CFU/m3. The Time-Weighted Preservation Index (TWPI) was calculated based on 
the monitoring of temperature and relative humidity in 1999. The TWPI numbers were be-
tween 36–43 in all the libraries, which indicates serious problems in the preservation condi-
tions in storage rooms [1].  

The assessment of storage conditions in the archives of the biggest Estonian libraries was 
carried out by the National Archives of Estonia (NAE) according to the National Audit Of-
fice request in 2007. Fluctuations in relative humidity and temperature during a one-year 
period were considerable (∆RH = 28.0–43.4% and ∆T = 5.0–10.0 degrees). Nevertheless, 
the overall TWPI numbers approached the level of one hundred and showed some improve-
ment compared to the results measured 8 years earlier in the same institutions. 

In the meantime, NAE has carried out different condition surveys and the assessment of the 
environmental impact on the artefacts has been more of a focus than before. During the 
parchment project (2001–2006) several environmental analyses were started. Microbiologi-
cal measurements for indoor air quality assessment were performed in co-operation with the 
University of Tartu. The level of fungi content in the air measured by the sedimentation 
method was in different storage rooms less than 200 CFU/m3. The results of the dust and 
SO2 measurements carried out by the Estonian Health Protection Central Lab are given in 
Table 1. As a result of this project a physical condition survey of the parchment collection 
was conducted employing the international IDAP (Improved Damage Assessment of Parch-
ment) methodology and finally this collection was microfilmed and relocated into a new 
archival building. 

A general condition survey in the NAE was carried out during 2002–2004. The survey was 
based on the Universal Procedure Archive Assessment (UPAA). This method was developed 
by the State Archives of the Netherlands, TNO Industry and TNO Technical Physical Ser-
vices [2].  The UPAA survey and membership of NAE in the EU Thematic Network MIP 
(Transition Metals in Paper) lead to the development of a new condition survey for the iron 
gall ink documents. During the condition survey in 2007–2009, the corrosive reactivity level 
with OnGuard Continuous corrosion transmitters (Purafil, Inc.) was measured for the first 
time (Figures 1 and 2). 
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Figures 1 (left) and 2 (right): Experimental data recording in the repository: HOBO H8 logger and OnGuard 

continuous corrosion transmitter (Purafil, Inc.). 

 

The corrosive reactivity level measurement can be related to ISA Standard S71.04-19853. 
Data collected in the old building in Tartu for one month showed that the environment is not 
a risk factor for iron gall ink corrosion (the air quality response was rated in the lowest cat-
egory “G1”, classified as “mild - corrosion is not a factor”).  

 

3. Gaseous pollutants and volatile organic compounds (VOCs) 
Collaboration between archives, libraries, museums and research centres has shown an in-
creasing trend. The University of Tartu Institute of Chemistry, Estonian Health Protection 
Central Lab and Estonian Environment Research Centre as the research partners in the field 
of materials and environment deserve mentioning in the first place. 

The Estonian Health Protection Central Lab carried out indoor air quality monitoring in four 
large Estonian libraries. Results of the NO2, O3, SO2 and dust level measurements in 2007 
showed that these parameters met the International Standard ISO 11799: 2003 “Information 
and documentation – Documents storage requirements for archives and library materials” 
(Table 1). 

Aliphatic aldehydes, formaldehyde and acetaldehyde are important to be monitored, since 
they can be emitted from various indoor sources and they can transform by photochemical 
reactions to formic and acetic acids further on [4]. Studies by N. Penders and J. Havermans 
on deterioration of paper affected by iron gall ink corrosion showed that paper emits organic 
acids, e.g. acetic acid [5]. The Estonian Environment Research Centre started with VOCs’ 
measurements in the National Archives in October 2010. Formaldehyde, acetaldehyde, ace-
tone and acetic acid were measured by using diffusion samplers SPE C18 (Supelco tubes, 
Figures 3 and 4). 
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Figures 3 and 4. Diffusive sampling of VOCs in NAE’s old building in Tartu. 

 

Derivatisation with dinitrophenylhydrazine was carried out for liquid chromatographic anal-
ysis of aldehydes. Ozone scrubbers were used to avoid a loss of volatile organic compounds. 

The concentrations of formaldehyde and acetic acid were lower than 4 µg/m3, which corre-
spond to the ISO 11799:2003 suggested maximum levels (Table 1). This also indicates that 
under normal circumstances the exposure of personnel to volatile aldehydes is not of con-
cern, as the numbers are well within health and safety limits [permitted level of aldehydes is 
16 µg/m3, National Institute for Occupational Safety and Health (US), 2005]. 

 

4. Conclusions 
Collaboration between Estonian archives, libraries, museums and scientific institutions in 
the field of environment research has showed an increasing trend during the recent years but 
still needs reinforcement and improved networking. 

The measured concentration of acetic acid is below the ISO 11799:2003 suggested maxi-
mum level. For the calculation of a total concentration of aldehydes, furfural and hexanal 
should be measured in the future.  

The archival, museum and library paper collections and boxes become new sources of indoor 
pollutants. It is evident that inside the archival boxes, the concentration of aldehydes and 
acetic acid is higher than inside the repository [6]. Therefore, the future research in Estonia 
has to be focused also on the environmental study inside the storage boxes.  

Good ventilation, air conditioning, recirculation and purifying systems are necessary in the 
repository, but it doesn’t always guarantee a low VOCs level inside the boxes. Based on the 
research of the PaperVOC project, the opening of boxes and use of VOC scavengers or 
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absorbent media (activated charcoal cloth or filter medium – chemisorbent) has a positive 
effect for removal of VOCs from storage facilities. 

Further research needs to be carried out to increase our understanding of damage caused by 
aldehydes on heritage materials, including potential synergistic effects with other pollutants 
(SO2, NO2, organic acids, dust etc.).  

Monitoring of the volatile organic pollutants in libraries, archives and museums should be-
come a routine activity, an important part for a risk assessment and preservation policy in 
general. 
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Particulate Matter and Gaseous Pollutants 
in a Baroque Library Hall 

Assessing the Consequences for Books 
and Manuscripts 

 

Susana López-Aparicio, Jiří Smolík, Ludmila Mašková, Magda Součková, 
Lucie Ondráčková, Jurek Stankiewicz, Terje Grøntoft, Marie Benešová, Jakub Ondráček 

 

Aerosol particle size resolved concentration and composition along with concentration of 
gaseous pollutants (i.e. NO2, O3, SO2, acetic and formic acids, HNO3, NH3 and VOC) were 
measured inside and outside the Baroque Library Hall of the National Library in Prague 
during different intensive measurements campaigns. Results show seasonal differences, 
which correspond with different natural ventilation regimens associated with indoor-outdoor 
temperature differences. Pollutant sources were determined as indoors, outdoors or from in-
filtration of particles (i.e. ammonium nitrate) with a shift of the equilibrium to the gas phase 
(i.e. ammonia). Time variation of fine particles concentration indicates an outdoor origin 
with traffic as the most probable source, whereas visitors were identified as a source of 
coarse particles of crustal composition (i.e. Si, Ca and Fe) in the indoor environment. The 
indoor pollutant concentrations were assessed to represent certain risk for the preservation 
of stored books and manuscripts. 

 

1. Introduction 
Air pollution is an important topic in modern times as it negatively influences health and 
affects the durability of materials [1]. Additionally, indoor air pollution is receiving an in-
creasing interest as people in western cities spend approximately 90% of their time indoors. 
Indoor air includes a wide variety of pollutants emitted from both indoor and outdoor 
sources, whose concentration is in addition related to the building envelope and the activities 
therein. The Baroque Library Hall (BLH) of the National Library (Czech Republic), apart 
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from being a cultural heritage institution, is a long-term storage location where books and 
manuscripts are collected, preserved and made available to the public. Therefore, air quality 
is a critical factor for the preservation of these objects. Paper- or cellulosic-based materials 
from books and manuscripts release a wide variety of volatile organic compounds (VOCs), 
which are commonly found in high concentration in libraries and archives due to degradation 
processes [2]. Some of these pollutants have been found to cause damage such as a signifi-
cant reduction in the degree of polymerization of cellulose in paper [3], which indicates the 
complex relationship between the emission from the material and the degradation of the 
material by the emitted pollutant. Outdoor generated pollutants such as NO2 and O3 are ox-
idant compounds widely known as threatening factors for the preservation of paper material 

[4-5], as they cause deterioration by breaking of glycoside linkages in cellulose, acid hydrol-
ysis and oxidation. In addition to gaseous pollutants, particulate matter (PM) in cultural her-
itage buildings such as museums and libraries represents different degrees of risk to materi-
als. PM not only cause soiling but are abrasive, provide sites for surface reactions and have 
the potential to damage artefacts due to their hygroscopic nature [6-7]. Particles can be gen-
erated indoors by various processes such as cooking, smoking, heating, material deteriora-
tion, produced and/or resuspended by visitors or during cleaning, or penetrate from the out-
door environment. The most important contribution to the indoor PM concentration comes 
from accumulation mode particles (0.1 – 1 µm). Particles of such sizes enter most easily 
through the shell of buildings [8] and have the lowest deposition velocities [9]. In urban en-
vironments, this mode predominantly contains primary particles emitted from combustion 
sources and secondary aerosols such as ammonium sulphate and nitrate, and complex mix-
tures of organics and elemental carbon [10]. 

The aim of our study is to investigate concentrations and sources of both gaseous and aerosol 
particles in the indoor environment of the BLH, and to establish the relationship between the 
indoor and outdoor environment. In order to reach our aim, concentrations and composition 
of PM, and concentration of NO2, O3, SO2, acetic and formic acids, HNO3, NH3 and volatile 
organic compounds (VOCs) were measured inside and outside the BLH. In addition, the 
IMPACT model [11] has been used to evaluate the pollutant behaviour in the naturally ven-
tilated building concerning the deposition on the indoor surfaces. 

 

2. Methodology 
2.1. Location 
The BLH of the National Library in Prague (Czech Republic) is located in the Clementinum 
historical complex (50°5’06.7” latitude, 14°25’51.3” longitude, and 190 m above sea level) 
in the Vltava River Valley. The historical complex covers more than 20 000 m2 in the city 
centre of Prague and it is the second largest complex of buildings in Prague after the Prague 
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Castle. The Clementinum complex is exposed to air pollution from local sources, mainly 
from traffic emissions, as it is adjacent to a main road (i.e. Křižovnická street) where car 
traffic was estimated about 24 200 cars between 6 am and 22 pm during a working day [12].  

The BLH was completed in 1726 and is situated in the centre of the Clementinum historical 
complex on the second floor. The historical building is naturally ventilated and the BLH in 
particular does not have a HVAC system. Therefore, the ventilation of the BLH proceeds 
through cracks and small openings in the building, windows and doors. The dimensions of 
BLH are 39 m long and 9.4 m wide with an arched ceiling, which is 8.3 m in the lowest point 
and 9.6 m high in the highest point. There are four entrance doors, two on the north side and 
two on the south side. The visitor frequency is low and the number barely reaches 200 per-
sons per day. Visitors enter the BLH in groups of maximum 25 people accompanied by a 
guide, and tours run only along the south side of the hall.  

The BLH is one of the finest interiors of the Clementinum and is an excellent example of 
the Baroque style. The library holds approximately 20 000 theological books written in dif-
ferent languages dating from the 16th century until recent times and stored on original 
wooden shelves. Apart from the collection, the BLH is decorated with frescoes illustrating 
themes such as science and art.  

 

2.2. Measurement campaigns 
Indoor and outdoor aerosol particle measurements were carried out in three intensive cam-
paigns in spring (i.e. 9 – 17 March 2009), summer (i.e. 13 – 21 July 2009) and winter (i.e. 
23 November – 2 December 2009). Whereas the measurements of gaseous pollutants were 
performed in two campaigns; 1) a nine months measurement campaign (July 2009 – March 
2010); and 2) a two-seasonal campaign (i.e. summer and winter). In the nine months meas-
urement campaign an extensive characterization of the indoor air pollution was performed 
and a wide range of gaseous pollutants (i.e. NO2, SO2, acetic and formic acids, NH3, O3, and 
HNO3) were measured both indoors and outdoors on a monthly basis. The two-seasonal 
measurement campaigns were performed in July 2009 and January 2010 in four indoor lo-
cations, three inside the BLH and one in an adjacent room, in order to evaluate possible 
seasonal variations. NO2 and organic acids (i.e. acetic and formic acids) were selected as 
indicators of outdoor and indoor generated pollutants, respectively. In addition, EWO-
dosimetry was performed in the four locations to assess the photo-oxidant effects of the en-
vironment on organic materials, and in particular on paper. Punctual measurements of VOCs 
were performed in July (2009) and November (2009). 
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2.3. Dosimetry  
The photo-oxidant effect of the environment was measured by the Early Warning dosimeter 
for Organic materials (EWO) with parallel sampling. The EWO dosimeter is a synthetic 
polymer sensitive to climate parameters (i.e. temperature, RH and UV Light) and NO2 and 
O3, which are usually emitted outdoors and ventilated or infiltrated into the indoor environ-
ment. The environmental effect on the dosimeter polymer film is measured by photo-spec-
trometry as the change in UV absorption at 340 nm from before to after three months expo-
sure. The relation between the EWO-response and the environment is based on a non-linear 
dose response function found from the statistical analysis of the results obtained in one year 
measurement campaign [13]. The analytical procedure for analysis and evaluation of the 
EWO dosimeter is published elsewhere [13-14].  

 

2.4. Aerosol particle measurements 
Measurements included size resolved particle number concentration determined by a scan-
ning mobility particle sizer (SMPS 3936, TSI, USA) and an aerodynamic particle sizer (APS 
3321, TSI, USA). Both instruments sampled alternatively from indoors and outdoors cover-
ing the range from 0.014 to 20 µm. The composition of PM was determined by size resolved 
aerosol mass sampling where particles are collected and segregated into 10 size fractions 
(0.025-10 µm) using two Berner type Low Pressure Impactors that sampled in parallel from 
indoors and outdoors. Thereafter particles were evaluated gravimetrically and analysed by 
ion chromatography (IC) and by particle induced X-ray emission spectrometry (PIXE), ob-
taining information about mass, ionic and elemental size distribution. 

 

2.5. Gaseous pollutants measurements 
Gaseous pollutants were measured by passive diffusion gas samplers [15] from the Norwe-
gian Institute for Air Research (NILU; i.e. NO2, SO2, acetic and formic acids and NH3) and 
from the Swedish Environmental Institute (IVL; i.e. O3 and HNO3). Two parallel samplers 
for each compound were exposed in the selected sampling locations for one month and re-
placed after exposure with two parallel new samplers for the next month. Those demounted 
were sent back for analysis to the respective laboratories. The analytical procedure for anal-
ysis of passive diffusion gas samplers is published elsewhere [16]. Measurements of VOCs 
were performed in the Baroque Hall by the test laboratory of the Institute of Public Health 
from Ústí nad Labem (Czech Republic). The analyses were performed by gas-chromatog-
raphy / mass spectrometry (GC/MS) and the results reported to the National Library of the 
Czech Republic. 
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3. Measurement results and discussion 
3.1. Dosimetry 
The EWO-dosimeter results obtained in the BLH, representing photo-oxidant effects on or-
ganic materials, were evaluated to be acceptable for a “Purpose Built Museum”, whereas the 
result obtained in an adjacent room (ISS4) was evaluated to be acceptable for an “Archive / 
Storeroom” (Figure 1). The BLH may be classified as archive or library with natural venti-
lation, restriction of personnel access and reduced groups of visitors. Thus, the results ob-
tained by EWO dosimeter indicate that the environment, considering the synergistic effects 
of UV-light, T/RH, NO2, O3, may not be acceptable for the preservation of organic materials, 
and in this case, for paper-based material. 

 
Figure 1. EWO-dosimeter results obtained in the BLH. IA and IA2 represent the same location inside the 

BLH, but two different sampling periods. ISS1, ISS2, ISS3 are locations inside the BLH, and ISS4 is located 
in an adjacent room. Average values obtained from two parallel measurements, the bars represent the stand-

ard deviation. 

 

3.2. Aerosol particles 
The indoor and outdoor mass size distributions obtained in the BLH are bimodal with the 
minimum of about 1 µm. The fine particle mode was of about 0.2 µm for indoor PM and 
about 0.3 µm for the outdoor PM. The coarse mode was of about 2 - 5 µm for both indoor 
and outdoor particles (Figure 2).  
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Figure 2. Mass size distribution of indoor and outdoor aerosol particles. Sampling dates: 12.3.2009, 

16.7.2009 and 26.11.2009 (from top to bottom, modified after [17]). 

 
Figure 3. Time variation of indoor number concentration of particles ≥ 2.5 µm. 
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In all cases the fine particle mode (< 1 µm) dominated, contributing to mass concentrations 
on average by 70%, 55% and 65% during the spring, summer and winter campaigns, respec-
tively [17]. 

The time behaviour of submicron particles concentration showed that visitors did not affect 
the fine particle concentration and the contribution is most probably from the outdoor envi-
ronment and/or indoor reactions. However, indoor concentration of coarse particles (≥ 2.5 
µm) shows variations following tourist visiting hours, with increases at the beginning of the 
opening hours and maxima at the end of visiting hours (Figure 3). 

The major water-soluble inorganic components of the fine particle mode were ammonium 
sulphate and nitrate (Figure 4), which form about 30% and 20% of outdoor and indoor mass 
of submicron fractions of PM, respectively. 

 

 
Figure 4. Indoor and outdoor mass size distribution of sulphate, nitrate and ammonium. Sampling date: 

12.03.2009. 

 

The ammonium nitrate practically disappears in submicron fractions of indoor PM. The large 
decrease in indoor nitrate concentration compared to those measured outdoors may indicate 
a shift of the equilibrium toward the gas phase caused by higher temperature indoors (Equa-
tion 1). The evaporation of ammonium nitrate in the indoor environment leading to the shift 
of mass size distribution to the smaller particle sizes was also observed in previous studies 

[18]. Furthermore, this hypothesis is supported by the results obtained from gaseous pollu-
tants measurements [16].  

 

 (Equation 1) 

 

HNO3(g)+ NH3(g)! NH4NO3(s)
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The PIXE analysis for crustal elements (i.e. Si, Ca and Fe) in both indoor and outdoor sam-
ples showed that these elements are predominantly associated with coarse particles. The cor-
responding size distributions were monomodal with the peak close to 5 µm (e.g. Figure 5).  

 
Figure 5. Indoor and outdoor mass size distribution of silicon, calcium and iron. Sampling date: 16.07.2009. 

 

3.3. Gaseous pollutants 
NO2, SO2 and ozone are typical outdoor generated pollutants which infiltrate into the indoor 
environment. The indoor and outdoor concentrations of NO2 and ozone are shown in the 
Figure 6 (SO2 showed similar pattern [16]). The I/O ratios of NO2 and O3 are below 1, which 
indicates the outdoor origin of both pollutants. Additionally, the I/O ratios increase from 
summer to winter (Figure 6), which suggests possible seasonal variations of the behaviour 
of the building envelope, such as higher infiltration of outdoor air in winter than in summer. 

The indoor concentrations of acetic and formic acids reach values up to 420 (Figure 7) and 
100 µg m-3 respectively [16], and the I/O ratios reach values up to 19 and 26, respectively, 
indicating indoor sources of the organic pollutants. The indoor concentrations of organic 
acids show seasonal variations, with a decrease of acetic acid from summer (July 2009) to 
winter (2010) and finally spring (March 2010). Differences in the ventilation regime of the 
building may explain these differences, with a higher ventilation and therefore higher dilu-
tion of indoor generated pollutants in winter than in summer. Possible higher indoor emis-
sion of organic compounds in summer than in winter could work in the same direction. 

In order to evaluate possible seasonal variations, NO2 and organic acids (acetic and formic 
acids) were additionally measured in summer (July 2009) and winter (January 2010) in four 
additional indoor locations (Figure 8). 
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Figure 6. Monthly NO2 and O3 concentration obtained both indoors and outdoors (A and C). Average values 
obtained from two parallel passive diffusion samplers, the bars represent the standard deviation. Indoor/Out-

door concentration ratio of NO2 and O3 (B and D) (Modified after [16]). 

 

 
Figure 7. Monthly acetic acid concentrations obtained both indoors and outdoors. Average values obtained 

from two parallel passive diffusion samplers, the bars represent the standard deviation (Modified after [16]). 
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Figure 8. NO2, acetic acid and formic acid concentrations measured in summer and winter (Modified after 

[16]). 

 

Indoor NO2 concentration was much higher in winter than in summer, whereas the concen-
tration of organic acids showed the opposite relationship (Figure 8). As suggested previ-
ously, this difference may be explained by higher ventilation during winter than in summer. 

The BLH is naturally ventilated so the air exchange rate (AER) is driven by the indoor-
outdoor temperature differences. The intake of outdoor air depends on internal temperature 
variations (e.g. “stack effect”) and on the pressure gradients imposed by wind flow. The 
temperature inside the BLH decreases gradually from summer to winter, and indoor to out-
door temperature differences show maximum values in winter. This causes pressure differ-
ences between the inside and outside and as a result outdoor air is drawn in, resulting in a 
higher flow rate in winter [16]. 

Indoor NH3 concentration was measured to generally be higher than outdoor concentration 
from July to October, but slightly lower from November to March (Figure 9). The high in-
door concentration of NH3 in winter can be explained by infiltration of ammonium nitrate 
from a cooler outdoor to a warmer indoor environment, and a shift of the equilibrium towards 
the gas phase (i.e. NH3 + HNO3; Equation 1). However, indoor concentrations of HNO3 are 
very low or below the detection limit, which could be explained by a substantial loss by 
deposition on indoor surfaces. 

The VOCs results obtained in the BLH both winter and summer are shown in Figure 10. The 
concentration of compounds associated with indoor sources (e.g. toluene and aldehydes) is 
higher in summer than in winter, which may be due to higher emissions in summer and 
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higher dilutions processes in winter. The VOCs measured at highest concentrations were m-
p-xylenes and toluene, associated with emission from paint and lacquers [19], volatiles alde-
hydes, associated with the degradation of paper based material [2], and acetone, which is a 
solvent and may be associated with cleaning products. The concentration of VOCs inside 
the BLH is relatively low in comparison with other cultural heritage room locations [20], 
which may be explained by the age of the materials in the BLH and an expected reduction 
of emissions with time [19]. 

 
Figure 9. Monthly NH3 concentration obtained both indoors and outdoors. Average values obtained from two 

parallel passive diffusion samplers, the bars represent the standard deviation (Modified after16). 

 

 
Figure 10. Volatile organic compounds measured in summer and winter in the BLH. Only compounds which 

concentration is higher than 1 µg m-3 are represented. 
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4. Application of the IMPACT model 
The IMPACT model [11] was used to calculate the concentrations of NO2, SO2 and O3 inside 
the BLH based on the outdoor concentration and building parameters such as the air ex-
change rate, indoor volume, indoor surface area of materials, and the materials affinity for 
reaction with air pollutants expressed as deposition velocity. The BLH is modelled as an 
ideal rectangular box which communicates with the outdoors via airflow and it is assumed 
as a well-mixed zone with uniform pollutant concentrations. The model estimates the 
monthly average air exchange rate based on the difference in monthly average temperature 
between indoors and outdoors and the monthly average wind speed. The most similar surface 
material types were selected from the model. Plaster was selected for the ceiling, marble for 
the floor, wallpaper to account for books and manuscripts, hard wood for the book shelves, 
and wool textile to account for the curtains installed in the BLH. The IMPACT model takes 
into account the influence of measured temperature and relative humidity on the deposition 
velocity of the pollutants and selects automatically the appropriate deposition velocity value 
based on this input [21].  

Figure 11 shows the estimated relative amount of deposition of NO2, SO2 and ozone occur-
ring to the different indoor surfaces of the BLH. The wallpaper selected as the most similar 
material to account for books and manuscript represents the most noteworthy sink for pollu-
tant deposition or removal. This may have implications for the chemical degradation of pa-
per-based material. Plaster and textile are likewise important sinks for pollutants in the BLH. 
Figure 11 shows the difference between the measured and modelled indoor concentration of 
NO2, SO2 and ozone. The model overestimates the concentration of NO2 and ozone inside 
the BLH. Several reasons can explain the overestimation of these pollutants, such as a strong 
deposition of ozone on the surfaces of the cracks involving lower penetration into the indoor 
environment8, that air exchange between different rooms with lower concentration that the 
outdoors is not considered in the model and that the geometric surface areas used as input to 
the model may underestimate the real complex area for deposition indoor [22]. The model 
predicts the indoor concentration of SO2, which is less affected by these factors, better (R2 
= 0.71 in Figure 11) than for NO2 and ozone. 

 

5. Implications for books and manuscripts 
The effects of pollutants such as NO2, O3 and SO2 on paper are well documented [4-5]. The 
main causes of paper deterioration are the breakage of glycoside linkages in cellulose by 
acid hydrolysis and deterioration by oxidation. The concentration of NO2 measured in the 
BLH (Figure 6) is equal or above recommended values for paper based materials (NO2 = 
4.75 µg m-3 [23]), whereas the concentration of ozone is below the recommended exposure 
levels for paper based material (O3 = 26 µg m-3 [23]). The indoors concentration of SO2 (1.71 
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- 4.75 µg m-3) is above exposure levels recommended for paper-based material (SO2 = 1 µg 
m-3 [23]) and for leather book bindings (0.26 µg m-3 [24]).  

 

 
Figure 11. Pie charts (left) represent the relative amounts of NO2, SO2 and ozone deposition occurring to the 

different indoor surfaces in the BLH. Diagrams (right) show comparison between monthly measured and 
modelled indoor concentrations of NO2, SO2 and ozone. 

 

VOCs were measured at relatively low concentration inside the BLH (Figure 10). However, 
acetic acid was measured at very high concentration, up to 1400 µg m-3. Acetic acid can 
cause degradation of paper [25], such as significant reduction in the degree of polymerisation 
of cellulose3, and therefore its presence at high concentration inside libraries and archives is 
a concern. The maximum limit of tolerance for acetic acid has been set to 10 µg m-3 [26]. 
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However, and due to generally high “no observed adverse effect level” (NOAEL) for objects, 
concentrations below 100 µg m-3 are not considered mandatory [27]. In our study, concen-
trations of acetic acid were always above 100 µg m-3. 

Infiltration of ammonium nitrate into the indoor environment and a shift of the equilibrium 
to the gaseous phase, were proposed as mechanisms to explain the observed indoor concen-
tration of ammonia and the disappearance of ammonium nitrate in the submicron fractions 
of indoor PM. The low measured concentration of nitric acid in the BLH indicates the loss a 
nitric acid from the air by deposition on surfaces. This deposition poses a high risk for the 
preservation of books and manuscripts [27].  

 

6. Conclusions 
The current study presents an extensive characterization of both pollutant gases and aerosol 
particles measured inside a naturally ventilated building envelope. The measurement of pol-
lutant concentrations shows seasonal differences, which can be explained by higher AER 
and thus infiltration in winter than in summer as a consequence of indoor-outdoor tempera-
ture differences reaching a maximum during winter. 

Different pollutant sources have been identified. NO2, O3 and SO2 show a clear outdoor 
origin, and could come from traffic emissions from the street adjacent to the historical com-
plex where the BLH is located. Organic acids like acetic and formic acids show a clear indoor 
origin most probably from the books and building materials, such as the wooden shelves. 
The decrease of indoor nitrate concentrations, the shift of mass size distribution of indoor 
sulphate and ammonium to smaller particles and the indoor concentration of gaseous ammo-
nia are consistent with the infiltration of ammonium nitrate from outdoors into the BLH and 
subsequent evaporation forming gaseous ammonia and nitric acid. Visitors are a source of 
course PM in the indoor environment of mainly crustal composition (i.e. Si, Ca and Fe), 
whereas the fine fraction of the PM was found to have an outdoor origin, which was most 
probably traffic.  

EWO-dosimetry indicates some risk for the preservation of organic materials due to photo-
oxidant effects. Concentrations of NO2, SO2 and acetic acid are above the levels recom-
mended in the available literature for the preservation of paper and leather bindings. In ad-
dition, the deposition of ozone and nitric acids on the indoor surfaces constitutes a risk for 
the preservation of the sensitive objects in the library. 
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Teaching Preventive Conservation 
Preparing Conservators for the Complex World of 

Interdisciplinary Decision Making  
 

Hannelore Roemich and Steven Weintraub 

 

While conservators of art and archaeology are traditionally charged with the examination, 
material analysis, preservation, and treatment of cultural and artistic heritage, today they 
must also be prepared to engage with specialists in other disciplines on sustainable solutions 
for a wide variety of situations ranging from energy usage in built museums to preserving 
historic houses to managing archaeological sites. In order to succeed, conservators must be 
thoroughly versed in the concepts and practices of conservation, but also be able to under-
stand complex interdisciplinary decision making.  

 

1. Introduction 
Since 1960, the Conservation Center of the Institute of Fine Arts (IFA-CC), New York Uni-
versity (https://www.nyu.edu/gsas/dept/fineart/), has prepared students for careers in con-
servation through a four-year graduate program. The Conservation Center’s curriculum com-
prises object-based study in the form of lectures, colloquia, limited enrolment seminars, and 
laboratory and field activities, taking advantage of the close relationship with New York 
City museums and institutions that provide access to their collections.  

Preventive conservation has been identified as an essential professional competency and has 
become an important focus of all graduate programs in art conservation in the US (Defining 
the Conservator: Essential Competencies, ratified by the American Institute of Conservation 
(AIC) Board on May 20, 2003). At the IFA-CC, preventive conservation emphasizes envi-
ronmental management for storage and display conditions, monitoring the environment, pri-
oritizing preservation needs in large collections, and risk assessment. To balance theory and 
practice, there is a class project on refurbishing showcases focusing on current and new 
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techniques for evaluating leakage, controlling microclimates, controlling pollutants and en-
ergy-efficient lighting such as LEDs.  The challenge in preventive conservation is to utilize 
interdisciplinary decision-making tools to implement complex strategies. To achieve this, 
our program is designed to foster critical thinking, research and treatment skills, collabora-
tive approaches, and a heightened interest in contextual issues.     

 

2. Key players in the age of sustainability 
Traditionally, conservators are trained to provide a breadth of background knowledge, for 
example in the areas of studio arts, chemistry, materials technology, art history, archaeology 
or anthropology. Technical training regarding treatment, documentation and investigation of 
objects within a collection is constantly changing, reflecting both the traditional and current 
demands required of a conservator in a museum or in private practice. 

An increasing responsibility of conservators is about to emerge, due to the ongoing and lively 
debate on environmental guidelines for museum storage and display. Policies that have de-
veloped over the last few decades and have been broadly accepted [1-4] are currently under 
review by various decision makers. Rising energy costs have adversely affected the budget 
of many cultural institutions striving to provide appropriate environments for their collec-
tions. Because of a similar debate in Europe, the members of the Association of Art Museum 
Directors (AAMD) in the US have initiated a discussion on the potential broadening of en-
vironmental parameters for museum collections. A round table of experts at a meeting in 
Boston entitled Rethinking the Museum Climate proposed a set of interim guidelines, which 
ends with the statement: “Loan requirements for all objects must be determined in consulta-
tion with conservation professionals.” [5]. Although conservators were always involved in 
risk assessment for collections and implementation of environmental policies in museums, 
the broadening of environmental guidelines for climate control will significantly increase 
their responsibility. Conservators will have to take the lead in decisions about which objects 
may go on loan, which artifacts need special climate control in showcases or what range of 
fluctuations are acceptable for a certain collection.  

The current debate has also encouraged some to seek new solutions for environmental con-
trol in historic houses. We now recognize the necessity of reviewing traditional approaches 
to collection care while balancing the need to reduce the maintenance costs to the building, 
e.g. to assess more carefully the risk of damage as a result of condensation due to maintaining 
high relative humidity values in the wintertime.  

The practice of sustainable and environmentally sound preventive conservation must now 
be emphasized and fully integrated into the training of future conservators as part of their 
technical skill set and overall knowledge base. Students must also be prepared to follow the 
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discussion about new energy saving technologies, such as LEDs, which have a high impact 
on sustainability, to understand the relative risk of new and traditional light sources on light 
sensitive materials [6]. 

 

3. Training in preventive conservation – lectures and exercises 
The Conservation Center has updated its core curriculum after an intense review process. 
The new scheme of courses, fully implemented as of Fall 2008, has introduced Preventive 
Conservation as a separate course required for all second-year students regardless of future 
specialization. Now, with three years of experience in teaching the new format, is an oppor-
tune time to summarize the experiences gained. 

3.1. Format 
The course Preventive Conservation is held in the spring term and comprises 14 two-hour 
sessions to introduce students to all relevant issues of the museum environment: temperature 
and relative humidity, gaseous and particulate pollutants, light, and biological attack. The 
essential role of these parameters in the process of deterioration of cultural property are in-
vestigated, building on knowledge previously acquired during courses on “Materials Sci-
ence” (first year) and “Instrumental Analysis” (second year). Guidelines for storage, display, 
and transport of art objects are reviewed, taking into account the interaction of historic ma-
terials with their environment.  

Each student is required to take the lead in one major experiment, to complete a report on it 
and give an oral presentation on the experimental setup, the progress of the work, and the 
final outcome. The projects include practical exercises on risk assessment and environmental 
monitoring in historic houses or museums, participation in ongoing research on microcli-
mates, and hands-on training to refurbish showcases at the Conservation Center: 

Projects in spring 2009 

• J. Hickey: Risk Assessment of The Seventh Regiment Armory Board of Officers 
Room 

• L. Conte: The Collection of Moveable Objects in the Central Corridor at The Park 
Avenue Armory 

• B. Feston: Plan for retrofitting silver showcases at The Park Avenue Armory 
• R. Chao: Climate Control at Morris Jumel Mansion  
• L. Nelson: Light Monitoring at Morris Jumel Mansion 
• J. Bottkol: Conservation Center Display Case Rehabilitation Project 
• A. Holden: The Conservation Center Display Cases: A Study of the Climate Con-

trol and Air Exchange Rate 
• K. Sanderson: The Redesign of Display Case Lighting at the Conservation Center 
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Projects in spring 2010 

• J. Ellis: Lighting and Showcase Design for Works of Art on Paper 
• K. Robinson: Lighting Works of Art - An Assessment of Three Paintings Galleries 

at the Metropolitan Museum of Art 
• K. Patterson: Perception of Colour Temperature and Light Damage: Considera-

tions in Designing Exhibition Lighting 
• L. Boyer: The Insulation of Building Envelopes 
• K. Watson: Testing the Oddy Test: Exploring the Use of Zinc as an Indicator for 

Organic Acids 
• J. Pace: Performance Evaluation of Silica Gel 
• J. Sybalsky: Measurement and Control of Gas Exchange in a Renovated Exhibition 

Showcase 

 

3.2. Showcase refurbishment projects  
The exercise on showcase refurbishment reflects the skills and background knowledge the 
students should learn within a course on Preventive Conservation. Information from differ-
ent fields needs to be connected and evaluated, e.g. to decide the extent that a case should 
be sealed, thus balancing the risk from pollutants generated within the case versus the fluc-
tuations from the climate outside the case. From the extensive literature available in different 
journals, only a few key references can be quoted in this article [7-11].   

In this section, the planning phase (steps 1 to 4) and the hands-on work (steps 5 to 10) are 
described for the individual projects (spring 2009) and the group exercises (spring 2010; 
works are ongoing) on showcases at the Conservation Center: 

Step 1: Researching the history and assessing the conditions of the cases: 

The Conservation Center moved into its current residence in a former town house in 1983. 
Seven showcases were installed along the walls of the front staircase, rather as an after-
thought than as part of the original plan. Since fire code stipulations needed to be re-
spected, the architect chose to insert the showcase within the thick exterior wall of the 
building. They are used to display prominent objects from the Center’s study collection. 

The current condition of the cases is not satisfactory from an aesthetic and a collections 
risk perspective. Dirt patterns are evident on the fabric lining due to leakage through the 
front door and the wooden backboard. Silica gel compartments, originally installed but 
neglected with time, did not sufficiently buffer the climate fluctuations in the staircase. 
Fluorescent tubes installed vertically in each corner provided inadequate and uneven light 
within the case (see Figure 1). 
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Figure 1. One of seven showcases in the staircase of the Conservation Center, as installed in 1983 

 

Step 2: Defining the purpose of the cases: 

The showcases will be used to display objects from the study collection, including sensi-
tive organic (prints and rare books) and less sensitive inorganic (Greek ceramics, stone 
collection) materials.  

Step 3: Evaluating the building envelope and the macroclimate: 

The Center has limited climate control, providing stable temperatures but lacking ade-
quate humidity control, especially during the humid summer period. 

Step 4: Defining the target conditions: 

The cases need to provide a buffer for fluctuations in temperature (basically induced from 
the poorly sealed back side) and relative humidity (caused by high leakage of the building 
envelope).  

Step 5: Selecting and testing new construction materials: 

The glass shelves will be retained after refurbishing. Oddy tests were performed for all 
materials to be introduced, such as the new textile, the gasket material, and the sealing 
material. 
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Step 6: Dismantling the case:  

The old fabric was removed and a painted backboard was uncovered. The old silica gel 
was discarded and the fluorescent tubes were removed. 

Step 7: Refurbishment: 

An additional new backboard was introduced, firmly sealed to insulate and isolate the 
back wall. A barrier film was applied to all interior surfaces and new fabric was applied 
on all visible surfaces. One of the most challenging aspects was to design a system to 
gasket and seal the hinged doors.   

Step 8: Controlled leakage and relative humidity control: 

The goal is to achieve a low leakage rate and to buffer relative humidity fluctuations with 
silica gel. The students calculated the necessary amount of silica gel and proposed crea-
tive solutions for incorporating the silica gel containers in the shallow case with limited 
space for placing buffering materials. Also, the air exchange between the silica gel com-
partment and the display area within the case was investigated in mock-ups simulating 
case conditions.  

Step 9: Installation of appropriate lighting: 

The challenge of providing lighting for a shallow showcase was met by introducing two 
LED bars in horizontal positions (at the top and in the middle of the case), attached to the 
glass shelves. The beam of the LEDs was elliptically shaped, and the lighting was further 
improved with a bending film to optimize even light distribution (Figure 2) (fixtures pro-
vided by Art Preservation Services, New York, http://www.apsnyc.com/).  

Step 10: Monitoring current conditions (Figure 3): 

A FLIR P640 Infrared Camera was used for imaging the thermal conditions within all 
parts of the case, highlighting the difference in temperature between the exterior and in-
terior wall. The leakage rate of the case was determined, using carbon dioxide as a tracer 
gas, measured with a CO2 detector/logger. Data loggers were also used to measure rela-
tive humidity and temperature. An Ocean Optics USB2000+ spectrophotometer was used 
to study the wavelength distribution and the color temperature of various light sources. A 
novel method of measuring light intensity and distribution was carried out with a combi-
nation of a light meter and a luminance meter so that the readings can be taken from a 
point outside the case.  
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Figure 2. Showcases after refurbishment and installation of LED lights 

 

 

 
Figure 3. Monitoring campaign 
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4. Conclusions 
Teaching preventive conservation cannot be based on a one-dimensional approach. It re-
quires an understanding of a multitude of intersecting disciplines. In addition to the tradi-
tional role of recommending safe environmental parameters for collections, today's conser-
vator must work even more closely with facilities managers, engineers, registrars, and archi-
tects on establishing conditions that are sustainable in terms of energy and preservation. New 
lighting technologies require a close collaboration with the exhibition and lighting team. 
New methods for evaluating and implementing microclimates rely on an understanding of 
leakage testing and proper use of active and passive relative humidity control systems, an 
area of expertise that primarily falls within the responsibilities of the conservator. The chal-
lenge for training in preventive conservation is to familiarize students with both the decision-
making process and the application of technical tools to meet these complex demands. 
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Quantitative Hyperspectral Imaging of the Dead 
Sea Scrolls 

An Applicability Study for their Analysis and 
Monitoring 

 

Roberto Padoan, Marvin E. Klein, Ira Rabin, Gerrit de Bruin, 
Bernard J. Aalderink and Ted A.G. Steemers 

 

This paper describes the use of quantitative hyperspectral imaging (QHSI) to analyse frag-
ments of the Dead Sea Scrolls. Experiments were carried out at the National Archives of The 
Netherlands (Nationaal Archief) with the SEPIA QHSI instrument. The latter is suitable for 
analysing historical documents with a high intrinsic heterogeneity and for monitoring their 
local spectral characteristics over time. Recordings were performed on the rectos and versos 
of a set of nine DSS fragments that belong to the Ronald Reed collection of the John Rylands 
University Library (Manchester, UK).  

 

1. Introduction 
The European project COST Action D42 (ENVIArt), which started in 2006 and ran until 
2010, was a large research program that encouraged interdisciplinary research on chemical 
interactions between cultural artifacts and an indoor environment. 

In the framework of this project, the National Archives of The Netherlands, in cooperation 
with Art Innovation and the BAM Federal Institute for Material Research and Testing, in-
vestigated the potential application of quantitative hyperspectral imaging (QHSI) for the 
study of the Dead Sea Scrolls. This research focused on the use of the QHSI technique for 
(1) quantitatively, objectively, and reproducibly monitoring the state of the Scrolls, (2) sup-
porting the development of a risk model for their preservation, (3) finding comparable re-
gions for measurements performed on a micrometre scale and (4) grouping similar fragments 
together.  
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Results were obtained from non-inscribed fragments of the Dead Sea Scrolls belonging to 
the Ronald Reed collection of the John Rylands University Library. Ronald Reed received 
fragments of known archaeological provenance from Father de Vaux of the École Biblique 
in Jerusalem, shortly after their excavation in the sites of Qumran, Muraba’at, and Ein Fesh-
kha [1]. The physical and chemical studies of these fragments allowed Reed to conclude that 
the skins, used as a writing material, were de-haired enzymatically, then dried under tension 
and treated with vegetable tannins at the last stage of preparation. Thus, the skin-based ma-
terial of the scrolls is neither parchment nor leather but has a unique hybrid nature [2-3]. 

Results presented in this paper concern only fragments excavated in Murabba’at, labelled 
with the letters RM. For comparison, a sample of an ordinary parchment dated to 1540 
(“MLR1540”) was also recorded.  

 

2. Why apply QHSI? 
Unfortunately, the provenance of the majority of the fragments and scrolls is unknown since 
they were discovered by Bedouins and reached scholars through an antiquities dealer [4, 5]. 
Only 9 scrolls were allegedly found in sealed jars. The rest of the collection, comprising 
thousands of fragments, was discovered on the floors of the caves. Differing storage condi-
tions over two millennia have caused differences in the degradation of the Dead Sea Scrolls 
writing materials. Their subsequent handling, restoration, and exhibition, by different insti-
tutions over a period of more than 60 years have also contributed to their further degradation. 
Analysing differences between the fragments Dcan help us determine where each scroll and 
fragment was found. This type of investigation will also help establish the best conservation 
method for the future preservation of the Scrolls. 

On the one hand, the extreme heterogeneity of the Dead Sea Scrolls materials, even within 
individual fragments, makes an assessment of their condition and suitable preservation pol-
icies very difficult. On the other hand, this heterogeneity may also help solve some of the 
key questions about their manufacture, their use and storage (before and after their discov-
ery), and the attribution of small fragments to the scrolls of their origin. It follows that: 

- It is insufficient to rely only on measurement techniques that average the data acquired 
over large surface areas or alternatively provide information only for a few microscopic 
spots. Measurement data should instead be recorded on a large number of spots with 
adequate spatial resolution to obtain an effective analysis of such heterogeneous materi-
als. 

- The analysis of individual small fragments on their own is not sufficient to gain any 
significant information on their historical context and suitable preservation policies. This 
is why measurements need to provide quantitative calibrated data that make it possible 
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to trace the evolution of each single fragment and to compare it reliably with other frag-
ments, with external reference materials, and with data obtained with other instruments. 

The technical characteristics of QHSI make it an ideal tool for achieving these two goals. 
QHSI is a non-destructive optical technique that provides calibrated spectral data with the 
high spatial sampling resolution typical for digital images. As compared to conventional 
qualitative multispectral imaging (MSI), a QHSI measurement contains more detailed spec-
tral information. Unlike conventional MSI, the application of proper calibration procedures 
to the QHSI measurements results in reproducible physical quantities, such as spectral re-
flectance values. These properties are expected to help produce a more detailed documenta-
tion of the spectral and spatial characteristics of highly inhomogeneous samples such as the 
Dead Sea Scroll fragments. The wide spectral range in combination with the high spectral 
and spatial resolution can be exploited to analyse the effect of conservation treatments, to 
identify localised deterioration, and to enhance the legibility of the faint writing. 

 

3. Experimental 
3.1. Setup 
The SEPIA Quantitative Hyperspectral Imager (Figure 1) was used for this experiment. This 
device was specifically developed in a scientific collaboration between the Nationaal Archief 
and the company Art Innovation DEMCON to analyse sensitive archive and library materi-
als. 

 

Figure 1. The workplace with 
the SEPIA Quantitative Hyper-
spectral Imager installed in the 
conservation laboratory of the 
Nationaal Archief. 

Since 2006, when the instrument was installed at the conservation laboratory of the Na-
tionaal Archief, the measurement and analysis procedures for original documents and 
dummy samples have been continuously improved and various applications of the technique 
have been explored [6-10].  
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The SEPIA instrument has two built-in wavelength Tuneable Light Projectors (TULIPs), 
which illuminate the investigated document at an angle of 45° with a sequence of 70 well-
defined spectral bands. These bands cover contiguously the spectral range from 365 to 1100 
nm (near-UV, VIS and NIR), with bandwidths between 10 and 20 nm. The document is 
photographed by an overhead scientific-grade digital camera featuring a monochrome four-
megapixel charge-coupled device (CCD) sensitive over the entire spectral range. The rec-
orded section of the document is 125 × 125 mm, which corresponds to a sampling resolution 
of about 400 dpi.  

The tuneable light sources and the camera are integrated in a lightproof cabinet to avoid any 
interference of external light with the measurement. During the recording phase the temper-
ature and relative humidity inside the cabinet are constantly monitored and the data is stored 
with the hyperspectral data. At each of the 70 wavelength bands four frames are recorded at 
the optimal exposure time and combined in order to collect with each pixel a sufficiently 
large number of photons to achieve a very low pixel noise. With these settings, recording of 
a document takes about 13 minutes and the document is irradiated with a total light intensity 
of about 35 mJ/cm2, distributed over the spectral range from 365 to 1100 nm [6].  

In the conventional approach the object is illuminated with a high-intensity white light 
source and spectral filtering is applied at the camera. However, most of the broad band light 
spectrum incident on the document falls outside of the recorded narrow spectral region con-
taining the information, i.e. most of the light intensity is not used for the measurement while 
inducing a considerable load on a document. Unlike the conventional approach the SEPIA 
instrument filters the light on its way to the document. By using narrow-band illumination 
any light- or heat-induced degradation is reduced to the minimum required for a measure-
ment. This is an important advantage, especially when performing multiple recordings of the 
same document area for monitoring purposes. 

The grayscale pixel values of the 70 recorded images result from the optical characteristics 
of the corresponding tiny spots on the object’s surface, but also from the local light intensity 
and the camera sensitivity at each wavelength. To obtain quantitative spectral reflectance 
data on the object, the raw images are calibrated to make them independent of the character-
istics of the particular light sources and camera used for the measurement. To achieve this, 
the same instrument settings are used to record spectral images of a homogeneous white 
reference target with exactly known spectral reflectance properties (Spectralon® provided by 
Labsphere® Inc.). Together with additional calibration data, these reference images, recorded 
before and after an object is measured, are used to process the raw object images into cali-
brated spectral reflectance images. Such a precise calibration of the recorded spectral data is 
a prerequisite for comparatively monitoring the condition of different objects or the same 
object at different times [6-7].  
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In an artificial ageing study using modern as well as historic paper samples the high repeat-
ability of the SEPIA instrument and the potential of the QHSI technique for condition mon-
itoring has been demonstrated [7]. It was shown that in multiple measurements carried out 
over a period of a few months the spectral curves of the regions-of-interest were reproducible 
within 0.5% in the wavelength range from 380 to 1060 nm. Due to the high reproducibility 
of the measurements we were able to detect even subtle changes of the paper and ink spectra 
induced by artificial aging. That the same high long-term repeatability of the QHSI meas-
urement can be achieved also for significantly longer periods, is indicated by another exper-
iment, in which sections of a 17th century map were measured twice, with a period of 18 
months of storage, transport and exhibition in between [11]. 

 

3.2. The data cube 
The calibrated hyperspectral data can be envisioned as a stack of digital images, the hyper-
spectral data cube (Figure 2). Each image has a resolution of 60 × 60 µm2. For each pixel of 
this set of images, it is possible to extract a spectral reflectance curve consisting of 70 values 
at the discrete wavelengths measured. 

 
Figure 2. The hyperspectral data cube as a stack of grayscale images containing a calibrated spectral reflec-

tance curve for each pixel. 

 

The hyperspectral data cube is the basis for all further analysis of the recording. The combi-
nation of spectral information in the high-resolution spatial context can be exploited and 
visualized in numerous ways for qualitative and quantitative analysis of the results. The 
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current study of the Reed RM DSS fragments focusses on identifying the spatial variation 
of the spectral surface characteristics of individual samples and investigating possible simi-
larities between them. In the following, some of the data analysis and representation methods 
used are described. 

 

4. Analysis and Results 
4.1. VIS and NIR colour images 
From the spectral reflectance values of the fragments over the visible range (from 380 to 
780 nm), the colour of the reflected light can be calculated for any given illumination spec-
trum (generated e.g. by the sun or by a light bulb). The tristimulus values X, Y, and Z of the 
light reflected from a point on an object describe how its colour hue and brightness are per-
ceived by the average person [12]. The tristimulus value can be calculated using the stand-

ardized coefficients of the CIE colour matching functions ,  and  as shown in the 

equations 1-3 for the 41 spectral reflectance values Rλ and illumination intensity Pλ collected 
at their respective wavelength bands λ (λ=380 nm, 390 nm, …, 780 nm):  

 (1) 

 (2) 

 (3) 

The set of X, Y, Z tristimulus values of each pixel can then be transformed into other colour 
spaces such as sRGB to display colour images on a computer screen. CIEL*a*b* can be 
used instead for measuring colour differences between different points on the object [12]. 

The XYZ values were calculated by applying equation 1ABC to the pixel spectra contained 
in the hyperspectral data cube of the DSS fragments. From these first results, the sRGB were 
calculated for every pixel, producing the “real-colour” image of the fragments shown in Fig-
ure 3. The light spectrum of the standard illuminant D65 was used for Pλ [12, p. 262] and the 

,  and  coefficients refer to the viewing conditions of a 2º scotopic observer [12, p. 

258]. 

Unlike a conventional colour photograph, which uses only three broadband spectral filters 
for red, green, and blue (typically on a single camera sensor), a perfect white balance can be 
achieved for any (simulated) illumination spectrum. Colour images based on hyperspectral 
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recordings can therefore be very useful as references for digitisation and conservation. In 
addition, such images can be calculated to emulate the visual effect of different types of 
illumination that may be used e.g. in exhibitions in order to achieve the optimum viewing 
experience while minimising the stress for the objects. 

 

 
Figure 1. Real-colour image of the measured Reed RM fragments and the reference parchment (MLR1540) 

calculated for standard illuminant D65 and 2º scotopic observer. 

 

The real-colour image shows the heterogeneity of the spectral response within each fragment 
and between the different fragments in the visible range. In order to visualise the response 
in the near-infrared range, a false-colour infrared image can be calculated from the spectral 
data measured for wavelengths beyond 700 nm. As opposed to the real-colour image, there 
is no standardized formula or canonical way in which such a false-colour image has to be 
generated. However, by applying equation 1ABC to the spectral reflectance values Rλ in the 
wavelength range 700 nm to 1100 nm (without changing the other coefficients), a colour 
image can be generated that shows the near-infrared spectral characteristics of the fragments 
as if they occurred in the visible range. In the false-colour infrared image in Figure 4, most 
of the fragments look almost grey with little colour variation, which indicates that they have 
an essentially flat response over the infrared region. However, areas on fragment 1.5.3 and 
on fragment M7 appear brown or yellow in the false-colour image, which visualises an in-
creasing slope of the spectral curve in the near-infrared instead of the flat response of the 
other fragments. The variation of the (artificial) colour hues in different areas of fragment 
1.5.3 convey in an intuitive way that the shapes of the spectral curves of these areas vary 
considerably in the wavelength range from 700 nm to 1100 nm. 
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Figure 2. False-colour infrared image usable for an intuitive assessment of the near-infrared spectral charac-

teristics of the fragments. 

 

4.2. Characterizing the spectral homogeneity of the fragments 
To illustrate the variation of the spectral curves within individual fragments, three regions 
of interest (ROIs) were defined on the fragments RM 9 and MR 10 using a graphic software 
tool to mark with a specific colour all pixels belonging to a particular ROI (Figure 5). The 
analysis software developed by the authors was used to extract the spectral data of all the 
pixels of the ROI from the data cube and to calculate, separately for each ROI, the average 
spectral reflectance curve of its pixels (Figure 6). These average spectral curves represent 
the type of average data that a conventional single-spot photo spectrometer would provide. 
The spectral curves of the ROIs marked in red and blue resemble each other and differ from 
that of the green ROI. 

 

 
Figure 3. LHS, top: Real-colour image of fragments RM9 and RM10. LHS, bottom: Manually marked ROIs 

used to extract spectral data from the hyperspectral data cube. 
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Figure 6. Average spectral reflectance curves of the ROIs as they would be measured with single-spot instru-
ments 

 

A graphic representation of the histograms of the spectral values of the ROI pixels for all 
wavelengths can be used to visualise the spectral heterogeneity within each ROI. Figure 7 
shows, for each of the three ROIs, a density plot of the pixel spectral values as a function of 
the wavelength. For each of the 70 wavelengths the spectral value of each ROI pixel is 
marked as a black dot in the corresponding narrow vertical column. The higher the density 
of pixels with similar spectral values at a given wavelength, the darker the corresponding 
region of the density plot appears. 

The great widths of the spectral value histograms illustrate the heterogeneity of the spectral 
response even within sections of a single fragment. Substructures that can be seen in the 
histograms hint at the existence of distinguishable classes of areas with characteristic spec-
tral responses on the fragments. These results clearly demonstrate that the use of single-spot 
instruments alone is not sufficient for the analysis of such samples, which require high spatial 
resolution. 
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Figure 7: Density plots of the spectral values as a function of wavelengths for the pixels belonging to ROIs 
defined on the fragments RM9 (left) and RM10 (middle and right). Dark areas correspond to a large number 
of ROI pixels with the same reflectance value at the given wavelength. The thick lines are the average spec-

tral curves of ROIs, the thinner lines indicate the average spectrum plus or minus one standard deviation. 

 

4.3. Principal component analysis 
Histogram density plots visualise the distributions of the spectral values separately at each 
wavelength, but they cannot be used easily to reveal and exploit existing statistical correla-
tions between the pixel reflectance values at different wavelengths. The principal component 
analysis (PCA) feature extraction algorithm is a method that can be used to determine these 
statistical correlations and exploit them to extract the most relevant spectral data from the 
hyperspectral data cube [13].  

A mathematical transformation from the field of linear algebra is applied to condense the 
spectral data stored in the 70 images of the hyperspectral data cube into a much smaller 
number of component images with no significant loss of information. The exact number of 
component images required depends on the variability of the data itself. 

The spectral characteristics of the RM fragments can be described by five PCA component 
images shown in Figure 8. Mathematically speaking, these component images are a repre-
sentation of the hyperspectral data in a 5-dimensional feature space.  
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Figure 8. The first five component images resulting from principal component analysis of the hyperspectral 

data of the RM fragments. This corresponds to the representation of the QHSI data in a 5-dimensional feature 
space. 

 

The variation of the spectral characteristics between the various fragments and within each 
individual fragment can be visualised by combining the first three grayscale component im-
ages (Figure 8) into a single colour image. This is shown in Figure 9 where the first, second, 
and third PCA components are assigned to the red, green, and blue image channel, respec-
tively.  
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A second QHSI measurement was carried out to compare the spectral characteristics of the 
recto and the verso of the fragments (except 5Q1.3.1). Note that for these fragments the 
labels recto and verso are arbitrary, because they do not indicate the flesh and hair side of 
the parchment or the written and unwritten side of the scroll. The set of calibrated spectral 
images of the versos was then mathematically transformed into the same type of PCA com-
ponent images as of the rectos. The resulting false-colour image composed in the same way 
as for the recto recording is shown in the lower part of Figure 9.  

 

 

 
Figure 9. False-colour image combinations of the first three component images of the RM fragments for the 
recto (upper) and verso (lower) recording. Both images have the same scaling, i.e., the pseudo-colours are 

comparable. PCA-1, 2, 3 are mapped to the Blue, Red, Green channels. 

 

Areas with similar pseudo-colours within each image or between the recto and verso images 
have similar values for the first three PCA components and thus also similar spectral curves. 
For example, the PCA pseudo-colour of the reference sample MLR1540 recto is very similar 
to the one obtained for its verso, and very different from that of any RM fragment. Moreover, 
the high degree of spectral homogeneity found for the two sides of the reference sample was 
not found in the DSS fragments, in which considerable spectral differences were measured 
between their recto and verso surfaces. This seems to be characteristic of the Dead Sea 
Scrolls, whose manufacture differed greatly from parchment production introduced in the 
early Middle Ages: in the former case, depilation of the hides was achieved enzymatically 
in contrast to lime depilation of hides customary since the Middle Ages [3]. The high heter-
ogeneity may be also linked to the superficial vegetable tannin treatment of some of the 
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Jewish writing materials [2], extreme age and presence of the deposits from the cave floors 
[14,15]. This type of analysis combined with historical information on the scrolls’ manufac-
ture could be of great importance in the attribution of detached parts where no text is present. 
The high-resolution spatial and spectral data might also contribute to the recognition of the 
follicular pattern. Identification of specific types of surface characteristics caused by the dif-
ferent methods of preparing the writing surfaces can help in correlating a specific fragment 
to a certain scroll. 

 

4.4. Comparison of pixel spectra 
Instead of relying on a visual comparison of the samples in the false-colour images derived 
from the principal component analysis, the quantitative data in the QHSI measurements can 
be used for direct numeric comparison of the pixel spectra. The processing of further data 
analysis algorithms that compare the characteristics of the individual pixels can be acceler-
ated considerably by using the PCA component images rather than the original spectral im-
ages. If this is done, the spectral reflectance curve of each pixel on the DSS fragments cor-
responds to a vector in the 5-dimensional feature space. Comparing spectral reflectance 
curves of individual pixels with each other or with reference spectra therefore corresponds 
to measuring the similarity of vectors in the PCA space. However, there is no universal def-
inition of the similarity of vectors, which is why there are many algorithms that can be used 
to determine the similarity of the spectral characteristics.  

Two commonly used algorithms are the Modified Spectral Angle Similarity (MSAS) and 
the Spectral Distance Similarity (SDS) [16]. Both algorithms can be interpreted geometri-
cally (albeit in an abstract 5-dimensional space). MSAS results in a high similarity value 
when the angle between two spectral vectors is small, independent of the length of the vec-
tors. This means that MSAS effectively compares the shape of the spectral curves without 
considering their scale (overall reflectance of the area). SDS measures instead a high simi-
larity for two vectors when their Euclidian distance is small, which means that the overall 
reflectance of the compared pixels (the length of the vectors) is also taken into account. 

To apply the SDS and MSAS algorithms, reference spectra have to be derived for compari-
son with each pixel spectrum (represented by a vector in PCA feature space). Such reference 
spectra (more precisely: reference PCA vectors) are obtained by defining ROIs in homoge-
neous areas of the samples. The first PCA component image represents the variation of the 
entire pixel spectra much more reliably than any particular spectral image. The PCA image 
therefore facilitates the graphic definition of spectrally homogeneous ROIs considerably, 
which can be seen by comparing the narrow distribution of the histogram density plots in 
Figure 10 with the broad ones in Figure 7. 
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Figure 10. A: Two ROIs graphically marked in areas on samples RM9 and MLR1540 that looked fairly ho-
mogeneous in the first PCA component image (recto). B: Density plots of the spectral values of these ROIs 

with overlay spectral curves indicating the average values plus/minus one standard deviation. 

 

Using the SDS algorithm, the spectrum of each pixel was compared with each of the two 5D 
vector representations of the reference spectral curves in the PCA space for the RM9 and 
MLR1540 ROI. In each of the resulting two SDS feature images in Figure 11A and 11C, 
bright pixels indicate a high similarity and dark pixels a low similarity between the spectrum 
of the corresponding miniscule area on the DSS fragment and the corresponding reference 
spectrum. Since the bright areas in each image have spectral curves similar to the same ref-
erence curve, the pixel spectra within all bright areas are similar, even if these bright areas 
happen to be on different fragments. Dark areas, on the other hand, are not necessarily ho-
mogeneous, since pixel spectra can be dissimilar to the reference spectra in many different 
ways. 

The advantage of calibrated quantitative hyperspectral measurements is that the spectral data 
of objects measured in different hyperspectral recordings can be compared. Using the same 
reference spectra from the ROIs defined on the rectos of RM9 and MLR1540, the same SDS 
algorithm was also applied to the verso measurement. The resulting SDS feature images are 
shown in Figure 11B and D. 

The bright areas on fragments RM9r (Figure 11A), RM9v, and RM10v (Figure 11B) indicate 
that the versos of RM9 and RM10 are similar to the recto of RM9, as opposed to, e.g. the 
recto of RM10. 
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The bright areas in Figures 11C and D are localized only on sample MLR1540, which means 
that this sample has similar spectral characteristics on recto and verso, but it is completely 
different from all the other samples. 

Figure 12 shows the feature images calculated with the MSAS algorithm, again using the 
reference spectra from RM9 and MLR1540 recto on both the recto and verso measurement. 
Since the MSAS algorithm, as opposed to the SDS algorithm, determines the similarity of 
the shapes of the spectral curves without taking into account their general reflectance levels, 
the resulting feature images indicate different similarities. For example, the rectos and versos 
of RM1, RM2, RM4, and RM10 are somewhat similar to the reference RM9r. However, 
MLR1540 recto is again only similar to its own verso and to none of the other samples. 

There are several possible causes for the differences in the results obtained with the MSAS 
and SDS algorithms. For example, two sample areas that are covered with different densities 
of a surface layer that acts as a spectrally neutral attenuator may still have spectral curves 
with similar shapes and thus a high MSAS similarity. However, their SDS similarity will be 
low due to the difference in the general reflectance level. Such a spectrally neutral surface 
layer might be produced by soot or other types of contamination that adhere to the surface, 
but it might also be produced by a chemical reaction on the surface, for example with con-
servation substances. Alternatively, the density or thickness of the reflecting substrate 
(parchment) could differ between two sample areas. Together with the neutral-black back-
ground on which the samples are placed during the QHSI measurement, this would also 
result in high MSAS but low SDS values.  

The actual causes for the different MSAS and SDS similarities found in the studied DSS 
fragments still have to be investigated. However, it is this combination of both the MSAS 
and SDS results that allows a hypothetical grouping of the fragments or areas on the frag-
ments to decide which areas should be probed with additional techniques to test these hy-
potheses. 

Current research addresses the use of fluorescence imaging in combination with reflectance 
imaging to further improve the characterisation of the fragments.  
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Figure 11. Feature images calculated from the PCA images (recto) by using the SDS algorithm to compare 
the spectrum of each pixel with reference spectra from ROIs on fragments RM9r and MLR1540r. A and B: 

SDS feature images recto/verso for reference RM9 recto. C and D: for reference MLR1540 recto. 
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Figure 12. Feature images calculated from the PCA images (recto) by using the MSAS algorithm to compare 
the spectrum of each pixel with reference spectra from ROIs on fragments RM9r and MLR1540r. A and B: 

MSAS feature images recto/verso for reference RM9 recto. C and D: for reference MLR1540 recto. 
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5. Conclusions 
In this study, the quantitative hyperspectral imaging (QHSI) technique was used to sample 
calibrated spectral reflectance curves with high spatial resolution from nine DSS fragments 
and a 16th century parchment sample. Instead of obtaining only average data over the entire 
small surface area of each sample (less than 1 cm2) as with conventional spectrometers, the 
hyperspectral imager provided detailed information on the spectral variations within the area 
of each fragment. The accurate calibration of the spectral data allowed comparing different 
samples among each other, in addition to the recto and verso surfaces, which were recorded 
in two separate measurements. 

The measurement data obtained from the ten samples was analysed by applying sophisti-
cated mathematical methods such as the principal component analysis to condense the spec-
tral information and to measure similarities between spectral curves from different locations 
on the samples. 

The results show that the overall spectral response of all nine DSS fragments is different 
from that of the 16th century parchment, which is not surprising given the history of the 
Dead Sea Scrolls.  

A unique pattern of each fragment presents a detailed documentation of its state at the mo-
ment of the recording and can be used to monitor its state in the future allowing for detection 
of local changes. 

Furthermore, the hyperspectral mapping is exploited for making informed choices when se-
lecting locations on DSS samples where single-spot or microscopic measurements with other 
non-destructive or minimally invasive techniques are applied.  

In conclusion, quantitative hyperspectral imaging is a non-destructive measurement tech-
nique that has the potential to become a standard tool for the analysis and condition moni-
toring of the Dead Sea Scrolls. This paper has demonstrated that the conservation, documen-
tation, and study of the Dead Sea Scrolls could benefit greatly from the rich spectral infor-
mation provided by QHSI data.  
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Performance of Showcases for Organic 
Archaeology 

 

Cátia Candeias and David Thickett 

 

The changes to archaeological materials during burial can make them particularly environ-
mentally sensitive. Mixed materials with organics and metals together pose particular issues. 
Archaeological iron and copper alloy require a low relative humidity to slow deterioration. 
These low relative humidities can be both difficult to achieve and at the same time risk or-
ganic materials. Display in historic buildings can be challenging and showcases need to mit-
igate the environment significantly. 

A series of showcases at five sites have been assessed. Research into bone and ivory response 
has been used to tailor environments to the collections needs. Low and high relative humidity 
situations have been studied. Mould damage functions have been applied to the climate for 
the high relative humidity situations. Protection against external pollution ozone, nitrogen 
dioxide and sulphur dioxide has been assessed. The impact of very high light levels on ivory 
has been investigated with colorimetry and Fourier transform infrared spectroscopy. 

 

1. Introduction 
English Heritage cares for approximately 430 sites across England and many of them have 
displays of archaeology as part of their presentation. Changes to composition during burial 
makes some archaeological material environmentally sensitive and means it is amongst the 
most challenging to safely display and store. 

A series of exhibitions have been assessed in terms of present recommended preventive con-
servation parameters, relative humidity, temperature, pollutant concentration and light.  
Some tests to determine appropriate environments for archaeological bone were performed 
to set the conditions for a particular showcase.  Five distinct exhibitions with archaeological 
organic materials, representative of the types of showcases commonly encountered were 
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monitored and improvements suggested. The performance of twelve showcases was as-
sessed and air exchange rates and leakage paths measured.  An overview of them is given in 
Figure 1 and Table 1. 

 

 

Type A 

 

Type B 

 

Type C 

 

Type D 

 

Type E 

Figure 1. Types of showcases assessed 
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Many organic materials, like wood, support mould growth and high levels of relative humid-
ity will give rise to mould growth and also loss of strength.  This often forms the higher 
relative humidity limit to many specifications. Too low levels will cause embrittlement 
through desiccation. Abrupt variations in relative humidity, between high and low levels, are 
most harmful giving rise to cracking, flaking, and damage from structural fatigue. Table 2 
shows recommendations from two sources for suitable environments for archaeological or-
ganic materials.  

 

Table 2. Relative humidity (RH) and temperature levels recommended for the display and 
storage of archaeological organic materials from Stolow [1] and from Brown [2]. 

Material Stolow 1987 Brown 2007 

 RH (%) Temperature (ºC) RH (%) 

Wood 40-60 18-22 45-55 

Bone 50-60 18-22 45-55 

Human skeletal remains   35-70 stable 

Ivory 50-60   

Amber  around 15 35-70 

Shell  around 15 35-70 

 

Archaeological metals often require low relative humidity environments to slow deteriora-
tion.  This is often in contrast to the middle relative humidity environments recommended 
for organic materials.  In order to assess the relative risk and specify an appropriate environ-
ment the risk isotherms of the two materials can be compared if known and a compromise 
relative humidity range decided upon.  Many showcases are controlled with silica gel, but 
this method generally leads to low relative humidity values (between 5 and 15% depending 
on conditioning of the gel and the construction materials of the showcase) [3].  The relative 
humidity in the showcase will then gradually increase until the gel is replaced.  Dehumidifi-
ers can be used to control the relative humidity to a much tighter band (5-10% depending on 
capacity and showcase construction). 

 

2. Temperature and relative humidity 
Three points of interest are discussed in this section: (1) the different relative humidity con-
ditions between the display area and its silica gel compartment, (2) different types of 
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materials (metals and organic materials) displayed together and (3) showcases of organic 
materials displayed in a damp environment. They involve the sites Battle abbey, Yarmouth 
castle, Lullingstone Roman villa and the Osborne Swiss cottage. 

The temperature and relative humidity were monitored in the showcases and rooms using 
either Meaco radiotelemetry sensors (www.meaco.com) with Rotronic Hygroclip probes 
(www.rotronic.com) or Hanwell Humbug II data loggers (www.the-imcgroup.com). 

Leakage paths were determined using a Inficon D-Tek gas sniffer 2 [4]. 

 

2.1. Silica gel compartment 
At Battle Abbey, the conditions inside the silica gel compartments were monitored as well 
as the conditions inside the showcases. The silica gel compartment is under showcase 2 with 
a plastic sheet perforated with 2 mm holes separating the two compartments. 

The temperature fluctuations are smaller inside the silica gel compartments, which have a 
higher thermal mass and are not affected by heating through the Perspex acrylic sheet [5]. 

The relative humidity in the showcase 2 compartment has no daily fluctuations, but it has 
increased faster than the relative humidity in the display area. The difference in relative hu-
midity between the showcase and the silica gel compartment is caused by limited air ex-
change between the two, due to the small diameter holes used.  Holes of 8 mm diameter are 
required to equalise the relative humidity between the two compartments [3]. 

To summarize, we have seen that the relative humidity in the silica gel compartment is in-
creasing faster and also that relative humidity inside the showcase is always more than 7% 
higher than that in the silica gel compartment (Figure 2). This is the opposite of case 2, where 
the relative humidity of the silica gel compartment has increased just 1% and the relative 
humidity in the showcase is kept around 60%.  Leakage testing indicated relatively small 
gaps in the showcase, but lots of leakage through the door to the silica gel compartment.  
This explains the much higher rate of relative humidity increase in the silica gel compart-
ment.  Replacement seals reduced this leakage to a much lower level and increased the length 
of time silica gel is effective. 

 

 



C. Candeias and D. Thickett 

 160 

 
Figure 2. Temperature (ºC) and relative humidity (%) conditions with the silica gel’s compartment and the 

display area of case 2 at Battle Abbey. 

 

2.2. Mixed materials – organic materials and low relative humidity  
The mixed display of organics and metals archaeology requires some compromises. Anec-
dotal evidence from English Heritage and British Museum collections is that exposing the 
metals to mid-range relative humidities causes more visible damage than exposing archaeo-
logical organic materials such as bone and wood to low relative humidities.  Several such 
materials have been displayed in showcases conditioned with silica gel fluctuating between 
approximately 10 and 42% on a six-month cycle.  Condition photography of a bone object 
in one such showcase has shown no elongation or widening of a major crack present.  Alt-
hough the accuracy of such measurements is limited. 

An alternative to using silica gel is using a dehumidifier. Munters MG50 desiccant dehu-
midifiers are convenient for use under showcases as they work efficiently in the unheated 
buildings utilised for many English Heritage displays and the damp wet air generated is more 
convenient to vent than removing liquid water. Depending on the control system used, air 
exchange rate of the showcase and amount of buffering the relative humidity can be con-
trolled down to a 5% band.  Figure 3 shows the relative humidity in a showcase at Yarmouth 
castle containing copper alloy and bone. 
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Figure 3. Temperature (ºC) and relative humidity (%) conditions over a month time at Yarmouth castle. 

 

The dehumidifier maintains the relative humidity just below the critical 42% value, whilst 
the bone is exposed to nothing lower than 35%.  If a year’s worth of relative humidity data 
from the room is available, the dehumidification capacity required and annual energy usage 
can be predicted [6]. 

 

2.3. Lead coffin and skeleton 
An important part of the Lullingstone archive is a decorated lead coffin and skeleton. These 
have been displayed together since the 1970s.  The coffin was discovered crushed and was 
heavily reformed on a wood support.  The previous display was in a polycarbonate showcase 
conditioned with silica gel.  Silica gel can be readily dried to about 5% relative humidity, 
but conditioning to other relative humidity values is very time consuming.  The previous 
relative humidity values in the showcase were as low as 12% and the silica gel was replaced 
with dry gel every six months. Visual assessment by the osteoarchaeologist involved in the 
original display indicated that the bones had potentially undergone further surface delami-
nation. However, this was difficult to assess as the bone surfaces were heavily delaminated 
on excavation. A series of experiments were undertaken to determine the most appropriate 
relative humidity conditions for the display case.  The concentration of acetic acid in the old 
showcase was measured using diffusion tubes and found to be 900 µg/m [3, 6].  The sensi-
tivity of lead to relative humidity in the presence of this concentration of acetic acid is well 
characterised [7].  Rapid corrosion begins at above a relative humidity value of 54%.  This 
value determines the upper limit, the lower limit will be set by the sensitivity of the bone to 
low relative humidity values. 
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The mass and dimensional response to the relative humidity of one thigh bone was assessed.  
The bone was conditioned to 50% and placed on a balance (AND 200 g, 0.01 g precision) in 
a conditioned showcase (MiniOne conditioning unit).  The movement of the lifting surface 
of the bone was monitored with a laser displacement transducer (AR600).  The relative hu-
midity was decreased in 5% intervals for three days each and the response of both mass and 
displacement were recorded.  The experiments were continued to 15%, as the bone had pre-
viously been exposed to relative humidity drops of 45-50% to 12% over 13 day periods on 
at least 9 previous occasions and it was thought this single extra exposure presented little 
extra risk. Results are shown in Figure 4. 

 

 
Figure 4. Mass and dimensional response of bone at different relative humidities 

 

The equilibrium moisture content (mass) of the bone responds rapidly to a relative humidity 
below 20%. The delaminated surface layer begins to move more below a relative humidity 
of 25% and this value was used as the lower limit. The new display for the coffin incorpo-
rated a showcase conditioned by a Munters MG50 dehumidifier (the room relative humidity 
does not drop below 45%) controlled to 40% with a Meaco controller using a Rotronic Hy-
groclip II RH probe. This difference in behaviour between the mass (overall) and dimen-
sional change of the surface is important and display limits need to take it into account. 

 

2.4. High relative humidity environments 
Among the 12 display cases assessed, five maintain a relative humidity above the recom-
mended limits for organic materials (see Table 3).  Only the bone objects and an ivory flute 
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(case 2 at Osborne) are displayed within these showcases and the relative humidity range 
recommended would be between 50 and 60%. 

However, at the present time, the organic materials inside these display cases show no visible 
mould growth. Mould damage functions were calculated from the temperature and relative 
humidity data monitored [8]. None of the cases had conditions indicating the possibility of 
mould germination or mycelium growth with either the Image Permanance Institute Index 
[9] or WufiBio 2 substrate class I [10], which is likely to encompass bone and ivory. Case 2 
at Lullingstone showcase did indicate potential mycelium growth for substrate class 0, mould 
growth media, but bone is very unlikely to fit into this classification. No physical damage 
was observed (no expansion visible by comparison to condition photography or movement 
of existing cracks). The daily fluctuations are quite gentle in all of the cases except case 1 at 
Lullingstone. In fact, these objects have been stored or displayed in damp environments for 
many years and perhaps they have reached an equilibrium at high relative humidity. This 
approach has formed the basis of the recent CEN standard [11]. 

 

Table 3. Relative humidity (%) conditions within five showcases at Battle abbey, Lull-
ingstone Roman villa and the Osborne Swiss cottage museum 

 Average 
RH (%) 

Lowest 
RH (%) 

Highest 
RH (%) 

Case 2, Lullingstone Roman villa 73.8 66.2 79.5 

Case 1, Lullingstone Roman villa 63.8 57.1 67.9 

Case 2, Swiss cottage museum 63.9 61.6 65.9 

Case 2, Battle abbey 61.8 59.0 63.8 

 

 

3. Pollutant ingress 
Ingress of the external pollutants, sulphur dioxide, nitrogen dioxide and ozone, was assessed 
by measuring concentrations inside three display cases at St Augustine’s abbey and Battle 
abbey with diffusion tubes supplied by Gradko International Ltd.  

Concentrations were also measured in the rooms.  Unfortunately, there is still little infor-
mation available about likely reaction rates of organic artefacts towards external pollutants 
in indoor atmospheres, such as sulphur dioxide, nitrogen dioxide and ozone. Even though 
organic objects have a high potential for deterioration, little quantitative data exist to support 
the widespread assumption that they are significantly altered by ozone under normal 
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conditions [12].  Most cultural heritage research has focussed on colouring matter and paper, 
neither of which are present.  In order to draw some conclusions about the protective nature 
of the showcases in the absence of damage concentrations, the interior to room concentration 
ratio was calculated for each showcase measured. 

 

Table 4. Results of the pollution tests 

 Concentration (ppb) Showcase to room concentra-
tion ratio 

 Ozone nitrogen 
dioxide 

sulphur 
dioxide 

Ozone nitrogen 
dioxide 

sulphur 
dioxide 

Battle Abbey show-
case 1 

8.01 0.58 0.3 0.70 0.20 1.00 

Battle Abbey show-
case 2 

6.86 0.28 0.5 0.60 0.09 1.67 

St Augustine’ Abbey 
showcase 1 

4.92 2.46 0.2 0.39 0.56 0.32 

ASHRAE general 
museum [11] 

0.5 - 5 2-10 0.4 - 2    

ASHRAE action 
levels [11] 

25 26 8    

Thompson general 
museum [12] 

0 5 4    

Tétrault moderately 
sensitive objects [7] 

5 5.2 3.8    

 

Whilst nitrogen dioxide and sulphur dioxide are comfortably within the limits recommended, 
ozone is higher for most showcases.  Although it does not approach the ASHRAE action 
limit [13].  The high ozone concentrations are due to the relatively rural location of the mu-
seums.  The measurements were made in spring when ozone is at its highest. Repeat meas-
urements in July, October and December had ozone concentrations below 3 ppb for all show-
cases.  It is very likely the annual average ozone concentration is below 5 ppb. Research has 
indicated room pollutant doses can be reliably extrapolated from 4 seasonal measurements 
in naturally ventilated buildings [14]. 
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The showcase to room ratio result reveals that the glass at St. Augustine’s abbey display case 
provides significant protection against pollutants ingress. At Battle abbey, there is more pro-
tection (lower showcase to room concentration ratios) against nitrogen dioxide, but less pro-
tection against ozone and no apparent protection against sulphur dioxide.  Indeed, one show-
case has a higher concentration of sulphur dioxide than the room.  This is possibly to be due 
to emission of sulphur dioxide from proteinaceous materials in the showcase [12]. 

Internally generated pollutants, such as acetic acid, were not measured.  The most common 
carbonyl pollutants are relatively expensive to measure and almost no information exists to 
interpret the results for the materials present.  Some work has been published on shells and 
bone [16], but the levels required are extremely unlikely to be present in these showcases.  
Analysis of over 300 acetic acid measurements in showcases showed less than 0.6% reached 
this concentration [16]. Those cases had very significant sources present in them, which are 
absent in these cases. A major European project MEMORI has developed a lower coast 
measurement technique and investigating damage from carbonyl compounds to a range of 
other organic materials [17]. 

 

4. Air exchange rate 
The air exchange rate (AER) in display cases and storage enclosures has been studied for 
many years and understood as a key factor for preventive conservation. The air exchange 
rates of the showcases were measured using the carbon dioxide tracer gas method with 
Vaisala GMP222 probes [4].   

The results span a broad range of air exchange rates (Figure 5). The Swiss cottage museum 
showcases at Osborne leak the most due to their design.  The tall glass doors with no seals 
generate vertically separated gaps. This situation is known to give high air exchange rates 
due to the stack effect [18]. Additionally, wooden cases are prone to warp and increase gap 
sizes with age.  Generally, any old or historic cases will not achieve the same level of per-
formance as new cases, even when a significant amount has been spent on them [19]. 

The relatively high air exchange rates in the recent Lullingstone Roman villa exhibition are 
disappointing as the cases are recently installed. Air exchange rates were measured of over 
half the showcases installed, but the testing focussed on those cases that would have the 
environment controlled. This did not include these two cases. Showcase 2 has a higher air 
exchange rate than showcase 1 due to its design.  The hinge at the top back often leaks and 
the design means there is a 40-mm vertical separation between this hinge and any gaps where 
the glass meets the base.  Whereas the whole lid hinges up on showcase 1, meaning if there 
are gaps they are at the same level. 
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Figure 5. Air exchange rates of the thirteen showcases tested. 

 

Showcase 2 at Battle abbey has a much higher air exchange rate than cases 1 and 3.  This 
showcase is attached to the wall at its back whereas cases 1 and 3 sit on a plinth.  Hence 
gravity forces those cases onto their seals whilst it pulls showcase 2 away from its seals.  The 
cases are formed from Perspex and permeation through this material is probably significant 
unlike glass. 

The cases at St Augustine’s abbey are the most airtight.  Cases 1 and 3 have low air exchange 
rates, showcase 2 is higher.  This design of showcase can be reliably built to have air ex-
change rates less than 0.4 day-1 [3].  At St Augustine’s abbey, the substructure of the show-
case is chipboard.  It is likely that the substructure of showcase 2 has moved.  The showcase 
had significant refurbishment due to the label holder failing.  The multiple opening and clos-
ing of the showcase and woodwork repairs this caused may have affected the substructure. 

At Lullingstone Roman villa, showcase 1 shows a daily cyclic humidity pattern with humid-
ity changes of 7% during 24 hours regularly occurring. The temperature raises at 9 am and 
drops at 4 pm, from 9.7 ºC to 14 ºC, always 3 ºC higher than the room.  At the same time, 
the relative humidity within the showcase is almost 10% lower than the room (Figure 6).  

Showcase 2 shows completely different conditions.  It has the same daily cycle for temper-
ature and relative humidity. However, the temperature within the showcase mirrors the tem-
perature of the room (with no bigger peaks) and the RH has minimal fluctuations of 2%. 
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Figure 6. Temperature (°C) and relative humidity conditions (%) within case 1 at Lullingstone 

 

 
Figure 7. Temperature (°C) and relative humidity conditions (%) within case 2 at Lullingstone 

 

5. Light 
Light doses at Lullingstone Roman villa and Battle abbey were assessed by measurement 
with a manufacturer calibrated Elsec 764 meter. One only had artificial light present for 
punctual readings could be reliably used to determine doses. At the measurement location 
for the second the artificial light was found to dominate. Measurements overnight with just 
the artificial lighting showed over 92% of the light levels as those on a bright sunny day. 
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There is a spotlight lightning showcase 1 in the middle of it where the two skeletons are 
displayed.  This spotlight is switched on and off when the site opens to the public and when 
it closes and that is causing the temperature within the showcase to rise around 9 am and to 
decrease at 4 pm. At present, it is unknown whether the 10% daily relative humidity cycle 
is likely to cause damage. The cycle is just within the limits defined by the Bizot group and 
the UKs Government Indemnity scheme [20-21]. 

Light is reported to cause damage, beyond the lightings impact on the relative humidity. 
Tétreault recommends light levels for different types of organic materials to give a just no-
ticeable fade after 100 years [12].  The Victoria and Albert Museum gives levels for a similar 
metric for 50 years [22]. English Heritage aims for such a fade after 25 years due to its access 
policies and historic buildings. 

The annual lux hours that the skeletons are exposed to were calculated from a punctual read-
ing. Lullingstone is open to the public 2744 hours per year and with the punctual reading of 
900 lux. Thus, the annual lux hours for case 1 are 2 469 600 lux h. The recommended levels 
for bone objects are 400 000 lux h/year. The annual lux exposure in showcase 2 is 117 000 
lux h.  UV levels in both cases were below 25 µW/lumen. However, with the lux levels 
present the UV power on the bones in case 1 will be over twenty times higher than that on 
the objects in case 2.  

At Battle abbey, incandescent bulbs are located approximately 1 m above the showcases. A 
fragment of a pastoral staff made of walrus ivory (early 12th century) has a magnifying glass 
placed just above it to enable the visitor to see the decorative details. 

Light exposures were measured of up to 6 081 600 lux h/year.  These are obviously far too 
high.  More importantly the UV levels were very high at 177 µW/lumen. Colorimetry was 
undertaken using an Ocean Optics 2000 spectrometer with 1 mm diameter fibre-optics. 
Measurements were made on an area of the ivory staff fragment directly under the light and 
another area lit, but not under the magnifier (estimated annual exposure 457 000 lux h/year), 
and the underneath of the staff fragment (estimated annual exposure 27 000 lux h/year).  No 
statistically significant difference in colour could be measured.  However, the lack of discol-
oration does not mean that chemical damage is not occurring, especially to the collagen in 
the ivory and this was investigated. The staff was analysed with attenuated total reflectance 
FTIR, using a Nicolet inspect IR microscope with Germanium and Silicon ATR heads. The 
collagen content was estimated from the ratio of the Amide I peak at 1664 cm-1 to the prin-
ciple hydroxyapatite peak at 1050 cm-1 [23]. Measurements were taken at similar locations 
to previously. No differences in peak ratios were observed. 
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6. Conclusions and discussion 
Several of the showcases assessed did not meet the recommended standards.  For most in-
stances, this was due to mixed display with archaeological metals.  Other cases had higher 
relative humidities due to the buildings they are in.  The majority of the materials do not 
show any visible damage after 15 years.  Some instrumental analysis has been undertaken, 
with no detectable differences. However, the results are limited by the instrumental sensitiv-
ity and heterogeneous nature of the object surfaces and further work is certainly required. 
Improvements in sealing showcases and increased air exchange between the silica gel com-
partment and display compartment are recommended. The evidence developed in this work 
helped justify investment in the sites. In the Osborne Swiss cottage, conditioned air from the 
dehumidifiers is now trunked into the showcases to improve their conditions and also sig-
nificantly improve energy efficiency. The showcases at Battle Abbey and St Augustine’s 
Abbey have been replaced with modern glass and metal cases, designed to achieve low air 
exchange rates, utilising the lessons learned in this work. 

High levels of visible light and UV radiation have been measured at Battle Abbey and Lull-
ingstone. These situations can cause serious damage to the materials, through the light levels, 
and because some lamps are a heat source, which causes undesirable T and RH fluctuations 
within the cases. The new display at Battle Abbey has light levels meeting the recommended 
values. 

Research has been funded and will start imminently, investigating the effects of RH fluctu-
ations, high RH values, acetic acid and light on archaeological bone material. 

 

7. Acknowledgements 
The authors would like to acknowledge Emily Deacon and all the members of English Her-
itage’s Collection Conservation Team for all their help and support during this project. Many 
thanks also to Porto’s University, Prof. Paula Menino-Homem and to COST Action D42 
“Showcases Inside Out” for making this work possible.  

 

8. References 
[1] N. Stolow, Conservation and Exhibition – Packing, Transport, Storage and Environ-

mental Considerations, Butterworths, London, 1987.  
[2] D.H. Brown, Archaeological Archives: A Guide to Best Practice in Creation, Compi-

lation, Transfer and Curation, Archaeological Archives Forum, London, 2007, 19-20. 
[3] D. Thickett and N. Luxford, Development of Showcases for Archaeological Metals 

in Aggressive Environment, In C. Degrigny and R. Van Langh, Eds., Preprints of 



C. Candeias and D. Thickett 

 170 

Metals 07, Volume 5, Protections of Metal Artefacts, Rijksmuseum, Amsterdam, 
2007, 105-109. 

[4] A. Calver, A. Holbrook, D. Thickett D. and S. Weintraub, Simple Methods to Meas-
ure Air Exchange Rates and Detect Leaks in Display and Storage Enclosures, In J. 
Bridgland, Ed., Preprints of 14th Triennial Meeting of ICOM-CC, James and James, 
London, 2005, 597–609. 

[5] D. Camuffo, Microclimate for Cultural Heritage, Elsevier Science and Technology, 
Amsterdam, 1998. 

[6] L.T. Gibson, B.G. Cooksey, D. Littlejohn and N.H. Tennent, Determination of Ace-
tic Acid and Formic Acid in the Museum Environment by Passive Sampling Anal. 
Chim. Act. 341, 1997, 11-19. 

[7] J. Tétreault, J. Sirois and E. Stamatopoulou, Studies of Lead Corrosion in Acetic 
Acid Environments, Studies in Conservation 43, 1998, 17-32. 

[8] D. Thickett, P. Lankester and L. Pereira Pardo, Testing Damage Functions for Mould 
Growth, In J. Bridgeland, V. Daniel, D. Gratton, L. Pilosi and K. Straetkvern, Eds., 
Preprints of 17th Triennial Conference of ICOM-CC, Melbourne, 2017, paper 208. 

[9] D. W. Nishimura, Understanding Preservation Metrics, IPI, Rochester Institute of 
Technology, Rochester, 2011 

[10] K.M. Sedlbauer, M. Krus and K. Breuer, Mould growth predictions with a new bio-
hygrothermal method in Materials Conference, Lodz, Poland, 2003, 594-601. 

[11] EN15757 Conservation of Cultural Property - Specifications for Temperature and 
Relative Humidity to Limit Climate-induced Mechanical Damage in Organic Hygro-
scopic Materials, 2010. 

[12] J. Tétreault, Airborne Pollutants in Museums, Galleries and Archives: Risk Assess-
ment, Control Strategies and Preservation Management, Canadian Conservation In-
stitute, Ottawa, 2003. 

[13] ASHRAE Handbook Chapter 21, Museums, Galleries, Archives and Libraries, 
American Association of Heating, Refrigerating and Air Conditioning Engineers, 
2007. 

[14] G. Thomson, The Museum Environment, Butterworth-Heinemann, London, 1986 
[15] D. Thickett, R. Chisholm and P. Lankester, Development of Damage Functions for 

Copper, Silver and Enamels on Copper. In J. Ashley-Smith, A. Burmester and M. 
Eibl, Eds. Climate for Collections, Postprints of the Munich Climate Conference, 
2013, 325-336.  

[16] A. Brokerhof, and M. Bommel, Deterioration of Calcareous Materials by Acetic 
Acid Vapour: A Model Study, In J. Bridgeland, Ed., Preprints of 11th Triennial 
Meeting of ICOM-CC, James and James, London, 1996, 769-775. 

[17] Memori website available at http://memori.nilu.no. 



Performance of Showcases for Organic Archaeology 

 171 

[18] S. Michalski, Leakage Prediction for Buildings, Cases, Bags and Bottles, Studies in 
Conservation 39, 1994, 169-186. 

[19] D. Thickett, B. Stanley and K. Booth, Retrofitting Old Display Cases, In J. Bridge-
land, Ed., Preprints of 15th Triennial Meeting of ICOM CC, Allied Publishers PVT, 
New Delhi, 2008, 775-782. 

[20] ICOM-CC available at http://www.icom-cc.org. 
[21] Arts Council UK Government Indemnity Scheme, Guidelines for non-national muse-

ums, 2016 available at http://www.artscouncil.org.uk/sites/default/files/download-
file/GIS_Non_national_guidelines_2016.pdf. 

[22] J. Ashley-Smith, A. Derbyshire and B. Pretzel, The Continuing Development of a 
Practical Lighting Policy for Works of Art on Paper and Other Object Types at the 
Victoria and Albert Museum, In R. Vontobel, Ed., Preprints of 13th Triennial Meet-
ing of ICOM-CC, James and James, London, 2002, 3-8. 

[23] P. Simpson, Studies on the Degradation of Horn, Antler and Ivory at Archaeological 
Sites. MA Thesis, University of Portsmouth, 2011. 

 
 

 

 



 

 172 

 

 

 

 



 

 173 

 
 
 
 

The Influence of Outdoor Air Pollution to Indoor 
Air Quality in a Mechanically Ventilated Museum 

Envelope 
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Terje Grøntoft, Vaggelio Violaki and Mihalis Lazaridis 

 

The main objectives of the current study were to assess the effect of the outdoor air pollution 
on the indoor environment of the mechanically ventilated Historical Museum of Crete, He-
raklion, Greece, and to determine the deterioration risk of organic materials in the museum 
due to the air pollution. Measurements of O3, NO2 and SO2 were performed indoor and out-
door of the museum in the period 03/2013 – 10/2015 using passive gas pollution samplers. 
The results were compared with previous measurements performed in the period 2003 – 
2004, in the same museum. Early warning organic dosimeters were deployed outdoors and 
at selected indoor sites to evaluate the effect of the air pollution on organic cultural heritage 
objects. A number of formic acid, acetic acid and volatile organic compound samplers were 
also deployed indoors to determine concentrations and sources. To determine the microcli-
matic conditions and visitors comfort level measurements of temperature, relative humidity 
and CO2 were performed. As no significant indoor sources of O3, NO2 and SO2 were known, 
the measurements seemed to show a considerable influence of the outdoor air pollution in-
doors. The measurements showed that the use of the central air conditioning system only 
during the opening hours did not prevent the infiltration of air pollutants indoors. A seasonal 
variation of NO2 was observed indoors, which arose from the different seasonal infiltration 
conditions in the building. The measurements of gaseous pollutants and the early warning 
organic dosimeter results showed that the indoor environment was satisfactory for the preser-
vation of organic objects in the general sense of expectation for a purpose-built museum. 
However, the use of additional preventive measures such as the installation of activated car-
bon cloth in showcases for the reduction of acetic and formic acid levels and the use of the 
central microclimate system after the closing hours are recommended to provide optimum 
microclimatic conditions for the museum’s cultural heritage objects. 
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1. Introduction 
The preservation of cultural heritage objects in museums and historical buildings is im-
portant for the society. The environmental conditions of temperature, relative humidity and 
light and the synergistic action of air pollutants affect the physical and chemical state of the 
displayed objects [1-2]. This is generally more crucial for organic objects which usually de-
teriorate faster than inorganic ones [1].  

Impact from gaseous pollutants [1, 3-4], particulate matter [5-8] and airborne microorgan-
isms [9-10] are risk factors for the preservation of cultural heritage materials. To evaluate 
the risk to collections in museums it is therefore recommended to perform detailed measure-
ments and impact studies. Measurements of indoor to outdoor (I/O) ratios of air pollutants 
are useful to determine their sources and to guide implementation of mitigation measures.  

In the absence of significant indoor sources, the indoor air quality mainly depends on the 
amount of infiltration of outdoor air pollution [3, 11]. Air pollution sources inside museums 
can be for example combustion for heating or cooking, various indoor activities, visitors and 
emissions from materials [12-14]. Examination of I/O ratios of air pollutants have been per-
formed in several studies for different buildings including homes, working environments 
and museums [7-8, 15-16]. 

Early warning dosimeters (EWO) were developed to assess the deterioration risk of cultural 
heritage objects indoors, for example museums and historical buildings [12]. The application 
of such dosimeters is useful in combination with the monitoring of gaseous and particulate 
matter pollutants [17].  

In the current work, environmental conditions of temperature, relative humidity, light (illu-
minance and UV-radiation) and gaseous pollutants were monitored using passive samplers 
at the Historical Museum of Crete (Heraklion, Greece) from 2013 to 2015. Early warning 
organic (EWO) dosimeters were also exposed in the same time period. The primary objective 
was to perform evaluation of the indoor air quality risk to the museum collection, by per-
forming air quality measurements and evaluate obtained results in relation to air quality cri-
teria for museum environments, as relevant for risk assessment.  The air quality criteria sug-
gest levels and/or limits for tolerable changes in expected object condition due to the air 
quality. Another objective of the study was to determine the influence of outdoor air pollu-
tion and the importance of indoor sources of pollutants for the indoor air quality, and to 
evaluate the air pollution risk to the preservation of organic cultural heritage objects in the 
museum by using early warning dosimeters.   
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2. Methodology  
2.1. Museum characteristics and sampling sites 
The Historical Museum is located in the centre of the city of Heraklion close to the sea [10]. 
The museum collections consist of mainly organic materials, including cotton, wood, paper 
and paintings. The number of visitors can reach 1500 persons per month during summer and 
is about 300 persons per month in the winter, giving an average value of about 500 visitors 
per month. The museum is a mechanically ventilated building during visiting hours with an 
average air flow of 1200 m3/h and partial re-use of air. However, during summer natural 
ventilation occurred through open doors and windows towards the backyard of the museum.  

Measurements were performed outdoors (site A) and at five sites indoors: B (second floor, 
ethnographic collection), C (second floor, showcase at ethnographic collection), D (first 
floor, room of periodic exhibitions), E (ground level, main exhibition room close to the main 
entrance) and F (basement, storage room. They are shown in Figure 1.  The indoor sites were 
selected to investigate the indoor air quality and gaseous pollutants concentrations for the 
specific microclimates and to determine the effect of outdoor infiltration at different indoor 
sites.  

 

2.2. Environmental measurements   
Measurements of gaseous pollutants (NO2, O3, SO2, HCOOH - formic acid, CH3COOH - 
acetic acid, volatile organic compounds (VOCs), and CO2), climatic conditions (temperature 
(T), relative humidity (RH)) and light (illuminance and UV radiation) were performed in-
doors, and outdoors of the Historical Museum of Crete during the period March 2013 – 
October 2015 (Table 1). Early Warning dosimeters made from a thin synthetic polymer were 
exposed to assess the level of degradation risk for the organic exhibits. The EWO polymer 
reacts to the photo-oxidizing factors in the environment, usually mainly NO2, O3, tempera-
ture and UV-radiation. The response of the EWO is measured by spectrophotometrical ex-
amination of the alteration of the polymer film, analysed as change in absorption of UV light 
at 340 nm through the film, from before to after exposure in the museum [12]. Analysis 
details for gaseous samplers and EWO dosimeters were described previously [3, 18]. 
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Table 1. Sampling periods of gaseous pollutants in four locations indoors (B, C, D, E, F) 
and outdoors (A). The measurements refer to monthly or two-monthly periods in which the 
passive samplers were deployed.  

Site Ο3 ΝΟ2 SO2 EWO 
A 03/2013 

06/2013 
09/2013 
01/2014 
03/2014 
06/2014 
07/2014 

08/2014 
11/2014 
12/2014 
01/2015 

03/2013 
06/2013 
09/2013 
01/2014 
03/2014 
06/2014 
07/2014 

08/2014 
11/2014 
12/2014 
01/2015 
04/2015 
05/2015 

03/2013 
06/2013 
09/2013 
01/2014 
03/2014 
06/2014 
07/2014 

08/2014 
11/2014 
04/2015 

03/2013 
09/2013 
03/2014 
07/2014 
11/2014 
04/2015 
10/2015 

 

B 03/2013 
06/2013 
09/2013 
01/2014 
03/2014 
06/2014 
07/2014 

08/2014 
11/2014 
12/2014 
01/2015 

03/2013 
06/2013 
09/2013 
01/2014 
03/2014 
06/2014 
07/2014 

08/2014 
12/2014 
01/2015 
04/2015 
05/2015 

03/2013 
06/2013 
09/2013 
01/2014 
03/2014 
06/2014 
07/2014 

08/2014 
11/2014 

03/2013 
09/2013 
03/2014 
07/2014 
11/2014 
04/2015 
10/2015 

 

C 03/2013 
06/2013 
09/2013 
01/2014 
03/2014 
06/2014 
08/2014 
11/2014 

 03/2013 
06/2013 
09/2013 
01/2014 
03/2014 
06/2014 
08/2014 

 03/2013 
06/2013 
09/2013 
01/2014 
03/2014 
06/2014 
11/2014 

 03/2013 
06/2013 
09/2013 

 

D 03/2014 
07/2014 
08/2014 

 03/2014 
07/2014 
08/2014 
04/2015 
05/2015 

 03/2014 
06/2014 
07/2014 
08/2014 
11/2014 

 03/2014 
07/2014 
04/2015 

 

E 07/2014 
08/2014 
12/2014 
01/2015 
10/2015 

 07/2014 
08/2014 
11/2014 
12/2014 
01/2015 
04/2015 

 07/2014 
08/2014 
04/2015 

 03/2014 
07/2014 
11/2014 
04/2015 
10/2015 

 

F 07/2014 
08/2014 

 07/2014 
08/2014 
04/2015 

 07/2014 
08/2014 

 07/2014 
04/2015 
10/2015 

 

 

Its response was experimentally correlated with a range of well characterized museum envi-
ronments with different protection of the artefacts, from showcases to outdoor unprotected 
stores. Results evaluation with risk assessment is performed by comparison with this empir-
ical data base. The EWO reacts much faster with the environment than most organic museum 
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materials, and its response gives information about the level of protection at measurement 
locations, as compared with the data base [12]. 

Diffusive gaseous samplers were used to measurements of NO2, SO2, HCOOH, CH3COOH, 
VOCs (NILU, Norway) and O3 (IVL, Sweden). The performance of the NO2 samplers was 
compared with continuous monitoring of NO2 (and NO) over five days (one-minute time 
resolution, instrument Serinus 44). CO2 concentration measurements, for the evaluation of 
visitors’ comfort level (Indoor Air Quality Meter, Model 8762, TSI), and illuminance and 
UV-radiation measurements (ElsecUV light 764) were performed once a month on the day 
of the replacement of the passive samplers. T and RH were continuously measured (10 
minutes’ interval) using Tinytag ultra 2 sensors.  

The passive samplers for the gaseous components were exposed for one-month periods in 
the museum and analysed in the laboratory (NILU, Norway and IVL, Sweden). The EWO 
dosimeters (NILU) were exposed for periods of 3 months. After exposure, these sensors 
were sent back to the NILU laboratory for laboratory analysis.  

 

3. Results and discussion  
3.1. Microclimate measurements  
The indoor climatic conditions in the Historical Museum of Crete were well controlled dur-
ing the opening hours, but the central air conditioning and heating system was not in use 
after the closing of the museum. Figure 2 shows the average annual variation for each month 
of the temperature and relative humidity outdoors, indoors and inside a showcase. The an-
nual average values and standard deviation at the measurement sites were: outdoors (A): T= 
19.2 ± 3.5 °C and RH= 67.9 ± 13.1%; indoors (B): T= 23.7 ± 1.1 °C and RH= 52.8 ± 3.8%; 
B showcase (C): T= 23.2 ± 1.0 °C and RH = 59.2 ± 1.9%. The temperature variation indoors 
and in the showcase, is smaller than outdoors, confirming the climate controlling conditions 
inside the museum. The annual average relative humidity variation shows also better con-
trolled conditions in showcase and indoors. The average monthly variations of temperature 
and relative humidity between outdoors (site A) and indoors (sites B and C) showed smaller 
difference during summer and larger deviations during winter.  

Figure 3 shows the indoor minus outdoor and showcase minus outdoor temperature and rel-
ative humidity differences. The greater differences were observed during the cold period and 
especially during winter. The greater temperature difference during winter results mainly 
from the controlled indoor conditions and heating of the museum during winter. In addition, 
there is an air pressure difference and a higher flow rate to the museum’s building during 
winter in agreement with a previous study in a naturally ventilated museum in Prague [4]. 
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The largest also relative humidity difference occurs during winter which is in agreement 
with the temperature difference variations. 

 

 

 

 

Figure 2. Annual variation for each month and corresponding standard deviation at the outdoor (A), 
indoor (B) and showcase (C) locations of: (top) temperature (o C), and (bottom) relative humidity 

(%), in the Historical Museum of Crete. 

 

Analysis of the diurnal measurement data showed that the relative humidity indoors in-
creased when the museum was closed, and climate controlling system turned off, for the 
evening-night, and reached values close to 60%, as the influence of the outdoor humidity 
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increased. These fluctuations of the indoor humidity are not optimal for the preservation of 
the organic cultural heritage objects. If the central microclimate system was kept in operation 
during the closing hours of the museum these fluctuations would be reduced. The implemen-
tation of such optimization should however be evaluated in relation to present best evidence 
and standards that allow less rapid fluctuations between RH values of approximately 30 and 
70% [19-20]. 

 

 

 
Figure 3. Monthly average indoor minus outdoor and showcase minus outdoor difference of (top) tempera-

ture (°C) and (bottom) relative humidity (%) in the Historical Museum of Crete. 
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3.2. Indoor – Outdoor air pollution measurements  
Measurements of gaseous pollutants were performed both outdoors and indoors (Figure 4). 
No indoor direct emission sources were identified for the inorganic gases O3, NO2 and SO2. 
The O3 outdoor values ranged between 48 (12/2014) and 104 µg/m3 (05/2015), whereas in-
doors the values ranged between 7.4 (site C, 12/2014) up to 34.6 µg/m3 (site B, 02/2014). 
Figure 4a shows the average O3 values per site. Ozone is deposited on indoor surfaces on 
infiltration typically giving low indoor concentrations [1, 4]. Comparison of the O3 concen-
trations measured in 2013-15 and 2003-04 show quite similar values variation between lo-
cations (Figure 4a). Some variation over time is expected due to variations in meteorological 
conditions and sun radiation levels.  

Figure 4b shows the mean concentration values of NO2 measured outdoors and for various 
indoor sites. The mean outdoor concentration (A) was 5.2 ± 1.37 µg/m3 (period 2013 – 2015), 
whereas for the period 2003 – 2004 the values measured were higher (7.4 ± 1.5 µg/m3). The 
I/O ratio was close to one for most room locations, except the showcase (C) for which was, 
as for O3, much less for both gasses. The deposition rate of NO2 is generally less than for O3 
21 and thus a higher I/O ratio is expected. For the long infiltration path to the showcase this 
difference in effect is less, and the concentration of both O3 and NO2 inside the showcase 
are low, showing its efficient protection.  

Mean values of 15.3 and 2.4 µg/m3 were measured for NO2 and NO, respectively, with the 
continuous monitoring which was performed indoors for a specific period (08/ - 13/10 2015, 
site F) for comparison with the monthly average values obtained from the passive samplers. 
The mean concentration value of NO2 was close to the mean monthly NO2 levels derived 
from the passive samplers (6.5 µg m-3, Figure 4b), indicating reasonable correspondence, 
although the measurement periods are too different for conclusive interpretations. During 
the continuous measurements, it was observed that the indoor NO2 and NO levels followed 
the outdoor levels and the vehicular traffic characteristics in the city of Heraklion.  

For SO2 the highest concentration outdoors was measured during August 2014 (6.8 µg/m3 
with an average value for the whole measurement period during 2013 – 2015 equal to 1.5 
µg/m3, Figure 4c). The error bars in Figure 4 denote the standard deviation of the measure-
ment period. In the previous measurement period (2003 - 2004) the outdoor concentration 
varied between 2.9 – 5.0 µg/m3. The SO2 levels in the area were influenced from a power 
plant station located 13 km west of the museum.  

The O3, NO2 and SO2 concentrations measured indoors were higher than a recommended air 
quality level [22] for sensitive objects of 1 µg/m3. The showcase gave substantial additional 
protection against all the three outdoor air pollutants, reducing the concentration to close or 
below a recommended level for most sensitive objects but lower than the recommended val-
ues for museums, with no urgent need for measures to protect the exhibits [3]. 
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Figure 4. Mean concentrations (µg/m3) at the different outdoor (site A) and indoor sites (B-F) during the cur-

rent campaign (2013 – 2015) and comparison with previous data (period 2003 – 2004) of (a) O3, (b) NO2, 
and (c) SO2. 
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3.3. VOC measurements  
Measurements of VOCs using a passive sampler (hexane equivalents – µg/m3; NILU prod-
ucts, 05/2015) were performed indoors at sites B and E (Table 2). For both sites, there is no 
excess of the 100 ppb threshold for the protection of sensitive art objects [3]. 

 

Table 2. Concentration of volatile organic compounds (µg/m3) at sites B and E in the His-
torical Museum of Crete. 

Site B Site E 
Chemical component µg/m

3 
Chemical component µg/m

3 
Benzene 17.7 Benzene 8.9  
Cyclotrisiloxane, hexamethyl- 14.0 Acetic acid, 1-methylethyl ester 3.1  
Benzene, methyl- 7.5 Benzene, methyl- 6.5  
Benzene, 1,4-dimethyl- 11.4 Benzene, chloro- 6.7  
Cyclotetrasiloxane, octamethyl- 11.5 Benzene, 1,2-dimethyl- 6.4  
Xylene 5.0 1-Butanol, 3-methyl-, acetate 16.5  
Styrene 7.2 1-Butanol, 2-methyl-, acetate 3.4  
Decane 18.8 Benzene, 1,3-dimethyl- 3.8  
Heptadecane, 2,6-dimethyl- 5.9 Decane 7.7  
Limonene 6.7 2-butoxyethanol 2.9  
Benzene, 1,2,3-trimethyl- 4.6 1,3,5-trimethylbenzene 2.8  
decamethyl cyclopentasiloxane 31.9 1,2,4-trimethylbenzene 4.3  
Benzaldehyde 20.2 Benzene, (1-methylethyl)- 2.7  
Benzonitrile 12.1 limonene 6.7  
Phenol 8.1 Benzaldehyde 10.9  
Benzoic acid, 4-(1-methylethyl)- 10.2 Benzene, 1,4-dichloro- 5.9  
Texanol A 14.5 Benzonitrile 5.2  
Texanol B 35.4 Ethanone, 1-phenyl- 9.7  
Butanedioic acid, bis(2-methylpro-
pyl) ester 

11.8 Dodecamethyl cyclohexasiloxane 3.9  

Pentanedioic acid, dibutyl ester 15.7 Tetradecamethyl cycloheptasilox-
ane 

7.9  

Methanone, diphenyl- 20.3 TXIB 14.6  
dodecamethyl cyclohexasiloxane 27.2 Octadecane 5.7    

Methanone, diphenyl- 5.8  
Total concentration 317.7  Total concentration 151.8  

 

A large number of VOCs were identified such as benzene and toluene, which arise from 
vehicular traffic which indicated the influence of outdoor air pollutions indoors. Acetic acid, 
which was measured in site E, originates from wood coatings and is used also as a solvent 

[23]. Benzoic acid is also related to vehicular traffic and is a product of reactions with the 
absorbent. Limonene arises from wall painting and adhesives, whereas texanol is emitted 
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mainly from water-based paints. Furthermore, decamethyl cyclopentasiloxane, benzalde-
hyde and cyclohexasiloxane were emitted mainly from cosmetics and deodorants. The VOCs 
concentration was higher at site B (ethnological collection). Expressing the concentration as 
hexane equivalents the total concentration at sites E and B were 43 and 90 ppb respectively. 
The air quality level of 100 ppb for VOCs for the protection of sensitive objects [3] was not 
exceeded at the two sampling sites. However, no certain conclusions can be drawn in respect 
to the VOCs levels in the museum due to the small number of samples.   

 

3.4. Carbon dioxide measurements  
Monthly spot measurements (duration 30 minutes) of CO2 were also performed both in-
doors/outdoors. The measurements were performed in order to study the comfort level of 
visitors. Higher concentrations were observed indoors (mean value 450 ppm) in respect to 
outdoor levels (mean value 350 ppm) since their values correlate with the number of visitors 
and personnel. However, the indoor CO2 values were lower of the air quality limit value of 
1000 ppm (ANSI/ASHRAE 62-1989). 

 

3.5. Seasonal variation of air pollution measurements  
Figure 5 presents the I/O ratio for O3, NO2 and SO2 gaseous pollutants. The low Indoor to 
Outdoor ratio (I/O) for O3 shows its outdoor origin and the subsequent infiltration in the 
museum building and high deposition on indoor surfaces. Considerable lower O3 concentra-
tions were observed inside the showcase (mean value of 4 µg/m3) which demonstrates also 
the effective deposition of O3 on surfaces before its penetration inside the showcases.  

For a more detailed analysis of the results the measurement period during 2013 – 2015 was 
divided in two time intervals, the cold (November – March) and warm (April – October) 
periods. The mean concentration values of O3 outdoors were 81 ± 17.2 and 54.6 ± 8.6 µg/m3 
for the warm and cold periods respectively. The above were in agreement with the higher O3 
production during the warm period from the elevated Sun’s radiation levels.  

Measurements of O3 performed indoors during the period 2013 – 2015 at five sites. The 
mean concentration values for the site E were 17.4 ± 6.4 and 15.4 ± 1.0 µg/m3 for the cold 
and warm periods respectively. In addition, the mean values for the site B were 27.6 ± 4.6 
and 18.2 ± 11.6 µg/m3 for the warm and cold periods respectively.  The O3 levels indoors 
come through infiltration from outdoors. At the site B during summer the doors were open 
for some period due to the increased flux of tourists and therefore the indoor concentration 
was higher than the E site. Contrary, the site E was influenced more during the winter period, 
since it is located closer to the main entrance and the balcony doors are closed during winter. 
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The I/O ratio was also determined for the indoor sites as shown in Figure 5. The ratio was 
ranging during the summer period between 0.18 – 0.47 and between 0.16 – 0.46 for the sites 
E and B respectively. This is in agreement with previous observations that ozone infiltrates 
indoors from outdoors and deposits on indoor surfaces. During the summer period, the con-
centrations of ozone at sites B and D were higher compared to site E. As described above, 
site B but also E were influenced from the open balcony doors during summer. A much 
lower I/O ratio was observed for the site C (showcase) as discussed above.  

The NO2 indoor concentration in the period July – August at sites B, D and E were similar 
with values in the range 7.6 – 9.4 µg/m3. These values were lower than the outdoor levels, 
which range between 11.3 and 13.9 µg/m3. At the storage room (site F) the NO2 values the 
same period were between 5.9 – 6.3 µg/m3. Therefore, the NO2 concentration during summer 
had similar values at the different indoor sites. The I/O ratio at site B was during summer 
between 0.68 – 0.77, whereas during winter the ratio was between 1 – 1.5. At site E during 
summer the I/O ratio was equal to 0.7, whereas during winter the ratio was above one and 
reached values close to 1.8. The deposition of NO2 on indoor surfaces was low and therefore 
the indoor NO2 concentrations were close to the outdoor levels. Indoor concentrations were 
due to indoor combustion sources (museum cafeteria). However, another reason for the 
higher I/O ratio during winter was that outdoor measurements (site A) were performed at the 
garden (south side) of the museum building which was not representative site of the high 
NO2 concentrations due to vehicular traffic. The main road which is close to the museum is 
near the main entrance (north side) and site E. 

The SO2 indoor concentration levels had the highest value in August 2014 except the site E 
which had the highest value on July 2014 (3.4 µg/m3). The indoor concentration levels fol-
low the outdoor concentration having lower values between 10% and 30%. The indoor con-
centration levels are also similar at the indoor sites. It can therefore be concluded that the 
indoor SO2 levels come from outdoors. 

 

3.6. Formic and acetic acid measurements  
Measurements of formic and acetic acid were performed at sites B and D in May 2015. Their 
average concentration levels indoors were 11.3 and 31.9 µg/m3 for formic and acetic acid 
respectively and therefore no further study was initiated since these levels are low for posing 
a risk for the materials in the museum collection [24]. This was in agreement with previous 
studies that the concentration of organic acids in rooms indoors is low and is not posing a 
threat for the collections. The concentration of formic and acetic acid was higher at site B 
(16.9 and 41.7 µg/m3 respectively) compared to site D (5.6 and 19.6 µg/m3 respectively). 
The site B was at the ethnographic collection of the museum, where a large number of 
wooden objects are present. 
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However, in showcases the situation was different since the ratio of volume to surface emis-
sive was low. Figure 6 shows seasonal measurements of formic and acetic acid performed 
in the period 2003 – 2004 at site C. The concentrations measured especially in respect to 
acetic acid were quite high and preventive measures are necessary to be taken as the use of 
activated carbon cloth [24].    

 

 
Figure 5. Monthly I/O ratio at different sites during the period 2013 – 2015 of (a) O3 (b) NO2 and (c) SO2.   
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Figure 6. Monthly concentrations (µg/m3) of (a) formic acetic and (b) acetic acid at measurement sites B, D 

(2013 – 2015) and C (2003 – 2004). 

 

Lower concentrations of formic and acetic acid were encountered during the cold period 
compared to the warmer period. The above difference may be explained by higher infiltra-
tion rate during the cold period compared to the warmer period. In addition, the temperature 
indoors is higher during summer which results to higher emissions of formic and acetic acid. 
This is in agreement with measurements performed in the National Library in Prague [4].  

 

3.7. EWO measurements  
The EWO measurement results and tolerability levels corresponding to typical European 
museum environments [12] are shown in Figure 7. The tolerability levels assigned to the 
museum categories are slightly higher than in [24], due to application of three times higher 
NO2 values than O3 values, rather than similar O3 and NO2 values as was used in [24], for 
the calculation of the levels. The EWO results were quite different indoors and outdoors. 
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Table 3 presents the tolerability levels for the values measured by the EWO dosimeters at 
the different museum sites. The indoor values at sites B, C, E and F were generally charac-
terized as corresponding to or better than in typical European historic house museums [12, 
25]. In one of the periods at both site B and site E a higher EWO value was measured, 
corresponding to typical “open displays in open indoor structures” (level 4). For two of the 
periods a lower value, corresponding to an “archive store” situation was measured at site C. 
The conditions indoors can be characterized in general as good/acceptable. The EWO values 
measured at site D (periodic exhibitions room) were higher in two periods, corresponding to 
“outside store with no control”. It was observed during the measurement period that the 
ventilation system in the room was not working efficiently. This is a possible reason for the 
high EWO values. Further investigation is required to determine the periodically high meas-
ured risk level at site D. 

The reported resonse values from the EWO dosimeter and concentration values ofair 
pollutants obtained form the passive sampling were correlated by using the Statistica Tool. 
The results confirmed impact of O3 and NO2 on the dosimeter, as was reported from the EU 
Propaint and Master projects [12]. 

 

 

 

Figure 7. Mean EWO values at the measurement sites (2013 – 2015) during the two measurement periods.  
The table refers to calibration points for different environments. 

 

 

 

New calibration point - Acceptability location levels  
Trigger response (ads-units). 

Sign = 97.5 % (One sided) 
 45 55 65 

1 – Archive store 0.006346 0.0062 0.006089 
2 – Purpose built museum gallery 0.021608 0.021256 0.020964 
3 – Historic house museum 0.035311 0.034613 0.034038 
4 – Open display in open indoor structure 0.061392 0.060075 0.058993 
5 – Outside store with no control 0.094788 0.092838 0.090839 

 

Figure 7 
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Table 3. Corresponding tolerability location levels for the different sites. 1: excellent envi-
ronment; 2: environment is very good; 3: expected environment (acceptable); 4: environment 
could be better; 5: environment is poor. 

Time period Site 
A B C D E F 

05/2013 – 07/2013 5 2 3    
10/2013 – 12/2013 5 3 1    
03/2014 – 05/2014 5 4 1 5 4  
07/2014 – 09/2014 5 3  3 2 3 
11/2014 – 01/2015 5 2   3  
05/2015 – 07/2015 5 3  5 3 3 
10/2015 – 12/2015 5 3   3 3 

 

 

4. Conclusions  
The mechanically ventilated system in the museum and the weather conditions determine 
the air quality in the museum due to the absence of important air pollution sources indoors. 
Measurements in the Historical Museum of Crete revealed that the O3 concentration indoors 
was considerable lower than the outdoor levels due to its deposition on indoor surfaces. 
However, the indoor concentration varies in respect to the infiltration rate at the measure-
ment sites. Furthermore, the measurements during the current study (2013 – 2015) show 
values close to the measurements performed in a previous study during the MASTER pro-
gramme (2003 – 2004) [24].  

During the summer period, the NO2 and SO2 concentrations indoors have a uniform distri-
bution at the different measurement sites and were lower than the outdoor values, whereas 
during winter the indoor NO2 concentration was higher compared to the summer period.  

Concentrations of formic and acetic acid indoors are low and below the limits for the pro-
tections of sensitive materials in museums. However, measurements performed inside show-
cases during the MASTER programme showed elevated levels of formic and acetic acid in 
showcases, making therefore necessary the use of activated carbon cloth in showcases for 
the reduction of the level of organic acids.  

Different VOCs have been measured indoors originating from outdoor sources, indoor ma-
terials and the human presence. Their concentration was below the limit value of 100 pbb 
for the protection of sensitive cultural heritage objects.  
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The EWO dosimeter is sensitive to the concentration of NO2 and O3 gaseous pollutants and 
can be used as early warning indicators for preventive conservation use in museums and 
historical buildings. The values of the EWO dosimeters indoors indicate that the indoor air 
quality in the Historical museum of Crete is in general good for the protection of sensitive 
organic cultural heritage objects.  

The indoor climatic conditions in the museum were in general optimal during the opening 
hours but the mechanically ventilated system was not in use after the closing of the Museum. 
In order to keep optimal climatic conditions indoors it is recommended to have the central 
microclimate system in use also after the closing of the Museum.  
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A Short Historical Overview on the Use of Lead 
 

Michel De Keersmaecker, Mark Dowsett and Mieke Adriaens 

 

This paper brings many relevant studies on lead together starting a discussion, which em-
phasises that it was once impossible to imagine a life without lead, and its alloys and com-
pounds. Despite its environmental and health problems, lead remains ubiquitous even in 
modern technology for example in roofing, as an important component in low melting point 
or low friction alloys, in batteries and munitions. 

 

1. First indications of lead 
In graves close to the ancient Hittite city of Çatal Hüyük, a settlement with a population of 
at least 5,000 people in what is now south-central Turkey, many lead and copper objects 
have been found including metal objects like beads, tubes, tools and small man-made statues, 
dated ca. 6500 years B.C. These suggest the presence of part-time craft workshops in the 
area. Lead metal has also been uncovered at Yarum Tepe in northern Iraq in the form of a 
6th millennium B.C. bangle. Moreover, there is evidence of a conical lead piece from the 
Halaf period (6100-5100 B.C.) at the Arpachiyah site, near what is now Mosul in Iraq [1]. 
Furthermore, lead objects have been excavated at the 4th millennium B.C. site of Anau in 
Turkmenistan, where the mined metal probably originated in some part of central Asia [2]. 
Another way of proving the early use of lead has been demonstrated by Shotyk et al.[3]. A 
Swiss peat bog in the Jura Mountains has allowed his team to construct atmospheric lead 
profiles going back 14500 years. The data suggests that the atmospheric lead release in-
creased over natural levels about 6000 years ago due to forest clearing for agriculture. Start-
ing from 3000 B.C., however, mining, melting as well as anthropogenic sources have dom-
inated lead emissions till the present. Large observed fluctuations coincide with major his-
torical events such as the rise and fall of the Roman empire and the industrial revolution in 
Europe [4]. 
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2. Egyptian civilization 
Garland and Bannister [5], as well as Lucas [6], talk about an ancient Egyptian lead source 
called the Gebel Rosas or ‘lead mountain’ situated south of Quseir on the Red Sea coast. 
Also many other mine locations in Egypt have been published by Stos-Gale and Gale [7] 
and Hassan and Hassan [8]. Popular uses for the mined and refined lead, although not exten-
sively worked by the ancient Egyptians, were weights on fishing nets, jewellery, beads, sol-
der, various domestic utensils, in glazes for pottery, construction, and casting into ornaments 
and decorations [9]. Lead was used in different glasses and enamels as well. As an example, 
the work of Brill et al. [10] showed that yellow glass produced during the reign of Amentotep 
II (the 18th Dynasty, 1427-1400 B.C.) contains lead of Egyptian origin. Moreover, two ex-
cavated fishing weights from the Uluburun wreck, dated ca. 1300 B.C., were found to be 
made of lead from ores of the Taurus mountains [11]. Lead is also used in pigments such as 
lead white (2PbCO3.Pb(OH)2) and chrome yellow (PbCrO4) as described by Ambers et al. 
[12] in his study of the Gayer-Anderson cat dating to the Egyptian Late Period (around 600 
B.C.). Galena was used as eye-paint in Egypt during the prehistoric Baderian period, about 
5000 years B.C.[6]. In fact, the practice of using galena for eye-paint survives to the present 
day, particularly in India, where it is known as surma, and among Asian immigrants [13]. 
As a last example, a carved metal statue, from the Osiris Temple at Abydos in Egypt, pre-
served in the British Museum, is believed to date from the First Dynasty about 3400 B.C. 
[14]. Due to importance of lead in their daily life, the Egyptians used the word dḥty or ḏḥty 
was used to denote the metal [15]. 

Other well-known examples are lead plumb bobs widely used by Egyptian architects [16] 
and hollow cast bronze weights, often in the shape of animals, filled with lead to the pre-
scribed weight in connection with balances [17]. In the Uluburun wreck weights belonging 
to the merchants aboard the ship were also excavated, together with three sets of balances. 
From the 149 weights found on the ship, 78 contained iron, 38 were made of bronze and 8 
were pure lead [18]. 

 

3. Cupellation 
In pre-Roman times, there were only two possibilities of obtaining silver from ores, either 
(1) by direct smelting or (2) by cupellation using argentiferous lead ores e.g. Galena (PbS). 
The cupellation (selective oxidation) process, the oldest metallurgical process known to 
mankind, is usually performed in a shallow bowl, called a cupel, charged with lead ore and 
fuel [19]: 
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Ag (s) + 2 Pb (s) + O2 (g) → 2 PbO (absorbed) + Ag (l) 

 

During the heating stage, lead is easily oxidized to litharge by blasting air over it. At the 
same time, the silver impurities in the argentiferous galena are reduced. The cupellation pro-
cess relies on the fact that the lead oxides produced absorb the other metal impurities and 
form a so-called “litharge cake” with the noble metals coalesced into a small pool on top. 
These cakes partially evaporate and are absorbed by the cupel walls [20–22]. 

As native silver is rare, silver objects in the ancient world were commonly produced by 
cupellation as characterized by lead concentrations above 0.05 per cent [22]. In addition to 
the lead/silver ore mines in Egypt, others are present in the Spain [23], North Caucasus [24], 
the Laurion mine in Attica (Greece) [25], the Augustan-Tiberian deposits in Germania [26] 
and Rio Tinto in Carthage [27]. The litharge cakes are the best known remains from this 
technique. Archaeological investigations on the ancient of site of Tappeh Hissar have re-
vealed litharge fragments. Also slag cake containing arsenic, lead, nickel and antimony has 
been found at the 4th millennium B.C. Arslantepe site in Turkey [24]. It is clear that such 
smelting industries arose in several places in the ancient world, particularly in Asia Minor 
(Turkey) [28]. It did not take long, however, to find ways to use this ‘by-product’ of silver 
mining. Indeed, the widespread production of lead is a consequence of the use of the cupel-
lation process [29]. 

 

4. Greek and Roman civilization 
In Greek and Roman civilizations, lead metal artifacts were an essential part of the commu-
nity and society, and lead became the most important metal in daily life [30]. Most of the 
objects excavated from this period appear to consist of highly pure lead, which indicates that 
the cupellation procedure had been updated over the years [31]. Evidence for the extensive 
use of lead could be found in the elevated lead pollution and the extensive lead poisoning of 
humans [32]. Nriagu et al. [33] even suggested that lead poisoning was one of the causes for 
the fall of the Roman Empire, although this is firmly contested. In the following part, differ-
ent aspects of the Greek and Roman daily life are discussed in terms of the use of lead. 
Additionally, a time line is given for the Greek and Roman period showing the important 
events and people described in the text in Figure 4. 
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Figure 4. Overview of the periods, events and people from the Greek and Roman period – © MDK 

 

4.1. Military 
Because of its density and malleability, lead was not useful for the production of short-range 
weapons [26] (except possibly as a load in a cudgel). However, projectiles used by the 
Greeks and the Romans during military campaigns, such as sling bullets and shots were 
made of lead [34]. Greep [35] published the recovery of 64 lead bullets near Verulamium 
(St Albans, UK), which were used by the Roman army in Britannia. Bode et al. [26] and 
Durali-Müller [36] studied the provenance of ca. 150 lead objects collected from several 
Augustan Roman military camps in Germania east of the river Rhine. During these excava-
tions, not only amorphous casting debris, but also lead weights, pipe fragments, plumbs and 
slingshots were found. Also, a Roman medical writer Aulus Cornelius Celsus talks about 
finding 

‘Plumbea glans, aut lapis, aut simile aliquid’ (Medicinae, VII, V, 4) 

which translates to ‘a leaden bullet, or stone or something similar’ in a body [37]. Under the 
direction of Daniels et al. [38] excavations have been conducted in the Housesteads Roman 
fort, one of the best preserved forts along Hadrian’s Wall. Analysis of the debris indicated 
the presence of predominantly copper alloys. However, the alloys consist of fairly high lev-
els of lead which means that in the Late Roman period, many military fittings (in particular 
legionary and cavalry equipment) were made from leaded bronzes [39]. Lead metal was also 
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used by the Romans to construct their warships. The part of the ship touching the water was 
covered with lead sheathing to protect the ship from corroding [40]. For the anchor, Romans 
used a massive lead block to add weight [41]. Roman galleys were filled with lead braziers, 
probably the only devices on board for cooking, lead containers for storing liquids, and other 
lead kitchenware [42]. Other massive lead items such as seaming seals, lead cooking pots 
and parts of a bilge-pump system like pipes and joints have been recovered along the coast 
of Israel from Roman shipwrecks [43]. Additionally, because of the intensive use of lead, 
lead cargo was often carried in the form of ingots which have been recovered from some 
wrecks [42]. Many of these Roman lead ingots produced in Augustan-Tiberian Germania 
were discovered in two Roman shipwrecks in the Mediterranean [44]. On some of the ingots, 
the inscriptions cited the manufacturer and the provenance of the lead [45]: 

‘Flavi Veruclae plumb(um) Germ(anicum)’ or ‘Augusti Caesaris Germanicum’ 

 

4.2. Monetary 
In general, the use of lead to produce coins was rare. In the Hellenistic period (323 B.C.-31 
B.C.), however, lead currency became more popular [46]. By Roman law, lead coins were 
forbidden, but in some places in the Roman Empire like Egypt, Roman Gaul and North Af-
rica, lead coins were issued. Lead metal was often used to debase gold or silver coins, and 
as a component of alloys, particularly bronze, where it often constituted 1−20% of the metal 
[47]. For example, the coin cabinet of the Kunsthistorisches Museum in Vienna holds a large 
collection of ancient Greek bronze coins with a high lead content produced in the Greek 
speaking provinces of the Roman Empire up to ca. 280 A.D. [48]. Also in the Greek and 
Roman period lead tesserae or tokens, coin-shaped objects that were minted on one side, 
circulated in various regions and cities and acquired monetary status [49]. Lead coin-shaped 
artifacts were found by Burachkov [50] in Tauric Chersonesos during excavations and were 
labelled as ‘lead medals’. Only later on, a discussion by Kovalenko [51] suggested they were 
coins. 

 

4.3. Water Supply 
Often Roman and Greek cities were supplied with water from a nearby source using aque-
ducts built with a downhill gradient. To cross a valley, ancient engineers predominantly built 
bridges to transport the water in lead pipes [52]. The aqueduct of Pergamon (Turkey) con-
sisted of lead pipes and was the first one to use this principle of communicating vessels [53]. 
The main aqueduct ends at the distribution tank called the castellum divisorium, which is the 
junction where the urban distribution system begins. Lead pipes were used to transport the 
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water to a water tower or secondary castellum from where lead pipes branched the supply to 
individual customers [54]. In Nîmes (France), for example, the water was distributed through 
13 large lead pipes. To distribute water to houses and baths in the city, pipes of lead, ceramic, 
wood or leather have been used [55]. The Roman architect, Vitruvius, mentioned the use of 
lead pipes to Pompeii and Herculaneum [56]. The supply system was mainly used to provide 
large quantities of water for public baths and fountains, but also for drinking water and pri-
vate bath houses [55]. This way of transporting water, however, leads to a high lead concen-
tration in the drinking water due to the corrosion of the lead plumbing. The hardness of 
Rome’s water (320 ppm CaCO3), however, tells us that it is unlikely that enough lead was 
dissolved to produce lead poisoning, which means other lead sources were more harmful 
[57]. The Roman writer, Horace (1st century B.C.), mentions the purity of water in relation 
to lead piping. In a letter to an old friend, he compared the purity of town water to fresh 
countryside water [58]. 

‘Purior in vicis aqua tendit rumpere plumbum quam quae per pronum trepidat cum mur-
mure rivum?’ (Horace Epistulae I, X, 20-21). 

Additionally Vitruvius recognized the health risk and proposed using earthenware pipes 
[56]. As seen in the text, the Romans used the Latin word Plumbum to denote lead. A person 
who joins and mends pipes is called a plumber or plumbarious, which literally translates to 
‘A person working with lead’ [59]. The chemical symbol for lead, Pb, comes fromthe Roman 
plumbum Another way of getting water was the use of leaden cisterns, which allowed rain 
water storage. A Roman cylindrical lead cistern was excavated close to Roman settlement 
in Lickfold (UK) [60]. 

 

4.4. Food and drink 
In the daily food and drink of the Romans and Greeks extremely high lead levels were found. 
Lead poisoning causing sterility, infertility and stillbirths, and was a consequence of the use 
of lead in food-storage containers, as a preservative (lead is a microbicide) or as food color-
ant [61]. Romans used sugar of lead or lead(II) acetate (Pb(CH3COO)2), a poisonous crys-
talline solid, to sweeten and preserve their foods [62]. They made this by adding acetic acid 
(vinegar) to litharge. Looking at the 450 recipes in the Roman Apician Cookbook, a collec-
tion of 5th century recipes attributed to gastrophiles associated with Apicius, the famous Ro-
man gourmet, one notices that one-fifth of the recipes contains lead products [63]. Moreover 
to make wine, the Romans only used lead vessels or lead-lined copper kettles to boil the 
grapes. In copper pots, the formation of copper acetate (verdigris) ensures a caustic 



A Short Historical Overview on the Use of Lead 

 199 

astringent taste [64]. This is described in the book ‘De Re Rustica’ written by the Roman 
winemaker Columella, where he writes 

‘Ipsa autem vasa, quibus sapa aut defrutum coquitur, plumbea potius quam aenea esse de-
bent. Nam in coctura aeruginem remittunt aenea, medicaminis saporem vitiant.’ (De re 

rustica VII, XX, 3-4 [65]). 

which freely translates to ‘[t]he vessels themselves in which the thickened and boiled-down 
must is boiled should be of lead rather than of brass; for, in the boiling, brazen vessels throw 
off copper rust, and spoil the flavor of the preservative [66].’ Actually Romans only used 
lead because they had the habit to drinking their wine as sweet as possible to add more flavor 
[67]. In this case, lead acetate seeps out of the lead and forms poisonous crystals at the bot-
tom of the lead pot. 

 

4.5. Household and art 
The Greeks and Romans also used lead to manufacture items for household or decorative 
purposes. Roman domestic equipment is usually divided into wares and fine wares, where 
the former indicates everyday earthenware (such as terracotta) jars, dishes and bowls used 
for cooking or storage and transport of foods or other goods [68]. The more decorative and 
elegant fine wares were used for formal dining. The most common late Hellinistic and early 
Roman period fine ware was a lead-glazed hemispherical bowl or skyphos [69]. Also Roman 
amphorae, used as storage vessels, were glazed using lead compounds [66]. Chemical anal-
yses of five sherds of green glazed pottery excavated in the Canosa area (Italy) contained 
70% of PbO in the glaze layer [70]. At a Roman cemetery near Zadar (Croatia), 900 pieces 
of Roman glass vessels were found in good condition. A fast XRF analysis showed the use 
of litharge as an additive to the glass [71]. 

Jewellery was worn by both Roman and Greek women to show how wealthy their family 
was. Wealthy families could afford jewelry made of gold or silver, while ordinary jewelry 
was made of cheaper metals like lead, tin or copper [72]. Kuleff et al. [73] investigated 53 
lead artifacts including finger rings, earrings and some cult figures dated around the Hellin-
istic period (Thracia). 

Oxidized lead products were used frequently as paints and white pigment in make-up pow-
ders and other cosmetics used by the women in the Greco-Roman period and later. X-ray 
diffraction (XRD) analysis shows that the white pigments consist of hydrocerussite (2 
PbCO3.Pb(OH)2) and cerussite (PbCO3) [74]. The analyses of Roman cosmetics from Pom-
peii, Gaul and Germany indicate the use of gypsum (CaSO4.2 H2O) or calcite. Using Raman 
spectroscopy, Aliatis et al. [75] found that pigments used in Roman wall paintings preserved 
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in the Vesuvian area contained cerussite, minium and litharge. Historically lead sheets were 
used as roof coverings for buildings (use which continues to the present day), but also as 
statue sockets [26]. A well-known example is the exterior of the Hadriatic concrete dome of 
the Pantheon (Rome), which was covered with lead roofing by Emperor Constans II in 663 
A.D. as seen in Figure 5 [76]. Also the Porta Nigra in Trier (Germany) contains seven tons 
of lead [77]. Modern buildings such as the outside of cultural centre of Bonheiden, built in 
the 20st century, is also covered with lead plates [78]. 

 

 
Figure 5. The roof of the Pantheon in Rome is made of lead sheets © MDK. 

 

 

4.6. Poison and medicine 
One of the earliest occupational diseases contracted by mankind was lead poisoning due to 
exposure to lead [79]. During the time of Roman occupation about 80,000 workers engaged 
in the mining and smelting of lead were occupationally exposed to lead each year [80]. Fur-
thermore, generations of artisans throughout antiquity worked with this dangerous metal. In 
ancient times, other people were constantly exposed to lead contaminated fermented bever-
ages, food and drinking water [81]. As a preservative, 20 mg of lead was added to one liter 
of wine, which is 10 times the dose sufficient to produce lead poisoning [82]. Still, the skel-
etal lead content in the Roman era peaked at a level only 41-47% of that of modern Europe-
ans [61]. Eventually, as mysterious maladies became more common, some Romans and 
Greeks began to suspect a connection between the metal and these illnesses [83]. The Greek 
physician Hippocrates (460-377 B.C.) described the symptoms of lead poisoning as appetite 
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loss, colic, pallor, weight loss, fatigue, irritability, and nervous spasms [84]. The Romans 
called the disease saturnine gout or saturnism, because they noticed similarities between 
symptoms of this disorder and the irritable god [85]. Of the Romans, Vitruvius (1st century 
B.C.) mentions that water impregnated with lead was injurious in his book ‘De Architectura’ 

‘Etiamque multo salubrior est ex tubulis aqua quam per fistulas, quod plumbum videtur 
esse ideo vitiosum, quod ex eo cerussa nascitur; haec autem dicitur esse nocens corporibus 

humanis.’ (De Architectura IIX, VI, 10-11 [86]) 

which translates to ‘[w]ater conducted through earthen pipes is more wholesome than that 
through lead; indeed that conveyed in lead must be injurious, because from it white lead is 
obtained, and this is said to be injurious to the human system [87].’ 

Sometimes lead was also used to treat diseases. Even in ancient times, the effects of lead on 
various functions of the human reproductive system were known [81]. Lead is, for example, 
known to be a very effective spermicide [88]. In his text Historia Animalium, Aristotle [89] 
mentions that women used a lead ointment as contraceptive. A Greek physician, Soranus of 
Ephesus, writes about a contraceptive ointment recipe based on lead in his book Gynaecol-
ogy [90]: ‘Conception is prevented by smearing the mouth of the womb with old (sour) oil 
or honey or cedar gum or opobalsam, either alone or mixed with cerussite (white lead), or 
with ointment which is prepared with myrtle oil and cerussite.’ In his encyclopedia, pub-
lished ca. 77-79 A.D., Pliny explains the use of lead plates for cooling the heat of fleshly lust 
[91]. Lead salts were also used to treat ulcers, abscesses and indurations of the breast as 
described by Celsus. Hippocrates mentions the use of leaden tubes for intra-uterine medica-
tion and Celsus discusses using them for insertion in the rectum and vagina to prevent post-
operative cicatricial contractions and adhesions [81]. The ancient Greeks emptied the blad-
der by inserting a lead or copper tube through the urethra, which is now called a catheter 
[92]. There is also evidence for the use of leaden (or lead-tainted) mortars, pestles, medica-
ment jars, and dispensatories [66]. 

 

5. The Middle Ages 
In medieval times, lead was used for ammunition, roofing, coffins, cisterns, tanks, and gut-
ters, and for statues, ornaments, coins, medallions and paints. An important paleo-metallur-
gical site of Europe for lead smelting is found at the Mont-Lozére, testifying to mining ac-
tivities in this area during medieval times [93]. Spier [94] also catalogued a collection of 
medieval Byzantine lead pendants and amulets circulating in museums around the world. 
Furthermore, lead pigments such as lead-tin yellow and lead antimonate were used in medi-
eval paintings and manuscripts [95]. In the Middle Ages, lead was frequently used to treat 
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several diseases [81]. A Swiss-German physician, Paracelsus, was known to be the first tox-
icologist and recommended the use of lead acetate for the treatment of gonorrhoea [96]. Al-
Biruni, a Persian scholar, suggests a treatment of ulcers, testicular wounds and inflamma-
tions with lead oxides [97]. Additionally lead found a new use in the greatest advance of the 
15th century, the printing press [98]. In the world of fashion, white lead was used as a cos-
metic to give woman a white pallor to the face in 15th-16th century [99]. Furthermore, in the 
16th century, lead was wrapped around a rough cube of cast iron to be used as a shot for 
example on the Mary Rose, the flagship of King Henry VIII [100]. During the same period, 
stained glass windows held together by lead frames decorated medieval churches as seen in 
Figure 6, and architects used lead to seal spaces between stone blocks and to frame roof 
installations [101]. Wedepohl and Baumann [102] examined the composition of 26 lead me-
dieval glass samples, made in the 13th-14th century, retrieved from various locations in Eu-
rope. All samples contained between 65 to 74% PbO. In addition to glass, lead was also used 
in paints. A beautiful example, shown in Figure 7, are the wall paintings from the Bibliotheca 
Apostolica Vaticana in Rome filled with ‘lead white’ containing cerussite, hydrocerussite 
and also minium Pb3O4 [103]. 

 

 
Figure 6. The lead glass window of the Ste Croix Cathedral in Orléans – © MDK. 

 

Another very important application of lead in this period is the production of lead-tin pipe 
organs in churches because of their good sound characteristics. Indeed, pipe organs have 
always played an important role in the world of music. The term ‘organ’ comes from the 
Greek word ‘organon’ and Latin word ‘organum’, which basically means ‘tool’ or ‘instru-
ment’ [104]. Ctesibius of Alexandria, a musician and engineer who lived around 200 B.C., 
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is generally credited with building the first pipe organ, the hydraulis [104], which Charles 
Francis Abdy Williams described as follows in ‘The Story of The Organ’ (1903) [105]. 

‘Being of a mechanical turn of mind, he observed that the counterweight of a movable mir-
ror, used for the purposes of his trade, produced a musical sound by the force with which it 
drove the air out of the tube in which it moved. Experimenting with the principle thus no-

ticed, he succeeded in making a machine consisting of a hollow vase inverted, with an 
opening on the top, to which was attached a trumpet, and, on water being pumped into the 
vase the air was driven forcibly through the trumpet, producing a very powerful sound.’ 

Perrot [106] defines that a pipe organ consists of one or more ranks of sounding pipes, a 
wind chest to store air, a mechanical blower and a keyboard to direct the air into its various 
pipes. A pipe organ consists of hundreds to thousands of pipes which can be selected together 
or individually [107]. The sound emanates from an assemblage of pipes made of metal such 
as tin, lead, antimony, zinc and sometimes copper or various kinds of wood [108]. The form 
of the pipes, which can be round, square, long, short, broad or narrow, depends on the sound 
the organ builder wants to create. Of all the materials mentioned, the organ builders preferred 
to use tin because of its great durability, silver color, lightness and flexibility. Furthermore, 
tin is less susceptible to temperature changes and tarnishing. The only disadvantage of tin 
was its price [109]. The romantic grand organ, of the French organ builder Cavaillé-Coll, in 
the Ste Croix cathedral of Orléans, depicted in Figure 8, is an organ composed of four key-
boards, a pedal for a total of 54 sets and more than 3700 pipes made of first choice tin [110]. 
Most of the time, however, organ pipes are manufactured using a wide range of lead-tin 
alloys, from nearly pure lead to nearly pure tin sheets. The tin content varies usually from 
about 30% to 90%. Often, the front pipes of an organ were made from an alloy with a higher 
tin content [111]. In England, the tin concentrations in the organ pipes were higher because 
the English tin mined in Cornwall, the favorite material of most organ builders, was cheaper. 
A well-known example is John Loosemore’s organ located at the Exeter Cathedral in Devon 
close to Cornwall, which consists of pure tin pipes [112]. Mostly organ builders use a mix-
ture of ½ tin and ½ lead, a compromise between price and quality of the pipe, which they 
call (spotted) metal [76]. It is also worth mentioning that the amount of tin defines the pipe’s 
tone, since tin is the most tonally resonant of all metals. Lead, on the other hand, gives a 
more ‘hollow’ sound [113]. Therefore, the composition and the geometry of the pipe also 
depends on the tone the organ builder wants to obtain. For example, all the pipes of the old 
organ of the Nicolai church in Utrecht have been replaced by lead pipes [114]. Furthermore, 
the 1467 Stellwagen organ in the Ste Jakobi church in Lübeck (Germany) is made of lead 
with low tin concentrations [115]. 
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Figure 7. Wall paintings from the Bibliotheca Apostolica Vaticana in Rome © MDK 

 

Today, more than 10,000 historical pipe organs, some of which were built more than 500 
years ago, can be found in churches all over Europe [116]. Despite the pipe organ’s enor-
mous importance, most of these organs are corroding in the churches. Most of them are in 
need restoration and conservation as soon as possible. 

 
Figure 8. The romantic grand Cavaillé-Coll organ in the Ste Croix Cathedral of Orléans © MDK. 

 

6. From the industrial revolution to the present 
The start of the industrial revolution in Europe accelerated the use of lead, which resulted in 
an elevated amount of lead in the environment and the ecosystem [117]. Indeed, a clear 
increase in the lead isotope concentrations was measured in peat bogs by Weiss et al. [118]. 
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This increase was a consequence of some new uses of lead during the industrial revolution, 
such as the manufacturing of ammunition and glassware and the advances in printing pro-
cesses [119]. Around 1750, European and British lead smelting operations started flourish-
ing [120]. Often, women and children were also employed indiscriminately in lead processes 
such as pottery glazing and lead compounds manufacturing [121]. 

The huge increase in lead demand caused by the industrial revolution caused various indus-
trial diseases, of which the most widespread was lead poisoning [122]. For example, the 
production of lead white by exposing lead metal to acetic acid vapors, was very hazardous 
because of the continuous handling of the metal. Starting from the 1830s, prescribed stand-
ards were bundled in the Factory Act to protect the factory workers, after which the pigment 
was shaken and ground mechanically [123]. Lead white paints contain up to 50% lead [124]. 

Prior to the early 1900s, lead was used primarily in ammunition, burial vault liners, ceramic 
glazes, leaded glasses, crystals, paints or other protective coatings, pewter, water lines and 
pipes. Following World War I, the demand for lead increased because of the growth in the 
production of motorized vehicles, many of which require lead-acid batteries to start their 
engines [125]. Around the 1920s, tetraethyl lead, (CH3CH2)4Pb, was added to gasoline , to 
boost the octane levels and reduce pre-ignition [126]. The combustion of this leaded gasoline 
turned out to be responsible for a large part of the air-polluting lead by-products, causing a 
considerable international alarm [117]. According to the Agency for Toxic Substances and 
Disease Registry, environmental levels of lead have increased more than a 1,000-fold over 
the past three centuries as a result of the human activity on earth [127]. Consequently, gov-
ernments all over the world established federal regulations and made recommendations to 
limit lead emissions to protect public health. 

 
Figure 9. Different end uses of lead – © Gravita Engineering & Technology. 

By the mid-1980s, a significant shift in the uses of lead had taken place because of compli-
ance with environmental regulations and the substitution of other materials for lead in non-
battery products, such as gasoline, paints, solders, and water systems. Even today, despite 
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its toxic properties, lead in various forms is one of the four most extensively exploited met-
als. To clarify, a list of potential uses is given (see graph in Figure 9) [59,76,128]. 

- the ballast keel of sailboats and scuba diving weight belts, due to its high density 
- white lead, which is used in the production of lead crystal glass 
- projectiles for fishing sinkers and firearms (ammunition) 
- white lead, lead sulfate and lead chromate pigments 
- sheets utilized in the construction industry to prevent water penetration 
- sheets for the lining of chemical treatment baths, acid plants and storage vessels 
- sheets for sound insulation and radiation shielding (X-rays in medical applications) 
- organ pipes with variable amounts of tin to control the tone of the pipe 
- soldering and as electrodes in the process of electrolysis 
- sheathing material for high voltage power cables 
- statues, sculptures and their moldings are used as decorative motifs 
- lead based semiconductors 
- construction of roofing materials 
- molten lead, which is used to cool certain types of nuclear reactors 
- lead isotopes are used for medical and scientific purposes. 
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How to Preserve Lead Artefacts for Future  
Generations 

 

Michel De Keersmaecker, Mark Dowsett, Mieke Adriaens 

 

This paper discusses the advantages and disadvantages of different conservation treatments 
that have been developed over the years to protect the lead cultural heritage.  The chemical 
and aesthetic points of view are looked at. 

Lead artefacts are usually not pure, so first we give an overview of the most commonly found 
alloys. This is followed by an outline of causes that lead to artefact deterioration, namely the 
interaction with specific compounds in the environment better known as corrosion.  

 

1. Composition of lead artefacts 
Lead is easily alloyed with other metals to form alloys with low melting points which are 
soft and malleable. These alloys are easily formed into artefacts by casting, hammering, roll-
ing, extrusion, or a combination thereof and it is simple (neglecting environmental concerns) 
to recover the material for re-use. 

The alloy properties of depend on their chemical composition and microstructure. Regarding 
composition, antiquities are generally made of impure lead. Since the most frequently asso-
ciated elements have a very limited room temperature solid solubility in the face-centred 
cubic lead structure (e.g. antimony < 0.01% [1], silver 0.02% and copper 0.005% [2]), a 
small concentration of these will exceed the solubility limit, and a new crystalline phase will 
be formed, changing the properties [3]. One of the exceptions is tin, which is soluble in lead 
up to 19.5% [4]. 

Knowing this, it is interesting to examine general tendencies in the lead content of old lead 
artefacts. Error! Reference source not found.Figure 1 shows the statistical distribution of l
ead artefacts according to their lead content; three main groups are discerned. Most of the 
objects are considered ‘pure lead’ because they have a lead content higher than 80%. Most 
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of the artefacts contain other elements including copper, antimony and silver precipitating 
as a second phase (see phase β in Figure 1a). A second group with artefacts containing about 
40% lead are characterized by a low melting point. The metal is composed of dendrites of a 
lead-rich α phase surrounded by the eutectic α + β phase, rich in another element (see Figure 
1b). The last group contains alloys with lead quantities lower than 30%. The lead is added 
in low quantities to improve properties for casting and machining. Once again, the immisci-
bility between the elements ensures the dispersion of lead rich fine globules in the alloy 
matrix (see Figure 1c) [5]. When studying lead artefacts, the most frequently used alloys for 
lead are lead-tin, lead-antimony and copper-lead alloys. Lead is alloyed with tin to boost its 
corrosion and resonant properties explaining the use in the production of organ pipes. Anti-
mony is added to increase corrosion resistance and hardness as can be seen in a huge amount 
of printing letters that are kept at the Museum Plantin-Moretus in Antwerp [6]. During the 
Greaco-Roman Age, 6 to 8% lead was added to copper, bronze (lead bronze) and brass, 
improving the machinability and castability of the metal for the manufacture of coins and 
statues [7]. 

 

 
Figure 1. Distribution of lead artefacts according to lead content adapted from [5]. Three compositional 

groups: (a) high lead content, the structure of which consists of a lead-rich matrix (α) with precipitates of a 
second phase, minor-element-rich (β); (b) intermediate lead content, corresponding to low melting-point al-
loys, used in the as-cast condition, revealing lead-rich (α) dendrites in a eutectic matrix (α+β); (c) low lead 
content, exemplified by copper-based leaded alloys, where lead is segregated in the form of fine globules. 
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2. Deterioration of lead artefacts 
 
2.1. Uniform corrosion of lead artefacts 
Corrosion is defined by the IUPAC as “An irreversible interfacial reaction of a material 
(metal, ceramic, polymer) with its environment which results in consumption of the material 
or in dissolution into the material of a component of the environment. Often, but not neces-
sarily, corrosion results in effects detrimental to the usage of the material considered. Exclu-
sively physical or mechanical processes such as smelting or evaporation, abrasion or me-
chanical fracture are not included in the term corrosion” [8]. Interaction with compounds in 
the environment can be devastating for all lead objects. In general, we distinguish two types 
of volatile compounds uniformly corrosive towards pure lead: inorganic and organic com-
pounds. 

 

2.1.1. Inorganic compounds 
Studies on the degradation of pure lead were initiated by Vernon in the 1920s [9]. It was 
established that moist air forms a native lead oxide following a reaction with atmospheric 
oxygen. Depending on the temperature and relative humidity of the environment, a water 
layer starts forming on the metal surface, which then serves as an electrolyte and plays a 
crucial role in the lead corrosion process. Another problem is air pollution because the aque-
ous electrolyte provides a medium for the dissolution of a whole range of atmospheric gasses 
[10]. The formation of a tightly adherent lead oxide layer and, for example, the dissolution 
of atmospheric carbon dioxide in the aqueous electrolyte opens the path for the formation of 
lead corrosion products such as cerussite (PbCO3), hydrocerussite (Pb3(CO3)2(OH)2), 
plumbonacrite (Pb10O(OH)6(CO3)6) [11]. Depending on the composition of the environment, 
other atmospheric corrosion reactions are possible such as the formation of lead sulphate 
crystals because of the presence of carbonyl sulphide (OCS), hydrogen sulphide (H2S) and 
sulphur dioxide (SO2) gas [12]. Looking at the atmospheric corrosion of lead in a marine 
environment, consisting of mainly chlorides, we see the formation of lead chlorides (cotun-
nite – PbCl2) together with traces of moderately to poorly soluble lead hydroxychloride (lau-
rionite – PbCl(OH))corrosion products [13]. An example are lead shots covered with pro-
tective layers of various insoluble salts found on the Mary Rose, considered to be complex 
mixed basic salts, impure and/or compounds [14]. Because these products are not soluble in 
water, a porous coating gradually protects the underlying bulk lead metal against further 
corrosion, which means that the corrosion process is anodically controlled [15]. This protec-
tive layer is the main reason why, in general, lead artefacts have been preserved so well 
through the ages [16]. Industrial waste gas emissions containing nitrogen oxides, NOX, yield-
ing nitric acid through the reaction with water, are very corrosive for most metals, but also 
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for lead. Lead nitrate corrosion is not found as a consequence of its high solubility in water 
[17]. 

 

 
Figure 2. The lead solubility rate as a function of different inorganic acids and hydroxides (adapted from [5]). 

 

To conclude, we can state that lead is quite actively corroded by corrosive gases and that 
many different lead salts are formed depending on the characteristics of the environment. 
The corrosion rate is a very important factor to decide which products will arrest the destruc-
tion of lead metal samples. In this respect, we show in Figure 2 the rate of lead solubility as 
a function of different inorganic acids and hydroxides. It is clear that the solubility and sta-
bility of the corrosion product play a crucial role, which means that environments containing 
nitrates and organic acids are most corrosive towards lead [5]. Next to the environment, 
corrosion depends on a variety of factors such as inclusions, surface imperfections, differ-
ences in the orientation of grains, lack of chemical homogeneity, and localized stresses [18]. 

 
2.1.2. Organic compounds 
Volatile organic acids have long been known to be corrosive to lead. The most aggressive 
are acetic acid and formic acid, which form readily soluble lead acetates and lead formates. 
The lead metal is continuously attacked by organic acids, creating a uniform corrosion pat-
tern [5]. Often, this kind of atmospheric corrosion is noticed when lead is in the presence of 
wood, but also varnish or paint [19]. 

A group of hemicelluloses found in the plant cell walls of wood are called xylans, which are 
polysaccharides made from xylose units. Depending on the type of wood, the xylan content 
differs from 10-35% in hardwoods and from 10-15% in softwoods. Moreover, on average 
every second xylose unit is acetylated in hardwoods, which is not the case for softwoods. 
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Deacetylation of these hemicellulose xylan acetyl side chains produces acetic acid [22]. For-
mic acid, on the other hand, arises from the degradation of furfural derived from the dehy-
dration of xylose [23]. This means that the degradation kinetics depend on the relative hu-
midity and temperature, and that the amount of corrosion depends on the wood type used. 
Error! Reference source not found. mentions different wood types according to their h
armfulness towards lead metal artefacts. Some wood types are more corrosive towards lead 
depending on the emission of a variety of acids, aldehydes and other degradation products 
[24]. Oak often is used to make windchests or wooden organ pipes. Hence, based on Error! R
eference source not found., we can easily explain why organ pipes deteriorate so rapidly 
[25]. 

 

Table 1. Wood types harmful for lead metal artefacts [19–21] 

VERY HARMFUL 

unseasoned oak (white and red) sweet chestnut plywood and chipboard 

fire-proofed woods teak rot-proofed woods 

MODERATELY HARMFUL 

seasoned oak birch larch 

beech ash red cedar 

LESS HARMFUL 

Honduras and African mahony elm douglas fire 

ramin pine obeche 
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Figure 3. A schematic representation of the atmospheric corrosion processes on lead in moist air containing 
acetic acid vapour (based on [26]). 

Even low concentrations (170-1100 ppb) of acetic acid in moist air are extremely corrosive 
to lead as found by Niklasson et al. [26], explaining the rapid lead deterioration. The acidity 
and the high solubility in water of gaseous organic acids are interpreted as their most im-
portant properties for lead corrosion. Dissolving into the aqueous electrolyte, acetic acid 
ensures a decrease of the pH value, which results in the dissolution of the native basic PbO 
layer [27] explained by 

PbO (s) + 2	CH3COOH (aq)	 ⇆ Pb2+(aq) + 2	CH3COO-(aq) + H2O	 
This simple acid-base reaction triggers the electrochemical corrosion process that generates 
ions producing new solid lead corrosion products as shown in Figure 3. The liberation of 
acetic acid causes a continuous metal corrosion in an auto-catalytic way explaining the large 
amount of corrosion by small amounts of acetic acid [5]. Low formic acid concentrations 
(160 ppb) are also very corrosive towards lead, but less effective than acetic acid. The lower 
solubility of lead formate in water and the difficulty in forming lead complexes explain why 
this acid is less aggressive compared to acetic acid [28]. To demonstrate that the combination 
of lead metal with wood, varnish and/or paint is very common, two examples are briefly 
discussed below. 

 

2.1.2.1. Organ pipes 
In the 1990s, some organs made in the 15th-17th century which originated from different 
European churches started to lose their specific sounds. Metal conservators established that 
the air escaped through small holes in the metal organ pipes [29]. Furthermore, they discov-
ered the sudden appearance of white chalky residue all over the pipes' interiors that eventu-
ally worked its way through to the outside in small localized spots. Mostly, this type of 
corrosion takes place on the inside and outside of the foot of the organ pipe where the pipe 
is in contact with the wooden windchest. When the corrosion moves upwards along the pipe, 
the mouth of the organ pipe is damaged. First, the sound quality will change, and after a long 
exposure the pipe will not produce any more sound [30]. At this point, the damage is irre-
versible and untreatable. To help solve the widespread problem, a team of metallurgists, 
chemists, organ makers and music historians started the European  research program 
COLLAPSE (Corrosion of Lead and Lead-Tin Alloys of Organ Pipes in Europe) (EC 5th 
Framework Programme: Energy, environment and sustainable development) to monitor and 
study the climate conditions close to the pipes [31]. Two causes for the corrosion were [32–
34] 
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- central heating increases the temperature and relative humidity and favors the conditions 
for corrosion.  

- the separation of organic acids by the hydrolysis of wood in the organ's wind chest is a 
consequence of changes in the churches' atmospheric air.  

Both causes are part of the problem, but the second one has a higher impact on the corrosion 
process, as described by T. Clarke [29]. Conservation scientists believe that close to the 
wooden parts, an acidic microclimate is created in the windchest. The acetic acid concentra-
tions can range from 0.04 to 2.4 ppm in pipe organ wind chests [35]. It is important to men-
tion that organ pipes alloyed with tin showed less corrosion [31]. 

 

2.1.2.2. Museum storage and display cases 
Often, wooden construction materials detrimental towards artefacts stored inside are used 
for building storage and display cases [36–38]. It is also possible that two artefacts stored in 
one case are corrosive towards one another [39–41]. The fact that the artefacts are stored in 
a closed environment without ventilation, allowing the organic acid concentration to rise 
quickly, increases the corrosion rate. High concentrations in the range of 0.05 to 40 ppb can 
attack and corrode the lead artefacts. In trying to prevent the release of organics or the de-
velopment of rot, coatings are applied to seal and protect the wood surfaces of case interiors. 
However, many problems have been reported using this ‘solution’, depending on the choice 
of sealant or paint [42]. Due to their own volatile content, many coatings are themselves 
dangerous to the artefacts. In Table 2, we sum up possible destructive coating materials for 
pure lead and lead-alloyed artefacts. Browsing conservation literature indicates that many 
myths and contradictions regarding the choice of sealant are still prevalent [24]. Mainly 
metal artefacts are susceptible to this kind of corrosion. However, paintings filled with metal-
containing pigments clearly show the same problems [43]. To be complete, the organic acids 
produced by the museum visitors also must be considered. Due to the incorrect use of wood 
and wood coatings together with exposure to anthropogenic gases much of our cultural her-
itage has disappeared or deteriorated. It is therefore necessary to find protection against the 
formation of lead corrosion products, which cause the destruction of heritage lead [11]. 

 

2.2. Localized corrosion 
The microstructure and composition of lead artefacts create active and passive regions on 
the surface, which has an enormous effect on the corrosion behaviour. For example, an ex-
isting passivating layer (due to atmospheric corrosion) can be locally disrupted, making  ex-
posed areas more vulnerable to specific types of corrosion. Below, we will briefly discuss 
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three types of localized corrosion on lead artefacts: intergranular, pitting and selective cor-
rosion. 

 

Table 2. Paints, glues and other materials destructive to lead metal artefacts [20,24,44] 

PVA glue some types of wallpaper contact cement 

velvet plastic wood burlap 

some types of polyesters rust inhibitors some types of varnishes 

some types of plastics some types of dyes jute 

low quality paper and card-
board 

flame-proofed fabrics and 
wood 

products to treat rot and/or 
insects 

oil-based stain vermiculite some kinds of wool 

unwashed pebbles and sand some types of silicone ad-
hesives 

vinyl 

products containing ammonia vinegar-based products some types of paints 

 

2.2.1. Intergranular corrosion 
In a polycrystalline material, intergranular corrosion starts at preferred sites along the inter-
face between crystallites, called the grain boundaries. These grain boundaries show a higher 
density of imperfections in the crystal structure, resulting in a more disordered system. 
Therefore, they have a higher entropy and thus a higher energy, which means that they be-
come more anodically reactive than the core of the grains in certain environments [45]. The 
resulting localized attack creates electrolyte penetration and further corrosion at boundaries, 
which can cause weakening of the metal structure. There is almost no perceptible destruc-
tion, but the metal's properties such as ductility and strength decrease and production of 
debris increase very rapidly [46]. The corrosion rate depends on the morphology or shapes 
and size of the grains, as well as the impurities and their distribution in the matrix of the 
grains and any segregation to grain boundaries [47]. 

Observations of lead-tin organ pipes by Chiavari et al. [48] reveal the formation of inter-
granular corrosion along the grain or dendrite boundaries, forming cracks and very local 
pustules. When the pipe alloy consists of smaller grains and is more homogeneous due to 
extensive hammering, the corrosion resistance is improved, yet there is a loss of the strength 
of the bulk material [49]. Bigger grains, indeed, promote corrosion along cracks in the bulk 
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metal. The same is seen when investigating Roman water pipes [50]. In general, fine-grained 
alloy structures are more easily deformed than corroded. 

  
Figure 4. (a) Intergranular corrosion and (b) Copper inclusion in lead matrix. © MDK. 

 

An interesting example of preferential intergranular attack is seen on lead-antimony alloys 
in the range of 0.5% to about 6% antimony [51]. Furthermore, there exists the interaction in 
pipe organ metals between low solubility impurities such as copper and the lead matrix as 
seen in Figure 4. Impurities along the boundaries locally disrupt the native lead oxide film, 
allowing atmospheric gases easier access to the bulk metal. However, no general tendencies 
are reported. In trying to predict intergranular corrosion, it is important to look at the nature 
of the alloy and any impurities together with impurity distributions (e.g. solid solution or 
segregated) [52]. When in an organic acid environment, for example, tin-alloyed organ pipes 
have a higher corrosion resistance compared to pure lead pipes, which can be attributed to 
the protective behaviour of tin in these media [53]. To conclude, we can state that the mi-
crostructure and composition of lead and its alloys have an important influence on their cor-
rosion behaviour. 

 

2.2.2. Selective leaching corrosion 
Selective leaching corrosion, also called dealloying, is a type of corrosion where one metal 
component is preferentially leached from an alloyed material. The rate of the process de-
pends on the distance between the alloyed metals in the galvanic series. The less noble or 
more active metal is selectively removed from the alloy [54]. After the process, the metal is 
spongy and porous and has lost strength, hardness and ductility. Often this kind of corrosion 
is seen in copper alloyed artefacts where lead is added to enhance castability and machina-
bility properties. The dezincification of brass is a well-known phenomenon in conservation 
studies and can be recognized by a change in colour (yellow to orange) [55]. The addition 
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of lead ensures the formation of isolated globules due to its insolubility in the copper-rich 
matrix, and it is the lead metal which will preferentially corrode. The corrosion products are 
often referred to as ‘lead worms’ [56]. Other examples are the extensive selective leaching 
of lead-antimony alloys, at rates which were not monotonically related to either the acidity 
of the environment or the antimony content [57]. 

 

2.2.3. Pitting corrosion 
Pitting is the least usual form of corrosion. The process can be split into three different time 
frames: pit formation, pit growth and degradation. 

 

2.2.3.1. Pit formation 
The lead metal readily forms a relatively impenetrable passive layer as described in section 
2.2.1 and shown in Figure 5 (step 1). However, discontinuities in the passive layer expose 
the bulk lead metal to the environment. On the one hand, weak spots in the film can be a 
consequence of the lead metal's microstructure and impurities. Examples are galvanic con-
tacts due to heterogeneous distribution of micro-segregations, selective corrosion or crevice 
corrosion [58]. On the other hand, pits are formed due to local chemical or mechanical dam-
age. In this case, the localized corrosion starts because of coating failure, local condensation 
of moisture, momentary change in concentration, erosion-corrosion, scratches or thermal 
expansion [54]. This step is shown in Figure 5 (step 2). 

 

 
Figure 5. Mechanism of `active' lead corrosion in the proximity of organic acids (based on [26]). 

 

Depending on the nature of the film, a rapid repair of the film at the breakdown site can stop 
the corrosion process before it starts [59]. However, in many cases, the damaging conditions 
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persist and a cavity is formed. A reason for this is the formation of soluble and bulky lead 
corrosion products. At this moment, an active pit exists on a completely passivated lead 
metal surface, which allows the formation of a potential gradient. Indeed, the initiation of 
the corrosion process is a result of a change in the local anodic behaviour of the lead material 
[60]. 

 

2.2.3.2. Pit growth 
When an opening is formed in the passivated layer (such as a coating or a patina), the pits 
start to form crevices. Typically, these cracks are filled with the surrounding electrolyte 
when they are a few micrometres wide, as shown in Figure 5 (step 3) [61]. However, the 
small dimensions of the fissures prevent circulation of the electrolyte in the surrounding 
environment, which causes the conditions to become more aggressive inside the crevice. 
This more severe environment causes local active lead metal dissolution and tends to accel-
erate the corrosion process [62]. The migration of hydrated acetates (or nitrates) forms an 
acidic environment in crevices formed on the lead substrate, which permits the continuous 
production of lead salts due to the formation bulky porous precipitates. The lead acetates (or 
nitrates) formed dissolve into the aqueous electrolyte and migrate away from the crevice 
[63]. A reaction with CO2 forms white powdery precipitates far from the corrosion pit to-
gether with new acetic acid molecules ensuring a continuous attack of the lead substrate [11]. 

 

2.2.3.3. Degradation 
The crevices become deeper and inside them the lead metal is slowly eaten away. After a 
long time, depending on the thickness of the material, perforations are observed. These holes 
can have destructive consequences for the object. Some important examples for lead are 
summed up below. 

- Perforations of lead sheets around the base of organ pipes make sure the sound is dis-
torted or vanishes. 

- Degradation of lead artefacts makes it difficult to read ancient inscriptions [64] 
- Lead roofing corrodes in the presence of wood beams, creating leaks [65] 
- Lead sculptures are deformed at places in direct contact with more noble metals and 

sealing products. 
- Localized corrosion produces holes on excavated lead artefacts or lead pipes buried in 

an acidic environment. 
- High nitrate concentrations in drinking water slowly degrade copper-lead solder pipes 

[66] 
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- Antique wooden display cases are used to store artefacts and cause pitting and cracking 
issues on lead objects [67] 

 

3. Treatment of lead artefacts 
As established in the previous section, lead metal objects are under constant attack and de-
cay. It is important to note that the treatments used on lead artefacts depend on the aims of 
the conservator. For example, different treatments are needed to improve the readability of 
the surface such as inscriptions, repairing mechanical problems and conserving purposes 
depending on the environment [5]. In what follows, we focus on the prevention of the dete-
rioration process [68]. To do this, conservators must preserve the artefact’s cultural, histori-
cal and technological identity in the best possible way [69]. Furthermore, conservators must 
consider treatments with minimal intervention, which are preferably reversible and repeata-
ble. Recently, only materials with a non-toxic nature towards both the objects, conservator 
and environment are considered to be used in conservation procedures [70]. Considering all 
these philosophies, two types of conservation are known: preventive and interventive con-
servation. Both will be briefly discussed below. 

 

3.1. Preventive conservation 
The changing indoor environmental conditions determined by factors such as temperature, 
light, humidity and air pollution (also from human beings) are crucial in the research towards 
conservation of lead artefacts [71]. Mainly the seasonal changes and the build-up of pollu-
tants in sealed off showcases have a deteriorating effect on the lead metal collections [24]. 
Trying to limit these degradation phenomena, it is possible to keep the lead artefacts in a 
controlled environment in which all variables can be regulated [72]. Preventive corrosion, 
known as collections care, depends a lot on the museum’s policy and resources. When pos-
sible, climate control equipment is installed in museums [73]. In the following list, several 
possible interventions are summed up, which can be combined. 

- Dehumidification [74] 
- Installation of air conditioning [75] 
- Airflow system using filters (activated carbon filter) [76] 
- Do not use potentially dangerous woods or wood products such as fibreboard and hard-

board [5] 

Out of these, controlling the relative humidity (RH) seems to be the most important as dis-
cussed in a study by Thomson [77]. Indeed, the RH has an influence on the shape of the 
exhibits, the rate of the chemical corrosion reactions and the biological deterioration sources 
[78]. Reducing the RH could already solve a major part of the corrosion problem. 
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Furthermore, some effort is needed to avoid temperature changes and to keep an acceptably 
low exposure level to pollutants [79]. Museum conservators must also consider the fact that 
the ideal environmental conditions differ for the preservation of artefacts and the preserva-
tion of the building or display case. Also sometimes one artefact is constructed using differ-
ent materials requiring different preventive conditions [80]. A lot of preparations are neces-
sary before considering a certain controlled environment. Often, for example, lead artefacts 
are stored in sealed containers or plastic bags [81]. 

 

3.2. Interventive conservation 
Treatment methods are often developed using an experimental set up with artificially pre-
pared lead samples. In general, in this case, alloys, impurities, the structure and the presence 
of surface products are not considered [5]. Therefore, applying approved treatments on ‘real’ 
objects must be done with care. For this reason, it is important to know the limits and con-
sequences of the approved treatments or to contact specialists [82]. In what follows, we de-
scribe different possible treatment methods for lead metal samples with their limitations. 

 

3.2.1. Cleaning of lead artefacts 
The first and most frequently used process in the conservation and restoration of lead objects 
is the cleaning process. Cleaning includes tasks like the removal of the dirt and the dissolu-
tion of corrosion crusts [83]. There are, however, different possibilities to clean the lead 
artefact’s surfaces. 

 

3.2.1.1. Mechanical cleaning 
Often the process of mechanical cleaning is used for the removal of the dirt and corrosion 
products from the surface of the artefact. To remove the top part of the thick crusts, archae-
ological objects must be cleaned mechanically at least in a first step [84]. In the case of lead, 
it is difficult to visually identify the original surface, which means a trained eye is required. 
Furthermore, conservators must be careful using invasive equipment such as scalpels and 
power-driven tools. These tools may smear or scratch the underlying sample due to the soft-
ness of the lead metal [85]. Handling lead artefacts using mechanical cleaning could be haz-
ardous considering that the dust is poisonous. Appropriate safety measures must be used. 
Overall, the mechanical cleaning of lead is considered difficult. 
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3.2.1.2. Chemical treatment 
After a first rough cleaning, lead artefacts could be cleaned chemically using acids, alkalis, 
sequestering agents and ion exchange resins to remove the lead corrosion products [86]. In 
what follows, we evaluate one of each agent for lead cleaning. Different acids, such as nitric 
and sulfuric acid were abandoned very early in conservation history due to undesirable re-
sults. Around the 1940’s, an interesting method was developed using dilute hydrochloric 
acid, which does not attack the lead metal, but forms a thin protective PbCl2 crust. After that, 
one needs to immerse the artefact in diluted ammonium acetate, which is the only lead oxide 
dissolving reagent. The procedure is called Caley’s method because he cleaned 56 stable 
objects from the Athens Agora using this method [87]. Furthermore, superficial layers pro-
duced leaves a nice appearance, which does not change for a long period of time. Ideally this 
treatment is used for lightly corroded specimens. In other cases, electrolytic reduction is 
more appropriate [88]. The method also requires careful attention to avoid dissolution of the 
artefact especially using alloys. Another possible electrochemical method, known as Kreft-
ing’s method, is the use of dilute nitric acid by Rathgen [89] or an aqueous caustic soda 
solution by Plenderleith [90] with some metallic zinc powder to dissolve the crust using the 
following reaction [91] 

Zn+ 2	NaOH	 ⇆ Na2ZnO2 +H2 

This powder, in the form of granules, provides a homogeneous current distribution along the 
artefact. After washing the artefact with tap water, the artefact looks clean, but often residues 
of metal salts remain on the surface. In the work of Brown [86], an example is mentioned 
where a seal of Pope Paul III was treated using this method. However, the lack of selectivity 
and reaction control makes this method problematic for stabilization purposes. 

A frequently reported method involves the immersion of the lead and lead alloyed artefacts 
in a solution of a sequestering agent [92]. Often a 4-10% aqueous ethylenediamine-
tetraacetic acid (EDTA) disodium salt solution is used, following the procedure developed 
by Kuhn [93]. In a publication of Van den Abeele et al. [94], EDTA was tested on artificially 
corroded metal plates (copper, brass and lead). Working on artefacts, Lane [95] warns us 
that the sequestering agents creep under the crust and start attacking the bare lead. Also, 
when using EDTA, it is recommended to put the sample in a bath of ammonium acetate to 
remove the lead oxides [5]. 

Another example is described by Brown et al. [86] where a lead metal medal was cleaned 
by using hot-distilled water and an ion-exchange resin in the acid form, which has the ad-
vantage of avoiding chemicals and multiple rinsing steps. During the procedure, the resin 
beads absorb Pb2+ ions from the corrosion products while at the same time the CO2 and 
organic acids are boiled off [96]. However, for heavily corroded artefacts this method is 
often less effective. In some cases, conservators have seen damage of the artefacts [97]. 
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Looking at all treatments mentioned, most of the chemicals used are corrosive towards lead. 
Therefore, treated lead artefacts must be rinsed thoroughly. However, experience has taught 
us that rinsing is never entirely effective, which means corrosion starts again [98]. 

3.2.1.3. Laser cleaning 
Cleaning lead artefacts using pulsed lasers is a feasible option, despite lead's low melting 
temperature. Indeed, a short pulse duration and a low repetition frequency, or the use of a 
water bath, avoid local heat accumulation. Thick crusts can be easily removed, preserving a 
thin protective patina [99]. Drakaki et al. [100] successfully used this method for the cleaning 
of Roman coins. 

 

3.2.2. Stabilization of lead artefacts 
Whereas cleaning processes dissolve the entire corrosion layer, stabilization processes are 
characterized by maintaining the details of the corrosion crust. Stabilization methods are 
often used on artefacts with thick corrosion crusts. 

 

3.2.2.1. Plasma cleaning 
A plasma treatment converts corrosion products in the crust to metallic lead by using a hy-
drogen plasma following the reaction [101] 

2 PbCO3.Pb(OH)2 + 2 H⋅ 	⇆ 3 Pb + 2 CO2 + 4 H2O 

Depending on the procedure's characteristics, such as the concentration of the gas mixture, 
the pressure and the type of electrical discharge, the treatment's performance changes. The 
limiting factor is that the converted lead obstructs further reduction of underlying layers [5]. 
As a result, the penetration depth of the method is limited to a thickness of 0.1 to 0.2 mm, 
which means this method can only be used for lightly corroded artefacts. Also, in the case 
of lead, the temperature must be kept as low as possible [102]. 

 

3.2.2.2. Electrolytic treatment 
For the conservation of lead artefacts, two processes are considered, based on reduction re-
actions. (1) The direct reduction of lead corrosion products or (2) the decomposition of water 
to produce H2 bubbles which generate a mechanical action at the metal surface to remove 
crust deposits very effectively. This process can be applied locally or in solution [5]. 

The use of zinc granules in Krefting's method was inconvenient because of the lack of con-
trol over the electrochemical reaction, which inevitably led to the loss of the corrosion crust. 
A possible solution is the use of a power supply to generate the necessary electron flux. Here, 
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the metal artefact is immersed in a conductive salt solution (such as sodium carbonate) and 
and connected to the cathode (negative pole) of a power supply with the counter-electrode 
connected to the anode (positive pole). The counter-electrode is often made of stainless steel 
when used in alkalis, lead when used in acidic electrolytes or also platinum. The latter is 
usually recommended due to its inertness in all conditions. However, this set-up uses high 
current densities (around 2-5 A dm-2), to initiate a mechanical stripping of the corrosion crust 
due to H2 bubbling [103]. 

 

Table 3. Summary of the presented electrochemical treatments. 

METHOD MATERIALS EFFECTS REF 

Krefting’s method Zn granules + dilute 
HNO3 

mechanical stripping [89,96] 

 Zn granules + NaOH mechanical stripping [90] 

cathodic polariza-
tion 

NaOH mechanical stripping [97,103] 

 H2SO4 mechanical stripping [103,106] 

 Na2CO3 mechanical stripping [107] 

consolidative re-
duction 

dilute H2SO4 reduction of corrosion 
crust 

[108] 

(galvanostatic) Na2CO3 reduction of corrosion 
crust 

[109] 

 NaOH reduction of corrosion 
crust 

[110] 

consolidative re-
duction 

Na2SO4 reduction of corrosion 
crust 

[111] 

(potentiostatic) H2SO4 reduction of corrosion 
crust 

[112] 

 NaHCO3 reduction of corrosion 
crust 

[113] 

 

A less invasive treatment was proposed in the 1960s by Lane [104]. In this case, the current 
density is kept low to avoid hydrogen bubbling and to allow the reduction of only the 
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corrosion crust. The poor cohesion and adherence of the newly produced lead metal, make 
it difficult to consolidate the artefact. Therefore, the use of ion exchange resins in intimate 
contact with the artefact is often recommended. Three electrolyte solutions have been tested, 
dilute sulfuric acid (2 to 10% H2SO4 v/v), sodium carbonate (5% Na2CO3 w/v) and sodium 
hydroxide (5% NaOH w/v). Each of these solutions has its advantages and disadvantages, 
as discussed in recent literature [105]. 

Later, in the 1990s, a potentiostatic method, based on a three-electrode system, was designed 
to control the potential applied to the artefact [105]. To start, a polarization plot is recorded 
to identify all possible electrochemical processes by identifying peaks in the voltammogram. 
Afterwards, the actual treatment can be executed by applying a constant potential and mon-
itoring the current to check the reaction progress (see Error! Reference source not found.). 
When using the treatment on composite or fragile objects, it is recommended to perform it 
locally by using an electrolytic stainless steel pencil wrapped in cotton, known as an elec-
trolytic pencil [5]. 

Often, authors of publications about metal cleaning forget to mention the stability of the 
artefacts after treatment. In most cases, however, the treatments are not successful in stop-
ping the corrosion progression. In what follows, we give a short overview of the methods 
used to decrease the surface reactivity after the treatment of lead artefacts. 

 

3.2.2.3. Fast post-treatments 
Early work by Organ [86] talks about rinsing the artefact in a diluted sulfuric acid solution 
so that a sulphate film is formed. This method does not offer a complete protection but can 
be helpful in certain conditions. Another, more general, method is anodic polarization. It is 
used in different media such as sulfuric acid, sodium sulphate and potassium iodide [114]. 
This technique can also produce lead oxide films. Most of these treatments have been tested 
on laboratory scale, in specific conditions and often on pure metal samples. Therefore, the 
complete harmlessness of the treatments cannot be guaranteed in untried cases. For example, 
treating an artefact, the chances of changing the structure and the surface chemistry are quite 
high. 

 

3.2.3. Preservation 
Lead and its alloys are under constant attack by their surroundings. As proposed, eliminating 
organic vapours, high humidity environments, mechanical disturbances and galvanic-cell 
formations makes it more straightforward to preserve lead artefacts. However, in some situ-
ations this is impossible and we need to protect the artefact using inhibitors or barrier coat-
ings. In the closing sections, we give an overview of the possibilities. 
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3.2.3.1. Inhibitors 
Corrosion inhibitors are defined by Gräfen et al. [115] as “substances that reduce or eliminate 
the aggressiveness of a corrosive medium and are either already contained in the corrosive 
medium or are specifically added to it. A distinction is made between electrochemical, chem-
ical, and physical inhibitors.” 

The use of inhibitors for lead is rare due to its resistance to atmospheric corrosion [116]. 
However, organic corrosion inhibitors, that mainly contain nitrogen, sulphur or oxygen at-
oms, can adsorb onto the metal surface to protect the underlying bulk material against cor-
rosion [117]. For example, volatile amines can be used in closed museum humidification 
systems to decrease the corrosion rate of lead metal artefacts, which is probably due to self-
assembly [118]. Several amino acids have also been tested to inhibit lead corrosion. 

 

Table 4. Summary of the presented corrosion inhibitors on lead and lead alloys. 

INHIBITOR EXAMPLE COMPOUNDS REF 

volatile amines diethylaminoethanol (DEAE) [124] 

amino acids alanine, valine, histidine, glutamic acid and 
cysteine 

[125] 

3-amino-5-phenyl-
pyrazole deriva-

tives 

3-amino-5-phylpyrazole (PP) and 5-amino-3-
(4-methylphenyl)pyrazole (PP-CH3) 

[126] 

benzotriazole 
(BTA) 

 [120,127,128] 

carboxylates sodium decanoate and sodium dodecanoate [127,129,130] 

phosphates poly- or orthophosphates [131] 

sodium dodecyl 
sulphate (SDS) 

 [132] 

hydrazine deriva-
tives 

hydrazine (Hy), phenyl hydrazine (PHy), 2,4-
dinitrophenyl hydrazine (2,4-DNPHy), 4-nitro-
benzoyl hydrazine (4-NBHy) and tosyl hydra-

zine (THy) 

[133] 

 

However, surfactant inhibitors with a polar hydrophilic head and a non-polar hydrophobic 
tail are often used, because of their many advantages such as high inhibition efficiency, low 
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price, low toxicity, and easy production [117]. To illustrate, Sharma et al. [119] used ben-
zotriazole for the protection of ancient and historic leaded bronzes due to the formation of 
crystalline polymeric Pb-BTA and PbO-BTA complex film [120]. Brunoro et al. [121] sug-
gested that alloys showed a lower inhibition efficiency because of a weaker metal-triazole 
bond. Rocca et al. [122] worked extensively on the ability of sodium monocarboxylates to 
slow down lead corrosion. In this case, the passivation was a consequence of the formation 
of a crystalline metallic soap layer [123]. Other examples are shown in Error! Reference s
ource not found.. These inhibitors are often used during the treatments to minimize attack 
from some reactants. 

 

3.2.3.2. Barrier protection 
As an alternative, a coating is applied to lead artefacts to protect them from corrosive envi-
ronmental gasses. In literature (see Error! Reference source not found.), lead metal arte-
facts are often coated by rubbing the sample with a cloth coated with, for example, paraffin 
wax, microcrystalline waxes or a mixture of both, such as Renaissance® Wax (www.renais-
sancewaxes.com) [134]. Important disadvantages of this method are the susceptibility to the 
accumulation of dust and reversibility problems. Sometimes, acrylic varnishes or polyvinyl 
resins are also considered for treating lead artefacts [135]. However, when these treated ar-
tefacts are kept in very humid environments, it is very likely the coating will decompose to 
form acetic acid [136]. Another example is coating with linseed oil to form a varnish like 
layer, which allows normal patination on lead roof surfaces or outdoor statues [137]. 

These examples show it is important to consider the conditions and the corresponding cor-
rosion mechanisms to which the sample will be exposed after treatment. Next to the material 
choice, however, other important factors are needed to provide definitive conclusions about 
the coating's degree of protection [5]. These include the application method, number of coats, 
the aging and decomposition properties, the composition of the artefact and the thickness of 
the coating. In addition, laboratory experiments conducted using accelerated corrosion or 
electrochemical tests on clean or coated lead samples do not always agree with results on 
artefacts, even if they are placed in the same environment. Moreover, coatings which show 
no corrosion to the naked eye, can allow localized attacks, which indicates that the coating 
is susceptible to long-term corrosion [82]. Evidently, it is difficult to produce a coating which 
can prevent lead corrosion in atmospheres with organic acid vapour traces. At this moment, 
several research groups are still working on a solution for this problem. 
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Table 5. Summary of coatings on lead and lead alloys. 

COATING 
MATERIAL 

SPECIFICATION REF 

natural wax beeswax, carnauba [134] 

simple waxes polyethylene wax, paraffin wax [87] 

microcrystalline wax Cosmolloid 80H [138] 

mixture of paraffin and 
microcrystalline wax 

Renaissance® wax [134,139,140] 

acrylic varnish Paraloid B-72 [135,138] 

polyvinyl resin Butvar B-98 [135] 

oil coating linseed oil [141] 

hydrophobic silicon  [110] 

carboxylates sodium decanoate and sodium undecano-
ate 

[142] 

dicarboxylates hydrogenated dimer acid [143] 

carboxylate polymer hydrophobic acrylate-based polymers 
with built-in carboxylic acid groups 

[144] 

 

3.2.3.3. Restoration 
Polyvinyl acetate was once used as a glue for repairing lead artefacts. However, this kind of 
adhesive was abandoned because of its emission of organic acid vapours [136]. Moreover, 
sometimes epoxy resins are used as an embedding or restoring material [110]. 

 

4. Ethical challenges in conservation 
As in other fields of conservation and restoration, the work of the metal conservators is 
guided by ethical standards. Over the years, a set of universal intervention guidelines has 
been (inter)nationally established and written down in different codes. All these documents 
are based on the fact that “the conservation process is governed by absolute respect for the 
aesthetic, historic, and physical integrity of the work, and requires a high sense of moral 
responsibility” [145]. Amongst these are the Code of Ethics and Guidelines for Practice of 
the American Institute for Conservation [146] and the professional guidelines from the Eu-
ropean Confederation of Conservator-restorers' Organizations [147]. 
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Specifically, in the case of metal conservation, the main concern is the destruction of valua-
ble scientific data using specific treatments. At first sight, the patina of metallic historical 
objects simulates the long-lost state of artefacts. However, for technical and architectural 
reasons it is occasionally necessary to remove the object's patina thereby changing its ap-
pearance, allowing misjudgements to occur. Indeed, because of these treatments museum 
visitors or even professionals have often problems to distinguish between fakes, originals, 
copies or forgeries [148]. 

When possible, endangered and damaged historical objects must be preserved. However, a 
general agreement states that ”one must intervene as little as possible and avoid any struc-
tural and decorative falsification” [149]. To decide which treatments should be used on val-
uable artefacts, it is generally accepted that one should seek opinions from a broad range of 
experts including archaeologists, art historians, historians, scientists and conservators [150]. 
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