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Abstract

Particulate matter in the showcase of the Bayeux embroidery was studied for 8 months in order to determine the con-
servation state of this precious and fragile work of art. Both the suspended and deposited particles were observed,
analysed, and quantified. Microclimatic conditions were also monitored. This study presents different methods for the
qualification (SEM-EDS and ion chromatography) and quantification (haze, surface coverage, deposition thickness,
fibre concentration) of the deposition of particulate matter in such an environment. It allowed the evaluation of the
hazard represented by particulate matter for the piece of art and the effectiveness of the measures taken to preserve
it, namely air filtration in its over-pressured showcase. The results are very positive, since the PM concentration is very
low (ISO 8 regarding the ISO 14644-1 norm) and dust deposition is still negligible after five and a half month.
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Introduction

Context

Many rare and precious objects are displayed in muse-
ums. To protect them and avoid their alteration, works
of art are stored in controlled atmospheres where the
concentration of outdoor pollutants is limited. How-
ever, indoor environments are also hazardous to cultural
heritage materials and specific degradations can occur:
numerous research projects are dedicated to the identifi-
cation of the main causes of alteration.

The first studies about indoor air quality in museums
pointed out ill-adapted microclimatic conditions as
responsible for mould development or the enhancement
of alteration processes [1]. This topic has been widely
studied, which finally lead to a comprehensive under-
standing of these questions [2]. Curators now monitor
temperature and relative humidity in museums [3] and
follow norms and recommendations [4] to address this
issue.

*Correspondence: pauline.uring@lisa.u-pec.fr

! Laboratoire Interuniversitaire des Systémes Atmosphériques, UMR CNRS
7583, Université Paris Est Créteil et Université Paris Diderot, Institut Pierre
Simon Laplace, 61, Avenue du Général de Gaulle, 94010 Créteil Cedex,
France

Full list of author information is available at the end of the article

@ Springer Open

Volatile organic compounds (VOCs) have also been
pointed out as being liable for the formation of efflores-
cence on artefacts and their rapid degradation [5], espe-
cially in showcases [6]. Materials that are to enter directly
or indirectly in contact with pieces of art, such as clean-
ing products or construction materials [7], are now care-
fully chosen to limit the emission of hazardous VOCs.

Dust deposition is among the top subjects of concern
to have attracted the conservation scientists’ attention
with increasing concern lately [8, 9]. Indeed, particulate
matter (PM) can be hazardous to fragile works of art in
multiple ways. First of all, dust affects aesthetic quality
through a phenomenon called soiling. It can be caused
by soot and calcite particles [10] that settle in layers, thus
hindering the reading of the artefact. Fine particles can
penetrate through cracks [4, 11], coarse dust can cement
under particular relative humidity (RH) conditions [12],
making cleaning operations difficult. Furthermore, PM
deposition causes and catalyses physical and chemical
degradations: coarse dust abrades surfaces [4], sulphur-
rich particles discolour pigments or bloom on varnishes
[13], alkaline aerosols speed up cellulose degradation
[14]. Dust layers also form an attractive environment for
mould and insects [15]. These conservation concerns are
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major ones and even more so as the artefact is precious
and fragile.

To evaluate soiling risks in a specific environment, a
comprehensive analysis of airborne pollutants must be
produced. Both aerosols and deposited particulate matter
(DPM) are to be characterized but studies that combine
PM and DPM morphology, chemical composition and
size remain rare and especially for the aerosol fine frac-
tion (diameter <1 pm). Our purpose is thus to document
the environment of the showcase of the Bayeux embroi-
dery (eleventh century), following a specific request from
the museum and the Normandy DRAC (Regional Cul-
tural Affairs Directorate). For the first time, dust depo-
sition near this fragile work of art was assessed, pairing
chemical analyses of PM and DPM with particle deposi-
tion rate evaluation in order to assess the effectiveness of
protection means which were set up.

The site

The Bayeux embroidery is preserved on the ground floor
of the Centre Guillaume-le-Conquérant, in Normandy,
France. It is located 8 kms from the seashore. Also
called Queen Mathilda’s embroidery, this piece of art is
listed Memory of the World by UNESCO since 2007. It
was made at the end of the eleventh century with wool
yarns on a 70-m long flax fabric. It is nowadays presented
behind a window in a reinforced concrete room with ven-
tilation (G4 air filtration, slightly overpressured, humidi-
fier) built in 1983.

Methods

In-situ sampling analysis

To collect deposited particles, two different methods were
used. Old deposits, accumulated near the embroidery
since the setup of the current showcase, were sucked up
through a Millipore 0.4 um filter in a 35 mm Aerocheck®
monitor cassette (surface studied: 160 x 20 cm). Ongoing
deposition was collected on float Planilux® 6 x 6 x 0.2 cm
glasses were displayed in the showcase for five and a half
months, both horizontally and vertically. Because of its
brittleness, any sampling or direct measurement neces-
sitating contact with the embroidery is strictly forbidden
and surrogate materials had to be used.

Air-suspended particles were also collected on filters
through three specific filtration units, one for each of the
analyses described in the next section. Sampling lasted
5 months where pumps were activated 2 min every hour
at 10 L min~',

The size distribution of the aerosol was measured
between 10 nm and 40 pm with a GRIMM® Mini-WRAS,
that classifies particles in 41 size channels thanks to the
association of a NanoSizer GRIMM® (electrometrical
measure) and a GRIMM® (optical particle counter).
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Microclimatic conditions were logged thanks to a
VERITEQ® (SP-2000-20R-103 model) sensor. This device
records both the temperature (£0.15 °C) and relative
humidity (+2%) every hour.

Analyses

The particle deposited on glass coupons were character-
ized by the means of four parameters describing the opti-
cal impairment they induce. The rear face of the glass
coupons was cleaned prior to these analyses.

1. Surface coverage was evaluated with Histolab
Microvision® on 10 random observation fields
(Leica Leitz Laborlux 12POLS microscope linked to
a camera, with a total magnification of 526, thus a
2.4280 mm? surface per glass).

2. Deposited fibres, recognized as being the main factor
leading to high surface coverage [16], were counted
manually under a binocular magnifier Leica MZ10
(total magnification: 110 x).

3. Haze, commonly used in the glass industry as a soil-
ing indicator [17], was measured thanks to a UV-vis-
ible spectrometer Perkin Elmer® Lambda 650S with a
60 mm integration sphere.

4. Deposition thickness was determined through pro-
filometry, with a WYKO® NT1100 optical profiling
system: the Sz parameter was assessed on 50 random
fields per glass (x50 Mirau objective, x 0.5 Field
of View, 25.137 x total magnification, VSI analysis
mode with PSI High Mag filter).

In order to identify the main sources of PM, chemical
analyses were also conducted on filters bearing samples
of old deposits and of aerosols.

Scanning electron microscopy coupled with energy
dispersive X-ray spectroscopy enabled the observation
and elemental analysis of particles. Two devices were
used, depending on the size of the observed particles: a
Hitachi® TM3030 Benchtop SEM (up to 30.000 x magni-
fication) for coarse dust and a MERLIN® Carl Zeiss SEM
(up to 10°x magnification) for fine and ultrafine parti-
cles. After a palladium metallization, particles in ran-
dom fields (under a 5000 x magnification) were counted,
measured, analysed through EDX and sequenced accord-
ing to their emission source. This method followed the
procedure described in the literature [18, 19].

Ion chromatography allowed characterizing the soluble
fraction of the aerosols. Filters were shaken for 30 min
in ultra-pure water. The resulting solution was filtered
(0.2 um, PTFE) and an aliquot was used for cation and
another for anion analysis with a Metrohm 850 Profes-
sional IC. Given the low concentrations involved, all
these steps were conducted in an ISO 5 cleanroom.
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Results and discussion

Microclimatic study

Microclimatic conditions were monitored in the show-
case from December 2015 to May 2016 (Fig. 1).

Though preset at a nominal value of 20 °C, the tem-
perature varied between 18.4 and 21.7 °C. A daily cycle
(2.5 °C range) is caused by the lights at the bottom of the
display case, turned on each morning. It can be a stress
for fragile textiles, but remains within the short fluctua-
tion range of +2 °C recommended by ASHRAE [14].

Relative humidity remained stable around 45% (var-
ies from 39.9 to 49.4%), responding to the usual require-
ments of a maximum short fluctuation of £5% in
preventive conservation.

However, two specific periods show a different scheme.

First, from 2015 December 31st to 2016 January 29th,
the museum was closed to the public and the embroidery
was moved over a few metres to be specifically studied
by curators. During this month, the daily increase in tem-
perature nearly disappeared, which confirms that the
lights are the origin of this issue.

End January, many people entered the usually empty
local: 60 people were required to move the embroidery
(on the 25th and on the 29th), researchers from different
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laboratories came to run analyses. This unusual fre-
quentation caused RH and temperature fluctuations
and everything went back to normal when the museum
reopened.

From March 2nd to March 19th, a RH drop that cannot
be explained by temperature variations occurred. This
was likely due to an issue with the humidifying system,
but the problem was gradually solved from March 14th.

Despite these exceptional periods, the hygromet-
ric conditions are generally well controlled and remain
within the limits recommended for sensitive materials.

Particle concentration
The particles size-resolved concentration was moni-
tored in the lobby, the viewing area and the showcase in
November 2015 (nearly empty museum) and July 2016
(crowded period). The size bins with a standard devia-
tion over mean value higher than 100% were not con-
sidered: indeed, above 10 um, only a few particles were
detected, making the size bins between 10 and 40 um not
significant.

Even if no specific fine particle filtration is used at the
museum, particle concentration in the display case is low
(Fig. 2). Though attendance is a known source of coarse
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Fig. 1 Temperature and relative humidity monitoring in Bayeux embroidery showcase
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Fig. 2 Particle concentration measured in the showcase on a November 15,2015, and b July 4, 2016
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viewing area as well as between the viewing area and Fig. 3 Abatement factor: particle concentration ratio between the
the showcase were calculated (Fig. 3). From the museum viewing area and the showcase (open figure) and between the
reception to the viewing area, the reduction in particle museum reception and the viewing area (black squares) for each
particle size bin

concentration is limited (about a factor 1.4 for all parti-
cle sizes). This is due to the fact that the doors between
the lobby and the exhibition area remain often open due
to the constant visitor’s flow, which prevents them from
fulfilling their protective role. However, the particle con-
centration is much more significantly reduced between
the viewing area and the showcase (open figures). Indeed,
thanks to the showcase, the concentration of particles

below 2 pum is divided by 4 and by nearly 60 for particles
above 2 pum. This shift in behaviour was confirmed by a
Pettitt test [24] that detected a change point at 2 pm. This
value matches the effectiveness of the G4 coarse particles
air filter in use in the showcase.
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Concentrations both in the museum and in the show-
case were compared to the literature: the latest values
available were measured in two Greek museums and
are reported in Table 1. Even if Bayeux has a slightly
cleaner air, especially regarding PM,; the magni-
tudes of indoor PM,, and PM, ; concentrations in these
museums compare to that of Bayeux. However, when it
comes to the showcase itself, the particle concentration
reduction is more marked in Bayeux. Indeed, PM, ; and
PM,, are about 15-20 times lower than in these Greek
display cases. This comparison with regular showcases
not equipped with particle removal emphasizes the effi-
ciency of filtration units such as the one used in Bayeux.
Concerning fine particles (PM;), for which no specific
removal system is in place in Bayeux, the most rele-
vant comparison is with the Neophytos Doukas Library
because this is also a site located in a low polluted and
marine area. Indoor concentrations are in the same
order of magnitude (ca. 1000-1500 particles per cm®) in
the two museums but the showcase of Bayeux shows an
abatement when none is perceptible in Zagori.

Thus, the measures set for the preservation of the
embroidery seem effective, given the strong reduction of
particle concentration and the cleanroom environment in
the showcase. However, despite the low particle concen-
tration, chemical analysis are requested to identify par-
ticles and ensure their non-hazardousness towards the
embroidery.

Chemical analyses
Particles’ morphology, size and elemental composition
were analysed through SEM-EDX, allowing to sort them
by geochemical sources. Results are reported in Table 2.
A third (33%) of the observed aerosols are anthropo-
genic: soot, metallic scraps, Na-rich particles—probably
nitronatrite (NaNOj)—and mascagnite ((NH,),SO,). Soot
are carbonaceous particles emitted through combustion
processes and their composition depends on the source:
diesel soot has no specific marker, whereas K-rich soot
indicates biomass combustion [26]. Moreover, their size
depends on their age (from isolated soot to chainlike aggre-
gate, from 100 nm to a few micrometres), making their
removal by filtration less efficient than other particles.
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Nitronatrite comes from the reaction between halite aero-
sols and atmospheric nitric acid [27]. Mascagnite (about
200 nm-large bean-shaped particles) can be produced by
gas-particle conversion from SO, and NH; [28]. As parti-
cles between 0.1 and 1 pm easily penetrate buildings [29],
an outdoor source of mascagnite is the most likely.

Marine aerosols represent about a quarter of the
observed particles (26.6%): mostly halite (NaCl) mixed
with other salts [sylvite (KCl), gypsum (CaSO,), impuri-
ties], typically produced by seawater evaporation [30].
Indeed, Bayeux is 8 km away from the Channel and thus
has an atmosphere loaded with marine salts able to pen-
etrate inside the display case. Salts occasionally mix with
terrigenous or organic particles, raising the global pro-
portion of marine particles to about 30%.

The proportions are quite different in the deposits:
terrigenous particles, mostly silicate and clays—coming
from soil erosion, represent more than half (57.9%) the
observed particles. Terrigenous particles were also found
in the aerosol samples, but they were far smaller (about
1 um vs 5 um in the deposit) and in smaller proportions
(about 13%). This can be explained by the fact that terrig-
enous particles being often coarse, they settle fast and are
over-represented in the deposit as compared to the air-
suspended particles.

The same observation goes for other types of coarse
particles or aggregates and explains that internal mix-
tures formed by the assemblage of different types of par-
ticles are more frequent in deposits.

The ion chromatography analysis of the soluble spe-
cies present in the particulate matter (Fig. 4) confirmed
the presence of ammonium sulphate (large proportion
of NH," and SO,*” in the aerosols) as well as the marine
influence (Cl~ anions and Na™ cations in both the depos-
its and aerosols), already shown by SEM-EDS.

Deposits are characterized by the predominance of cal-
cium cations, coming from both terrigenous (calcite) and
marine (gypsum) particles. However, terrigenous par-
ticles are prevalent in deposits, as shown by SEM-EDS.
Indeed, the ionic balance of the deposited particulate
matter reveals a strong cation surplus: bicarbonate ani-
ons are missing from the analyses, disrupting the ionic
balance.

Table 1 Particle concentration of various sites (average values)

Site Location PM,, (ug m~3) PM, 5 (ug m~3) PM, (particles cm™3)
Bayeux Showcase 22+£09 1.3£0.2 300£80

Viewing area 29+5 73£08 10004500
Neophytos Doukas Library (Zagori) [25] Showcases 60 20 1550+ 350

Indoor 50 40 16004360
Historical museum of Crete (Heraklion) [25] Showcases 35 28 Ca. 6000

Indoor 44 40 Ca. 9500
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Table 2 Elemental analysis of deposited particles and aerosols within the display case
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Origin Elemental composition Aerosol Deposit
Number % Mean size (um) Number % Mean size (pm)
Anthropogenic 31 33.0% 7 12.3%
Scrap metal fragments O, Fe, (Al, Si) 2 21% 22 5 8.8% 1.8
Na-rich O, Na 2 21% 22 2 3.5% 22
Soot G, (S, K) 20 213% 08
Mascagnite N, S, O 7 74% 0.2
Marine 25 26.6% 3 5.3%
Gypsum Ga,5,0 1 1.1% 13 2 3.5% 4.6
Halite + traces Na, Cl, (Mg, Si) 23 245% 08 1 1.8% 22
Mix: halite, gypsum, sylvite Na, Cl, Ca, K, O, S 1 11% 1.8
Terrigeneous 13 13.8% 33 57.9%
Clay Al Si, O, (K, Mg, Fe, S, Na) 9 96% 13 9 15.8% 55
Calcite Ca,C O 1 1.1% 06 3 5.3% 2.7
Silicate Si, O, (Na, Ca, K) 2 21% 0.7 19 333% 4.6
Mix: calcite 4 clay Ca, O, C, Al Si 2 3.5% 26
Mix: calcite + silicate Ca,0,C, Si 1 11% 2
Mixtures 3 3.2% 12 21.1%
Marine-organic C Na, cl 1 1.1% 0.5
Marine-terrigeneous C O,Na, Cl, Ca, Al Si K, S, Mg 1 11% 25 6 10.5% 43
Marine—terrigeneous—organic C Na, Cl, Si, O, Mg, Na, Al, (S, Ca) 1 11% 335
Marine—anthropogenic O, Al, Fe, (Na, Cl, Ca, Mg, Si) 2 35% 113
Terrigeneous—organic C, Al Si,O P 3 5.3% 55
Terrigeneous—anthropogenic GO, Ca (9 1 1.8% 6.0
Undetermined organic compounds 22 23.4% 2 3.5%
C-rich C 0O, (K S, Na) 22 234% 035 2 3.5% 94
Total 94 100% 57 100%
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Fig. 4 Composition of the soluble fraction of the aerosols and deposits collected within the Bayeux embroidery showcase
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Formate and propionate anions were found in low
concentrations. Formate has most probably been emit-
ted by the chipboards [31] at the back of the tapestry
and subsequently adsorbed on the deposited particles,

when propionate is a common Secondary organic aerosol
(SOA) that forms in the atmosphere. However, no trace
of acetate was detected: acetic acid, known to be a threat
to organic collections [32], is thus not present here.
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The composition of both the atmosphere and the
deposited particles in the showcase can be compared
to the results of the analyses conducted in the Royal
Museum of Fine Arts in Antwerp (Belgium) [33].
Like Bayeux, this museum is located near the Chan-
nel and therefore subject to marine influences. Regard-
ing the bulk aerosol composition, similar particles were
observed: small salts, some Ca- and S-rich particles.
However, less Fe-rich aerosols were detected in Bayeux.
In the deposited particles, Ca-rich particles (terrigenous
and marine) were observed in Bayeux (both in SEM and
through ion chromatography), whereas it was noted that
calcium had a rather low deposition rate in Antwerp.

Particle deposition rate

Particle deposition was evaluated after 5 % months on
glass coupons displayed near the embroidery. The results
are shown in Table 3.

First, giant particles (>200 pm), mostly fibres, were
studied and their surface concentration was calculated.
As expected, the concentration of fibres is larger on the
horizontal coupons than on the vertical ones because of
the high settling velocity of these coarse particles. After
being numbered, the origin of the fibres was determined
by SEM observation: a few cotton and synthetic fibres
were found that cannot come from the embroidery made
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of wool and flax. As the filtration unit is expected to
remove giant particles from the ventilation system, these
particles must have been brought during the moving of
the embroidery between January 25th and 29th or dur-
ing regular maintenance operations. They may also have
penetrated the showcase despite the filters, but this phe-
nomenon remains anecdotal.

All the measured parameters are characteristic of very
clean surfaces: the haze remains below the value (1%)
commonly accepted as being the visual disturbance
threshold in the glass industry [17] and the surface cov-
erage as well as the thickness of the deposit are low. As
expected, vertical coupons show less deposition than
horizontal ones. The smallest difference between the hor-
izontal and vertical exposures is obtained for the haze.
According to the Mie theory, this parameter is essen-
tially sensitive to the presence of fine (submicron) parti-
cles that scatter the UV and visible radiations efficiently.
Because the deposition of such fine particles is driven
more by diffusion than by gravitational settling [34], one
does not expect them to deposit very differently on the
vertical and horizontal coupons and, as a result, haze is
less sensitive to the coupons orientation than the other
parameters.

Regarding the Sz parameter (cf. Fig. 5), the deposit is
more homogenous on the vertical sample. Indeed, only

Table 3 Measurements of soiling on glass coupons displayed for 5 2 months in the showcase of Bayeux embroidery

Coupon orientation Mean Sz (um) Median Sz (um) Surface coverage (%) Fibres concentration (fibers cm~2) Haze (%)
Horizontal 164+29 0.39 045+0.05 183+15 049+0.10
Vertical 0.284+0.03 0.26 0.0340.006 12£02 0354+0.12
15 e J ceenaee 0,40
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Fig. 5 Sz (maximum height, ISO 25178) on horizontal and vertical glass coupons
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small particles manage to adhere to the surface. Larger
particles tend to sediment and are rather found on the
horizontal coupon. Dust deposition on the latter is het-
erogeneous: most of the measurements are below 1 pm,
but some larger particles are also measured, raising the
mean Sz value.

According to all the evaluated parameters, after 5 %
months exposure, dust deposition remains very low and
dust accumulation is still at its origination, regardless of
the orientation.

It is known that roughness has an impact on dust accu-
mulation on a surface [35, 36]. Thus, the deposition on
the embroidery itself will be within the range defined by
the upper (horizontal) and the lower (vertical glass) val-
ues measured on-site.

Conclusion

Preventive measures in place at the Bayeux Museum
are effective regarding dust deposition. The show-
case coupled with filtered air venting allow the atmos-
phere around the embroidery to be clean regarding
particle concentration (ISO 8), even when the museum
is crowded. However, despite the filtration, fine marine
particle (ca. 0.5 pm) remain omnipresent. The relative
humidity, well controlled, never reaches the 75% thresh-
old corresponding to the deliquescence point of marine
salts. These particles will thus be hardly harmful to the
textile.

The main preservation concern, that’s to say the daily
temperature increase due to the heat produced by the
lighting system, has been taken care of end 2016 to
ensure a better conservation of the embroidery.

All the parameters used to assess the importance of
soiling in the showcase of the Bayeux embroidery tend
to show that regarding particulate matter, in-place pro-
tections—air filtration, specific concrete room, overpres-
sure—are an example to follow in terms of preventive
conservation.
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