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ANTHROPIC ACTIVITY AND ITS INFLUENCE

ON A NATURAL CAVITY: EFFECTS ON
FUNGAL SPORE LEVELS IN THE AIR OF THE
CAVE OF NERJA

S. Docampo and M.M. Trigo
Department of Plant Biology. University of
Málaga, Málaga, Spain
The Cave of Nerja is one of the biggest and
most visited caves in the world. It is situated
near the village of the same name, southern
Spain. This coastal town, (21 metres above
sea level), is located 65 km east of the capital

of the province, Malaga, on the border with
the province of Granada (Figure 1). The cave
was discovered in 1959, although there is
much evidence of the presence of prehistoric
cultures that dwelled in it from the Palaeolithic
to the Bronze Age (Sanchidrian 1994). It was
formed by the dissolution of the calciummagnesium carbonate of the dolomitic rocks
that comprise the mountain range of Almijara
and is divided into two zones: the low
galleries, which can be visited by tourists and
the general public (representing a third of the
total), and the high galleries which cannot be
visited. The genesis of the cave started in the
Pliocene but the greatest lithogenic activity
took place during the middle Pliocene
(Carrasco 1993).

Cave of Nerja

Figure 1. Location of the Cave of Nerja

Nowadays, the surrounding areas have been
developed as part of an important tourist
resort which receives more than half a million
visitors every year. The inner temperature in
the Nerja Cave remains more or less constant
throughout the year (18-19ºC) and the small
variations detected are due to external factors
such as artificial lighting, which increases the
temperature by up to 0.3ºC, and the number
of visitors. It is estimated that the temperature
increases by 0.1ºC per 1,000 people visiting
the cave on the same day. The relative
humidity values are high throughout the year,
with an average ranging from 78 to 83%,
although values of 100% are not rare,
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especially in summer, when the maximum
values are reached (Liñán et al. 2002). As
with temperature, an increase in relative
humidity of about 2-3% occurs during the
day.
Since 2000, our research group, in
collaboration with the Cueva de Nerja
Foundation, has been engaged in an
aerobiological study both outside and inside
the cave. The aim of this study was to
analyse the biological airborne particles in a
natural cave highly visited to asses the
incidence in its atmosphere and the variations
that occur throughout the year, topic to which
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Figure 2. Hirst Type volumetric spore-trap (Lanzoni VPPS 2000)
located in the so called “Sala del Bélen”.
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Despite the problems involved in identifying
the fungal spores, since the technique
frequently does not enable different species or
genera to be identified specially at species
level, the uncommon methodology used in this
study permits an uninterrupted sampling hour
by hour, 365 days per year, and provides
more complete information than other
methods about the seasonal and diurnal trends
of airborne biological particles inside the cave
as well as their diversity, which might
otherwise be undervalued as occurs in case of
viable methods in which only fungi capable of
growing in a culture medium can be detected
(Simmons 2003).
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we have found no references in the literature.
Despite large karstic caves have always
aroused the curiosity of both scientists and
the general public, after an exhaustive search
of the literature, there seems to be a shortage
of works that address the study of the
airborne fungal spore content inside natural
cavities. Moreover, most studies have used
methods based on the viable counting of
colony forming units (CFUs), usually over a
short period of time, which means that the
results of our study at Nerja, which involved
non-viable uninterrupted sampling over four
years, cannot be compared with those
studies. For that, two Hirst Type volumetric
spore-traps (Lanzoni VPPS 2000) were used.
One of them was located in the so called
“Sala del Bélen” (Hall of the Manger) near the
entrance and a second sampler situated in the
“Sala del Cataclismo” (Hall of the Cataclysm)
at the end of the visitable zone, where there is
little external influence (Figure 2). These
samplers present a vacuum pump that is
regulated at a constant suction flow of 10
l/minute so particles enter through an orifice
of 2mm high and impact on an adhesive
coated transparent plastic tape (Melinex®)
supported on a clockwork-driven drum. After
exposure, the Melinex® tape, impregnated
with silicone fluid is cut into 24 h fragments
(48 mm) and mounted on slides using
glycerine jelly stained with fuchsine. Counts
of the different fungal spore types were made
with the aid of a light microscope, two
longitudinal sweeps per slide being made at a
magnification
of
400X
and
1000X,
respectively. The study was carried out
uninterruptedly from January 2002 to
December 2005.
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Figure 3. Seasonal behaviour of the daily mean spore
concentrations in the “Sala del Belén” during the different years
studied.

During our study a total of 72 fungal spore
types were identified inside the cave of Nerja
(Sala del Belén), 35 of which belong to
Ascomycota
and
Basidiomycota
phyla,
whereas 32 spore types were included in the
imperfect fungi group whose sexual stage
remains unknown. Finally, Oomycota and
Myxomycota were represented by 3 and 2
spore types, respectively. In the case of the
total spore distribution along the year, the
existence of three important peaks was noted;
a disproportionately high peak during the
summer and two considerably lower ones in
spring and autumn (Figure 3). This trend
differs from the results for other zones with
similar climatology, where only two peaks
(spring and autumn) were observed (Elvira
2001; Morales 2004; Díez et al. 2006).
However, if we separate the fungal spores
according to taxonomical groups, it is possible
to appreciate two contrary behaviours:
whereas imperfect fungi reached their
maximum levels in summer, the rest of the
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groups
(Ascomycota,
Basidiomycota,
Mixomycota and Oomycota) registered their
minimum during the same period coinciding
with the results obtained for other localities,
especially in those with high temperatures and
lack of rain, the joint effect of which hampers
the development of great part of the fungi
during the summer (Al-Suwaine et al. 1999;
Elvira 2001).
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Figure 4. Aspergillus/Penicillium daily mean spore distribution in
the “Sala del Belén” during the different years studied.

The annual fungal spore index exceeded a
value of 856,000 spores on average, which
means a daily mean concentration of 2,345
spores/m3. However, fungal spore levels were
not distributed in a uniform way and there
were considerable differences from day to
day, since the mean daily spore counts ranged
between 7 and 282,195 spores/m3, with 60%
of days showing values of more than 1,000
spores per cubic metre. Despite the high
number of spores, it can be observed that
more than 91% of the identified fungal spore
types did not exceeded 1% of the annual
index, only one type being the cause of the
high spore counts, especially in July and
August.
This
spore
type
is
Aspergillus/Penicillium, which is responsible
for 50% of the annual spore content. When
this type is separated from the rest of the
fungal spores, the general behaviour of the
total spores was similar to that found by
several authors in different localities, in which
the highest concentrations in the air are
detected during spring and autumn. However,
in the case of Aspergillus/Penicillium type, the
same behaviour for the four years could be
observed: concentrations remained low most
of the year with a considerable increase in the
summer months (Figure 4). If we focus our
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attention on this summer period, it can be
seen how a very high isolated peak only
occurs on one day a year, after which the
fungal spore levels sharply decrease again. To
explain those sudden maximum concentration
peaks, we analyzed the different activities
carried out in the cave – a much visited
tourist complex, in which natural conditions
may be quite altered. First, we rejected the
idea that it could be an isolated incident since
they were events periodically repeated in all
the years studied. On the other hand, these
situations could not be the product of a
phenomenon occurring outdoors because,
although there is evidence of the entry of
particles from outside through openings in the
cave due to air movements (Docampo et al.
2003), the spore concentrations registered
outdoors were significantly lower. Finally, the
particular
annual
distribution
of
the
Aspergillus/Penicillium spores can be put
down to a Festival of Dance and Music
celebrated inside the cave at the end of July.
For this spectacle, a large wooden stage is set
up and, as result of the high relative humidity
prevailing in the cave, especially in summer,
with an average of over 98%, a large number
of colonies develop on the planks of the stage
and,
consequently,
the
concentrations
increase during the processes of assembly and
dismantling (Docampo et al. 2010).
Aspergillus is one of the first settlers indoors,
capable of growing even under conditions of
nutrient deficiency (Korpi et al. 1997) and,
due to the small size of its spores, much of
them can penetrate the alveoli (about 70% in
case of oral breathing) (Reponen 1995). They
are therefore of particular interest in clinical
studies and are associated with a wide
spectrum of respiratory diseases as well as
other pathologies, including different forms of
aspergillosis (Tomee and van der Werf 2001;
Gupta et al. 2002; McDevitt et al. 2004).
Studies carried out in contaminated indoor
sites confirmed Aspergillus as an agent
potentially capable of causing adverse health
effects (Jussila and Komulainen 2002). In
addition to the impact that these genera of
fungi have on human health, another factor to
be considered is the importance of fungi as
causal agents of geological changes (Burford
et al. 2003). Fungi are involved in the
precipitation of calcium carbonate (Northup
and Lavoie 2001), as well as in the
degradation of limestone materials. Many of
them produce acid compounds and pigments
4
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that cause corrosion and stain substrates
(Šimonovičová et al. 2004).
Apart from Aspergillus/Penicillium type, the
main fungal spore types were Cladosporium,
Agaricus, Boletus, Ustilago and Didymella
with percentages ranged between 17 and 1%
of the total (Table 1). The annual distribution
was similar for the different types with a high
occurrence in the atmosphere of the cave
during the spring and autumn periods. Other
spore types with annual indices of over 1,000
were Tomentella and Coprinus (annual spore
indexes of above 5,500), followed by
Leptosphaeria and Septoria with slightly lower
annual index and by Diatrypaceae, Alternaria
and Myxomycetes, with annual indices of
approximately 1000 spores.

the two halls. The areas located near the
entrance are strongly influenced by external
environmental conditions, while the innermost
part is hardly affected by the exterior features
since the internal conditions of the cave, with
higher humidity and few oscillations in
temperature, predominate in this area
(Northup and Lavoie 2001). This could explain
both the higher number of spore types and the
percentages detected in the “Sala del Belén”,
close to the exterior, compared with those
recorded in the “Sala del Cataclismo”.
1.40
Cladosporium type introduction rate (indoors/outdoors)
1.20
1.00
0.80

Table 1. Main spore types identified at the “Sala del Belén”
(percentage equal or higher than 0.05%), mean annual spore
index and percentage reached during the studied years.

0.60

Spore type
Aspergillus/Penicillium
Cladosporium
Agaricus
Boletus
Ustilago
Didymella
Tomentella
Leptosphaeria
Septoria
Diatrypaceae
Alternaria
Myxomycete
Agrocybe
Botrytis
Venturia
Pleospora
Helicomyces
Arthrinium
Torula
Other types
Total

0.20

Spore index
430,032
146,227
108,541
49,119
13,626
8,339
5,687
5,415
4,267
1,305
1,110
1,065
973
760
734
655
524
429
418
76,807
856,033

%
50.24
17.08
12.52
5.75
1.59
0.97
0.66
0.63
0.50
0.15
0.13
0.12
0.11
0.09
0.09
0.78
0.06
0.05
0.05
8.43
100

The results obtained by the two samplers
installed inside the cave were compared in
order to study the air heterogeneity in the
cavity. In the “Sala del Cataclismo” a
decrease in the quality and quantity of the
spore types was detected, with only 45 spore
types identified, as well as a fall in the number
of spores compared with the counts registered
in the “Sala del Belén”, which is, as
mentioned, much closer to the cave entrance.
However, it is important to emphasize that the
most relevant spore types were the same in
both sampling points, a positive correlation
existing
between
the
daily
mean
concentrations of the total fungal spores of
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Figure 5. Cladosporium mean monthly rates obtained during 2003
in “Sala del Belén” and “Sala del Cataclismo” with respect to the
concentrations reached outdoors (base line). Note the lack of data
in “Sala del Cataclismo” until April the 2nd.

The similar distribution patterns, as well as
the positive correlations shown between the
concentrations of certain spore types inside
and outside the Cave of Nerja thanks to a
third sampler situated outdoors, lead us to
think that most fungal spores detected inside
the cave, excluding Aspergillus/Penicillium
type whose presence is due to the anthropic
contribution previously mentioned, come from
outside since the seasonal fluctuations largely
reflect external meteorological parameters.
Moreover, this view is lent weight by the lack
of organic material as well as fungal colonies,
mycelia and fruiting bodies inside the cave.
According with this hypothesis, a negative
gradient could be established from the cave
entrance to the “Sala del Cataclismo” passing
through the “Sala del Belén”. Firstly, they
would be transported by the wind as far as
the “Sala del Belén”, which is the closest hall
to the entrance, and then continue being
dispersed to finally reach the “Sala del
Cataclismo”, more isolated because of the
great distance from outside and the difference
in ground level. These factors would make
both the air flow and the natural ventilation
index change, affecting the spore levels,
which would fall, to a large extent, with the
5
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journey. Also, the introduction rate varies
depending on the season of the year and the
size of the particles. The presence of pollen
grains in the atmosphere of the cave
constitutes another aspect that verifies the
entrance of particles from outdoors since the
spores could follow the same entrance
mechanism (Figure 5). This would be
consistent with the comments of authors such
as Sterling & Lewis (1998) and Shelton et al.
(2002), in whose studies, the fungal spores
found indoors mainly came from outside.
In addition, related to the intradiurnal (hour by
hour) distribution it is shown an increase in
the quantity of dust particles in the air of the
cave coinciding with the visiting hours (from
10 to 14h and from 16 to 18 or 20h,
depending on the season of the year). The
opening of the entrance and exit door as well
as the high number of visitors favour air
draughts and re-suspension of particles (Figure
6). However, this rise has not been found in
the case of fungal spores whose levels
decreased in a great numbers of types,
showing a more similar behaviour to outdoor
spores.

14h

16h 18h

10h

Figure 6. Presence of non-biological airborne particles along the
different hours of the day.

Summarising,
high
levels
of
Aspergillus/Penicillium spore type occurs in
the Cave of Nerja, with isolated and dramatic
increases in the concentrations due to human
activity indoors. Due to the large number of
people visiting the cave throughout the year,
this phenomenon may represent a potential
risk to human health. Moreover, from the
point of view of conservation of cultural
heritage,
fungi,
bacteria
and
other
microorganisms
have
been
cited
as
responsible for the bio-deterioration of the
surfaces of historic buildings, sculptures and
even cave paintings (Gonzalez and SaizJimenez 2004; Saiz-Jimenez and Gonzalez
2007). Although the absence of fungal
colonies, apart from the colonies detected
developing on the planks of the stage during
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the festival, it must be taken into account that
fungal spores deposited on different surfaces
of the cave may serve as nutrient for the
development
of
other
microorganisms,
especially bacteria, which could affect the
cave conservation.
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DIGITAL MAPPING OF ON-SITE RELATED
PHOTONIC INVESTIGATIONS OVER A 3-D
SURFACE AREA

Laurenţiu M. Angheluţă, Roxana
Rădvan and Dragoş Ene
National
Institute
of
Research
and
Development for Optoelectronics – INOE
2000, Magurele, Romania
Introduction
There is no question about the advantages of
the modern technologies applied in the
restoration and conservation of artworks.
Many fields of science tried, and some
succeded, to improve the means of
investigation of the artworks conservation
condition, by implementing investigation and
monitoring techniques with respect to
integrity and aspect preservation of the
surfaces. Thus from the field of optics, many
non-invasive
and
non-contact
photonic
techniques of investigation and intervention
have emerged. Through light manipulation in
the form of laser beams, one can interogate
different points of interest over a surface, to
obtain accurate data about the characteristics
of the surface material composition (Singh and
Thakur 2007; Salimbeni et al. 2004; Striber et
al. 2009).
The imovability of certain artworks, forced the
specialists to travel to the site of investigation
(museums, private collections, archaeological
sites) with their own equipment. After taking
samples and making the necessary tests, they
would take the probes and partial results back
to their laboratory, for further investigation
and discussions. But all these processes
would take in some cases too much time.
Thus it was clear the need of a mobile
laboratory that could travel to any location,
provided with advanced photonic techniques
for investigation-diagnosis-intervention on
artworks, historical buildings and sites. Such a
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laboratory (Simileanu et al. 2008) provides
non-contact and non-invasive services from
laser cleaning and investigation, 3-D laser
scanning and laser Doppler vibrometry to
online micro-climate investigation, allowing
complex intervention without risks and – very
important – with many on-site and in real-time
controlling procedures and feedback.
Significant results of the mobile laboratory
have been obtained at Humor Church
(northern Moldavia) with 3D laser scanning,
thermographs and microclimate monitoring; at
Lady’s Church (Bucharest) with laser cleaning
of the stoop and microclimate monitoring; at
Hârşova Tell (near Constanta) with 3D laser
scanning and a data base with the 3D and
thermal images resulted. Most of these
methods provides information in the form of
2D images, as images or photos or intensity
distribution maps of certain characteristics of
the investigated area. Even if this information
is particularly useful to the conservers, the
means of investigation can be considerably
improved by buidling three-dimensional models
for specific diagnostic techniques, or to obtain
a corroborated complex documentation, which
finally will give a new perspective on the
objects investigated.
In this paper we propose a novel method of
association of the investigation techniques in
order to provide the end-user a digital replica
of the studied object that can display – at the
user’s choosing – any of the object’s surface
characteristics (provided by the investigation
results).
Research and documentation techniques on
the ART4ART mobile laboratory
Several investigation techniques of the mobile
laboratory were involved in this experiment,
due to their non-invasive, non-contact
approach to the object. Further we will
enumerate and explain the motivation of their
selection.

The 3-D laser scanner

The 3-D laser scanner is a device that
analyzes a real-world object or environment to
collect data on its shape and possibly its
appearance (i.e. color). The collected data can
then be used to construct digital, three
dimensional models useful for a wide variety
of applications. The wavelenght of the
scanning laser beam is 690 nm emitted at 15

7
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mW power, making it harmless to the scanned
surface, regardless of its condition.

small or too dangerous (hot, heavily damaged,
fragile, sensitive chemicals, perishable, etc.).

The 3-D digital replica is the core of the final
product, being the morphological reproduction
of the studied surface. The results from the
other investigation methods are applied as
images on the digital replica, as textures or
animations.

The main contribution of using LDV method
consists in substituting the eye subjectivity, or
the inconvenience of using the contact
sensors, with the possibility of remote
measuring with or without excitation of the
studied structure, resulting in 2D maps of
hidden detachments. These maps are
overlapped on the three dimensional.

The multispectral digital photography

The multispectral photography is an useful
tool especially used at identifying hidden
painted layers and for documenting artworks.
The mutlispectral camera is equipped with a
CCD sensor and spectral filters to change the
capturing modes (visible, ultraviolet, ultraviolet
fluorescence, near infrared). The device is
portable and can be mounted on a tripod. This
camera can capture images in the ultraviolet
domain (UV fluorescence and UV reflectance),
within two bandwidhts of near infrared
domain, the visibile domain; it also can make
false colour images, combining one of the
near infrared mode with the visible one.
In the final stage of the proposed procedure,
selecting each of the recorded multispectral
modes in the interactive digital interface, will
take the user deeper in the underlayers of the
studied object (if it has a painted surface).

Laser Doppler Vibrometer

The Laser Doppler Vibromer (LDV) is a
scientific instrument that is used to make noncontact vibration measurements of a surface.
The laser beam from the LDV is directed at
the surface of interest, and the vibration
amplitude and frequency are extracted from
the Doppler shift of the laser beam frequency
due to the vibration of the surface. The output
of an LDV is generally a continuous analog
voltage that is directly proportional to the
target velocity component along the direction
of the laser beam. The studied surface is
mapped by a virtual grid, at the operator
chosen resolution, and the intersection of the
grid lines marks the interogation points of the
laser beam. The result is an intensity
distribution map of the velocities recorded in
each point of the scanned surface, as a digital
image or animation.
One of the advantages of LDV, compared with
other measuring methods - like accelerometers
– is that it can direct the laser beam to areas
of interest that are hardly accessible, too
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Infrared Thermography

Infrared thermography (IT), thermal imaging,
thermographic imaging, or thermal video, is a
type of infrared imaging science. The
thermographic camera detect radiation in the
infrared range of the electromagnetic
spectrum (roughly 900–14,000 nm). The
output is a digital image of the detected
radiation. This technique is very useful in
tracing the humidity infiltration within the wall
cracks and in determining the material
differences through emissivity detection.

Laser-induced fluorescence

Laser-induced fluorescence (LIF) scanning is a
spectroscopic method used for the study of
the molecules’ structure, detection of
selective species and flow visualization and
measurements. The species to be examined is
excited with a laser. The wavelength is often
selected to be the one at which the species
has its largest cross section. The excited
species will after some time, usually in the
order of few nanoseconds to microseconds,
relax and emit radiation at a wavelength larger
than the excitation wavelength. This radiation,
fluorescence, is measured point by point at a
given grid resolution. The result is an intensity
distribution map of chosen bandwidths from
the recorded spectra. The laser beam is
emitted with a 266 nm wavelength at 1.25 µJ
per pulse. At these parameters the energy of
the laser beam has no side effect to the
irradiated areas.

Laser Induced Break-Down Spectroscopy

Although it is micro-distructive, the laserinduced breakdown spectroscopy (LIBS) has
been used in some cases for material
identification. This investigation technique is a
type of atomic emission spectroscopy which
utilizes a highly energetic laser pulse as the
excitation source. The laser beam is focused
to form a plasma onto a surphace, which
atomizes and excites samples. In principle,
8
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LIBS can analyze any matter regardless of its
physical state, be it solid, liquid or gas.
Schematic model of the procedure (Figure 1)

Figure 1. Schematics of the procedure.

Step 1: Determination of the instrument
accuracy limits depending on the investigation
distance of the object

At this stage it is established a working
distance between the object and each of the
investigation and recording devices. As optical
instruments uses different equipment for the
transmission of information, there must be
found the operating parameters for each of
these instruments, so that the imaging
information obtained to be compatible and
associable. Thus, for the devices that uses
laser beams it is determined a working
distance so that the density distribution maps
obtained are consistent with the resolution of
the 3-D scanned digital model. For this, one
should take into account the laser spot size on
the surface of the object, the pixel/real point
ratio to be obtained from the resolution of
each image file acquired, and the whole area
proposed for investigation.

Step 2: Setting the parameters for the digital
3-D model recording
Depending on the type and the model of the
3-D scanner, it is determined the
3-D
scanning parameters and the number of the
scans to get a full digital replica of the
investigated object. 3-D scanning parameters
generally refers to the vertical and horizontal
angle of the device’s field of view in which
the object or the area proposed for
investigation is framed; the
scanning
resolution according to the desired detail and
accuracy; the distance from the surface
investigated.
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Step 3: Building a virtual matrix model to
investigate the surface of interest
If an area of investigation that exceeds the
recording capacity of optoelectronic devices in
the parameters you want, this area is divided
into several sub-areas to be investigated and
in the meanwhile setting reference marks for
the following data merging and processing.
Each sub-area is associated with a virtual
matrix according to the precision limits
determined in the first step. Thus each digital
pixel of the images to be obtained, is
associated with a real area of the surface of
the object or its under-layers, whose size is
given by the ratio between the size (in pixels)
of the digital image and the real surface
investigated.

Step 4: 3-D recording operations and the
proper investigations

At this stage, all the proposed measurements
recordings are done, based on the model
established
in
the
previous
steps.
Photographic methods for recording in the
near infrared, the UV reflectance and
fluorescence and the visible modes, are done
in stereo-pairs, in order to obtain a threedimensional model based on disparities, which
can be more easily associated with the threedimensional replica obtained from 3-D
scanning.

Step 5: Merging the results of investigations
with the 3-D model

Based on the matrixes of the investigated subareas, it is associated each pixel of the
intensity distribution maps processed in the
form of 2-D images, with the group that
vertexes corresponding to that pixel, within
the digital 3-D model of the sub-area scanned.
In the case of the stereo image pairs, there
will be associated the 3-D model obtained by
this method with the 3-D scanned mesh.
Based on this correlation data, there will be
built the model of the sub-area in a threedimensional format, which can be afterwards
attached or merged to other sub-areas to
create the final digital 3-D replica of the
object.

Step 6: Construction of the digital replica

In this final stage, there are assembled and
merged all the sub-areas of the digital 3-D
model with the corresponding overlapping
imaging information, taking into account
elements of reference set out above.
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This process of implementation of the 2-D
image data can be done in the applications for
editing and modeling of 3-D models, such as
Blender, VRML or 3-D Studio Max.
The final three-dimensional model can be
included in interactive virtual environments
visualization for detailed studies may be
introduced in the explanatory animations for
presentations or demonstrations may be even
3-D printed for exhibitions. This is possible
because the file formats are outside the range

A

B

of files compatible with most software for 3-D
modeling, editing and post processing.
In progress work
The most advanced study realized with this
procedure, is still in progress, and it regards a
complex representation of the painted tomb
Hypogeum, from Constanta. There were made
investigations with the 3-D laser scan,
termography and multispectral imaging. The
below images (Figure 2 A-C) are showing
several screens from inside of the tomb virtual
representation.

C

Figure 2. A. UV mode of the selected area. B. Thermal image selection. C. High precision detail of the damaged ceiling.

The interactive CAD-like interface of the
virtual world allows the fly-over, rotation,
panning and zooming. In addition you may
select different areas of interest, by simply

A

B

clicking on them, to visualize other modes like
near infrared, thermic vision, UV fluorescence
reflection,
laser
induced
fluorescence
distribution maps.

C

Figure 3. A. Morphology of the scanned surface. B. 3-D morphology with digital photography. C. Underlayer detachment distribution map
provided by the LDV.

Using the same procedure, a mural painting
sample was scanned with the 3-D scanner
and LDV scanner. Figure 3 shows the
morphology of the surface (Figure 3a), the real
image correlated with the morphology model
(Figure 3b), and the vibrations distribution
map, recorded with the LDV technology
(Figure 3c). These models are implemented in
a WEB interface that allows instant viewing
any of these results on the same object.
ISSN 1579-8410
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The next images (Figure 4) show a macrophotograph of a scanned area on the back of
a wooden painted icon. The right image
depicts the LIF scan result, an intensity
distribution map of the wavelength bandwidth
selected to emphasize the location of the two
organic entities.
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Figure 4. Left: macro-photograph. Right: LIF scan results.

Discussion and conclusions
One of the advantages on using this method is
that it uses non-contact and non-destructive
high precision photonic techniques, to collect
important data on the quality and conservation
status of the surface and the hidden layers of
an artifact, which can be fragile to mechanical
contacts of any kind.
A direct advantage of the digital model
obtained in this way, is that it offers
information very useful to the experts in the
field of conservation-restoration of artworks,
historians, insurers, curators. In short, the
resulted model contains high precision data
about the:
- Integrity, quality and the surface
morphology of the object
- Conservation status and possible
biological attacks, with the mapping of the
signal intensity distribution on the investigated
surface
- Differences between compositions of
pigments with similar appeareance that may
belong to interventions following the original
paintings
- Vital informations about the history
of the investigated artwork restorations, by
highlighting any touch-ups, existing or
concealed detachments in substrates
In this way, the information is available with
no need to move the concerned expert on the
spot. So he can access and view the digital
model from his bureau, home or another
places, using a computer, and more
importantly, the future studies on the object
would be done without the need to handle
physically the object.
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Introduction
Lustre is a well known decoration of glaze
ceramics that have a characteristic iridescent
and metallic aspect. This is due to the
presence in the glaze of a thin layer containing
copper and/or silver nanoparticles (Kingery
and Vandiver 1986; Perez-Arantegui et al.
2001).
Production of lustre requires an additional
firing at low temperatures (550–600°C) after
applying a pigment with Cu/Ag compounds
(Molera et al. 2001a; Pérez-Arantegui et al.
2001; Chabanne et al. 2007, 2008) to form
metallic copper and silver nano-precipitates
near the surface of the ceramic glaze
(Padovani et al. 2006; Roque et al. 2006).
The technology involved in the production of
lustre decorated wares appeared progressively
with the development of white opaque glazes
in the Islamic world from the 8th to the 9th
centuries (Mason and Tite 1997). The
technology later spread through medieval
times to Iran, Egypt, North Africa and Spain to
reach ultimately Italy in the Renaissance.
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During the past five to ten years, there have
been considerable efforts in investigating the
chemical and physical structures, the optical
properties and the fabrication technologies of
lustre decorated ceramics.
Detailed analytical studies of lustre ceramics
aim at discovering the characteristic features
of each production centre and how they
influenced each other through time and space.
During the last five years three sets of
uncovered Spanish lustre ceramics have been
studied in our research group to characterize
and analyze technological patterns of “loza
dorada” manufacture. The studied groups of
ceramics belong to the recovered set of
Centro Arqueológico de Madinat Al-Zahara
(Polvorinos et al. 2008, 2010a), a temporal
sequence of Manises production between
14th and 18th centuries (Polvorinos et al.
2009, 2010c), and a set of 16th century
production in Seville (Polvorinos et al. 2006,
2010b). Considered as very valuable objects
we have used non-destructive techniques for
their analyses, applying in addition to X-ray
diffraction (XRD) and SEM, ion beam analysis
(IBA) performed using an accelerator to make
PIXE (particle induced X-ray emission) and
RBS
(Rutherford
back-scattering
spectrometry).
The processing to manufacture these ceramics
is relatively complex with three steps. The
body is made of fired clay (or of quartz-rich
powder) with the aim of obtaining creamy or
white earthenware. The glaze slip (generally a
suspension
with
SiO2-alkali-PbO-SnO2
particles) is then applied and dried before
firing in order to obtain a continuous white
opaque glass layer thanks to the formation of
SnO2 tiny particles. These first two firings are
usually performed in oxidizing atmospheres at
relatively high temperatures (800–950°C).
Then, the lustre decoration is formed by
painting metal-containing compounds or
lustre-paste, on the surface of the glaze that
is submitted to a third firing. Suspensions of
salts or oxides of copper and/or silver mixed
with iron oxides or iron rich clays must wet
the glaze surface so that at a given
temperature, metallic ion diffusion in the glass
is possible. With Cu and Ag ions present in
the glaze, internal reduction must take place
so that metals can form and precipitate as a
thin layer of nanoparticles. Therefore, the last
firing to obtain nano-structured lustre
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decoration requires short annealing time at
moderate temperature (600–650°C) with a
reducing atmosphere and a well controlled
cooling. This reducing atmosphere was
obtained introducing smoke-producing wood
and/or plants, and iron oxides of the lustrepaste prevented Cu and Ag particles reoxidation during the cooling phase. After firing
the residual paste must be removed from the
ceramic surface to reveal the lustre.
According to the places and to the centuries
there have been many variations in the
material formulations of lustre-paste (CaigerSmith 1985), and also variations of colour
nuances (gold-yellow, silvery or ruby-red), the
metallic shine and iridescence.

Figure 1. Photomicrography of heterogeneous lustre-pastes. P1,
top image. Round crystals of malachite can be observed in P2
sample (bottom image).

The optical properties of the lustre decoration
depend on many processing parameters that
control the Cu and Ag concentrations, the
sizes of the nanoparticles, the thickness of the
layer (less than 1 µm) where they are
included, or the development of multiple thin
layers (Reillon et al. 2007). The formulae to
make lustre can be considered as one of the
12

COALITION
No. 20, July 2010
important know-how’s typical of each
workshop. Except for the characteristics of
the final product, little is known on the
processing, in particular on the materials used
for lustre fabrication. In this note we report on
the chemical and mineralogical composition of
the lustre-paste and on the residual-paste
adherent to some of the sherds found in the
16th century Seville workshop (Polvorinos et
al. 2006, 2010b).
Materials and methods
Inside two bowl fragments, referenced as
pastes P1 and P2, a heterogeneous compact
superficial layer of grey to black powdery
material with green round crystals of
malachite (Figure 1) overly a red layer.
The apparent heterogeneity of the P1 and P2
pastes has been characterized by sampling
spots with different colours in each sherd for
their X-ray diffraction powder analysis (Figure
2). Qualitative estimation of the different
phases identified in each sample is indicated in
Table 1.

content of P2-black spot is justified by the
presence of XRD identified cinnabar (Figure
2). Seville lustre-pastes have a lower CaO
(2.9-14.5%) but higher Al2O3 (11.8-26.8%)
and Fe2O3 (12.7-26.8) content than Paterna
samples (CaO 10-27%, Al2O3 6.7-11.8% and
Fe2O3 8.7-11%). This difference could be
justified by the penetration of radiation in the
ceramic body or by the recycling of recovered
lustre-paste after lustre firing.
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Table 1. Abundance of mineral phases (Qtz: Quartz, Hemt:
Hematite, Cupri: Cuprite, Mal: Malachite, Cinn: Cinnabar, and
Illite), A: Major compound, M: Minor compound, IND: traces)
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P1-red
P1-brown
P1-dark
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P2-black

Hemt.
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Cupri.
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A
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Mal.
IND
M

Cinn.
M
M
A

Illite
M
IND
-

Cuprite is the main copper phase found in two
P1 spots, and malachite, probably due to
burial transformation in the P2-black spot
(Figure 2b). Cinnabar was identified in the
darker samples of P1 and P2 sherds. Although
small diffraction lines could be assigned to
silver sulphur phases it is not conclusive
probably due to their low abundance.
The presence of calcite and diopside in some
spectra suggests contamination from the
burial conditions and diffraction of the sherd
paste, respectively.
Mean compositions on a 0.5x0.5mm2 surface
(PIXE analysis) in five different spots of Seville
workshop and three lustre-pastes recovered in
Olleries Xiques (Paterna, Valence), analyzed
by XRF and ICP/MS, are shown in Table 2.
The dispersion of the concentration values of
most elements is linked to the different aspect
of the sampling spots. In every sampling spot
Cu and Ag have been detected; the higher Hg
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Figure 2. A. XRD spectra of P1-brown (upper diagram) and P1dark. B. XRD spectra of P2-black sample.

Average chemical compositions of Seville
pastes and lustre formulations recovered in
Olleries Xiques in Paterna (Molera et al.
2001b) of Table 2 suggest quite similar
formulations; two kinds of formulae have been
found in both workshops, one with low or non
detected Hg (Lus-1 and Lus-2 from Paterna
and Paste-1 from Seville), the other is the
“active” formula with higher Hg contents (Lus3 from Paterna and Paste-2 black from
Seville).
In order to identify the small fractions of silver
compounds, SEM-EDAX analysis has been
carried out on the lustre-pastes.
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The presence of particles rich in Ag-S, Ag-AsS and Ag-Hg-S that are consistent with raw
“paint” materials used for lustre fabrication
(Molera et al. 2001b) have been identified by
SEM-EDAX punctual analysis (Figure 3).

A

Table 2. PIXE chemical composition (% oxide wt) of lustre-paste
of Seville and XRF or ICP/MS of Paterna (Molera et al. 2001b)
workshops.

Na2O
MgO
Al2O3

P1red
0.6
1.5
26.8

Seville
P2P2P2black brown brown
1.0
0.9
0.0
2.1
1.6
0.0
14.3 11.8 14.5

P2red
1.5
2.5
21.9

Paterna

SiO2
SO3
K2O
CaO

36.7
1.9
2.1
2.9

31.8
3.3
1.2
5.8

38.9
0.0
1.4
14.5

29.5
0.4
1.1
5.1

44.3
0.7
2.4
6.4

30.98 32.29 22.82
nd
nd
nd
2.23 2.57 2.03
16.41 27.97 10.02

TiO2
MnO2
Fe2O3
CuO

0.5
0.1
22.1
2.3

0.3
0.1
14.7
14.3

0.3
0.1
18.7
9.1

0.4
0.2
26.8
15.9

0.6
0.1
12.7
5.0

nd
nd
nd
nd
nd
nd
11.92 11.62 8.78
13.45 3.48 14.15

Ag2O5
HgO*
PbO
Cu/Ag

0.4
0.0
1.2
5.8

2.2
7.5
2.3
6.6

0.5
0.1
1.9
18.6

3.4
1.5
2.9
4.7

0.2
0.1
1.3
20.4

LUS-1 LUS-2 LUS-3
nd
1.67
11.0

0.98
7.7
2.55
13.7

nd
2.14
11.83

0.4
5.22
1.43
8.7

nd
1.0
6.71

B

2.23
30.46
1.06
6.3

*Hg concentrations in Paterna are calculated as HgS.

Several sherds were occasionally covered by
areas of “paint” left after firing in a reducing
atmosphere
that
remain
after
lustre
production; they are named “cosela”. X-ray
diffraction carried out on RFM10 remains
(Polvorinos et al. 2010b) indicates firing in a
reducing atmosphere as magnetite and/or
maghemite and a vitreous phase have been
identified (Figure 4).

C

The chemical composition of these “paint”
remains is locally rich in Pb, Hg, Cu, Fe and
Ag.
Conclusions
The use of Hg in the formulation of lustrepaste from Seville workshop has been
evidenced. A mixture of cuprite and complex
sulphur-arsenic–Ag compounds, and hematite
are the main components of lustre-paste. This
formulation and the Cu/Ag ratios are close to
other well known compositions of medieval
hispano-moresque lustre workshops.
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Figure 3. A. Copper oxide crystal (light grey) and rounded quartz
grain (dark grey) in Paste 1. B. Silver sulphide (SiO2 3%, SO3
17%, AgO 67%, Fe2O3 4%, CuO 6%, PbO2 3%) crystal (light
grey) in Paste 1. C. Light grey crystal in Paste 1: Silver sulphide
(SO3 32%, AgO 25%, Fe2O3 3%, HgO2 40%).
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Figure 4. XRD of lustre-paste after third firing in reduction
atmosphere with magnetite and/or maghemite.
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