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Introduction and aims
Stone materials used in architectural heritage
undergo processes of deterioration which
sometimes may require the application of
consolidants and water-repellent products: the
former strengthen weakened stone and the
latter reduce the penetration of liquid water
into the stonework. In recent decades, the
most frequently used materials for stone
conservation have been synthetic organic
products. The major problem with polymeric
materials is related to their macromolecular
nature, which leads to difficulties in
penetrating the stone. This mainly affects
consolidants which require deep penetration.
For this reason, most of the time, the
monomer, not the preformed polymer, is
carried inside the stone, polymerization being
a subsequent process.
The present study was conceived in the
context of the lack of a full understanding
about the performance and effects of these
types of conservation products applied to
building stones.
It is strongly recommended that before a
conservation product is applied to any
heritage building material it should have been
previously tested in the laboratory to assess
its suitability, efficiency and durability (Alvarez
de Buergo & Fort 2001). Laboratory testing is

*
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therefore necessary to select the most
adequate product in each case, avoiding any
unsatisfactory behaviour in the mid and long
term. The lack of information on the time
needed for polymerization can invalidate
results obtained in the laboratory. The first
step prior to laboratory testing of the treated
stone specimens is to wait for the curing
process to be completed. The usual advice is
to wait either until constant weight of the
treated specimens is reached, or for the period
of time recommended by the product
manufacturer, which may range from a few
hours to 4 weeks. Testing treated specimens
when the products applied have not
completed their curing inside the stone will
give rise to invalid or erroneous results.
The purpose of this paper is to assess the
evolution of some silicon-based treatments
once they are applied to building stones, using
several techniques, focusing on molecular
spectroscopic diagnosis (Raman and IR
spectroscopies). The increasing use of
portable instruments of this type for the
conservation of heritage stone (Ricci et al
2006, Miliani et al 2007), and the noninvasive and non-destructive character of
these molecular techniques have made them a
preferred method for in situ studies and
characterization. This study aimed to
determine whether such spectroscopies can
be useful for real-time monitoring of the
polymerization process in silicon-based water
repellents and consolidants after they are
applied to stone.
Methods and materials

Materials
Stone
The selected substrate is the Bateig Llano
stone (formerly known as Novelda stone, Fort
et al 2002). This stone has been used as a
building material in Spanish architecture since
the 12th century. It is a biocalcarenite
(Miocene age) from the Alicante region on
Spain's Mediterranean coast.
Its texture and petrophysical properties favour
its characteristic severe decay which may
require application of conservation treatments.
Samples were obtained and specimens cut
according to the shape and dimensions
required for each test and analysis. Three
main types of specimen were used: a) plates
of a 3u1u0.5 cm3 for spectroscopic analyses,
b) small samples for SEM observation, and c)
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specimens cut into 5 cm cubes for weight
recording and petrophysical characterization (3
were left blank/untreated, 3 were impregnated
with consolidant and 3 were impregnated with
water-repellent).
Products
The products used were a TEOS (tetraethyl
orthosilicate, Tegovakon V) consolidant, and a
water repellent composed of modified
polysiloxanes (Tegosivin HL100; 10% wt in
White Spirit), both from Th. Goldschmidt.
The dry stone specimens were completely
immersed in the product for 5 minutes, and
dried again. Half of the specimens were
immersed in the consolidant solution and the
other half in the water repellent solution;
some
other
remained
untreated
for
comparison. Weight evolution of specimens
was recorded before and after impregnation
for 6 weeks.

Methods
Petrological characterization of the stone was
carried out by X-ray diffraction, polarizing light
microscopy and scanning electron microscopy
(SEM) in secondary electron (SE) mode
(graphite sputtered samples); impregnated
stone samples were observed by SEM in
cross-section and at the surface (32 samples
were observed in all).
Petrophysical characterization included the
determination
of
chromatic
parameters
measured with a spectrophotometer; the
porosity accessible to water, the apparent and
real densities and the water saturation
coefficient were obtained by the hydrostatic
weighing method. Ultrasound propagation
velocity was measured in direct mode. Colour
was measured every 7 days for a period of 6
weeks, together with the SEM observations.
Tests were carried out following NORMAL
guidelines (the Italian committee for the
normalization of procedures on stone
materials) and RILEM recommendations.
Firstly,
spectroscopic
analysis
of
the
conservation compounds were performed,
either directly deposited on glass (Raman) or
squeezed between KBr discs (IR), in order to
identify the spectral changes occurring from
the moment of application that could be used
for in situ monitoring of the polymerization
process in the treated stones. The infrared
spectra were taken with a FTIR instrument,
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Bruker IFS66. Micro Raman spectra were
taken with a Confocal Raman Microscope
Renishaw RM 2000 and excited with a laser
at 785 nm, as this wavelength is one of the
most commonly employed in commercial
portable
Raman
instruments.
The
polymerization process was monitored at
different time intervals, ranging from 1 minute
to several months. Where possible, a similar
protocol was followed with the impregnated
specimens, as described below. For the
Raman spectra excited at 1064 nm, we
employed an FT-Raman Bruker RFS 100
instrument, with interferometric detection.
Results
The biocalcarenite is composed mainly of
calcite with some quartz. Its open porosity is
21.55%, with a real density of 2708 Kg·m-3
and an apparent density of 2124 Kg·m-3.
Ultrasound velocity is 3569 m·s-1.
Figure 1 shows the evolution of the weight of
the treated test specimens. After an initial
weight gain due to absorption of the product,
the samples experienced a marked decrease in
weight after 24 hours, much more noticeable
in the case of the water repellent, probably
due to solvent evaporation. Another two
weight loss peaks were measured: one
between the loss at 24 hours already
mentioned and 15 days later, and another
between this one and the fifth week after
impregnation.

Figure 1. Weight evolution of the treated limestone specimens
(from Domingo et al. 2008).

Figure 2 shows the evolution of the total
colour variation ǻE*, with a noticeable colour
change occurred in the stones impregnated
with consolidant until the fifth week, while
samples impregnated with water repellent
initially experienced more colour change after
the third week. As no pattern was observed
from ultrasound velocity measurements, no
clear conclusions were reached.
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polymerization proceeds, the ethylic CH
groups disappear whereas there is an increase
in the number of Si-O-Si groups forming the
“consolidating network”, and a corresponding
increase in the intensity of both the QSi-O at
1075 cm-1 and QSi-O at 450 cm-1.

Figure 2. Colour evolution of treated limestone specimens. C,
consolidant, WR, water repellent (from Domingo et al. 2008).

SEM images of consolidated stones at
different moments from the beginning to the
end of the sixth week are shown in Figure 3.
No evidence of evolution, structural change or
modification in the treated samples was
observed. The thickness of the films on the
stone surface ranged from up to 8 µm
(consolidant), and up to 3 µm (water
repellent). The distribution of the products
both on and inside the stone samples was
very heterogeneous, being the depth of
penetration at least several tens of
micrometers.

Infrared spectra of the water repellent
(polysiloxane), both in pure form and 10% wt
in solvent (White Spirit, WS) were analysed at
different times after application. Apart from
solvent evaporation, the changes here are less
obvious, being mainly related to the shape of
the 1000-1200 cm-1 region, where stretching
of the different (Si-O) units appears. The
number of C-H groups also decreases with
time, of course, but the effect in the spectra
is less clear than in the case of the
consolidant.
In situations where in situ assessment of
stone conservation treatments is carried out
using a portable IR instrument, this should be
operated in reflection mode. Measurements
were then recorded on the reflection spectra
of the selected stone, noting that the very
strong band in the 1300-1000 cm-1 region,
assigned to calcite prevented the observation
of the much weaker bands of the surface
treatments.
The Micro-Raman spectra excited at 785 nm
are shown in Figures 4 and 5, which also give
the spectrum of the completely polymerized
sample.

Figure 3. SEM images of consolidated stone specimens, secondary
electrons mode. a) Surface, 7 days after impregnation. b) Crosssection after 7 days. c) Surface after 21 days. d) Cross-section
after 21 days. e) Surface after 42 days. f) Cross-section after 42
days (from Domingo et al. 2008).

Infrared spectra of the consolidant product
were obtained at three different times (1
minute, 2 days and 3 months) during the 3
month study (period between KBr disks). As
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Figure 4. Micro Raman spectra excited at 785 nm of the
consolidant at different moments from its deposition over a glass
slide: 1 hour, 2 days, 6 months and 2 years (solid state) (from
Domingo et al. 2008).
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Figure 5. Micro Raman spectra of the water repellent product at
different times from its initial deposition on a glass slide. Top:
spectra from the water repellent without solvent obtained after 1
hour, 2 hours, 2 days, 5 days, 2 months and more than 1 year.
Bottom: spectra from the water repellent with 10% wt in solvent
after 2 hours, 2 days and 5 days (from Domingo et al. 2008).

Spectral changes are more evident in the
consolidant product than in the water
repellent. In the first few days following
deposition of the consolidant product on a
glass slide, a band at 500 cm-1, which is
related to the bending of the (Si-O-Si) groups
formed during polymerization, begins to
appear. Observation of the spectrum of the
completely polymerized solid compound
shows that, this band and the Si-O stretching
of the same group at 980 cm-1, are the only
features present as all the other bands
assigned to ethyl groups have disappeared.
Therefore, in this case there are 2
characteristic regions which could be used to
monitor the state of polymerization: the
increase in the Raman intensity at 500 cm-1
and/or the decrease in C-H stretchings around
2900 cm-1. In the Raman spectra of the
water-repellent
(Figure
5),
only
the
disappearance of the solvent is clearly seen
(Figure 5 bottom), as it happened in the
infrared spectra. Although a decrease in the
bands in which CH groups are involved may
indicate progress of the polymerization
process, the result would be subject to
considerable error.
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The next step was to record the spectra of
the treated stone at different times over a
period of 42 days. The treatments consisted
in immersing the specimens in the respective
consolidant and water repellent solutions. The
biocalcarenite
showed
such
strong
fluorescence when excited with the laser at
785 nm that it was not possible to obtain
Raman spectra of the surface treatments. In
order to overcome the fluorescence problem,
we employed a laser at 1064 nm as excitation
source,
taking
in
mind
that
the
commercialization
of
portable
Raman
instruments using such excitation wavelenght
is approaching. Figure 6 shows the
corresponding spectra for consolidant and
water-repellent impregnated stone samples.
The narrow peaks at 1086, 710, 280 and 150
cm-1 are due to calcite. Only the region around
2900 cm-1 provides information about the
silicon-based compounds applied. A detailed
study of this region proved that: a)
elimination/evaporation
of
the
solvent
employed in the case of water-repellent
finishes 14 days after application. This period
coincides with the largest loss of weight of
the corresponding specimen.
b) after
impregnation, the integrated intensity of the
2900 cm-1 region in the spectra of the
consolidated stone decreases with time,
showing a trend that can be correlated to
some extent with the directly measured
weight loss, especially from the 14th day on
(although no absolute values can be inferred).
Of course, polymerization is not complete 42
days after impregnation. However, what the
“specialists” denominate as “curing time”
probably does not refer to “complete
polymerization”, which would correspond to a
true Si-O-Si (silica) network. “Weight control”
is therefore a good indicator.
Conclusions
From our IR results it is unlikely that in the
near future portable IR instruments used in
reflectance mode can provide reliable
information for the in situ testing and
monitoring of polymerization processes in
conservation treatments (both water repellent
and consolidant products) applied to stones
containing calcite.
As far as the Raman technique is concerned,
it would be desirable to have a model stone
with no fluorescence at 785 nm for carrying
out the experiments described here (done with
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polymerization processes of the conservation
treatments applied to stones.
In the light of the present study, “weight
control” appears to be a proper criterion in the
application of conservation treatments to
stone materials in laboratory conditions.
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ACCURATE TANGIBLE AND INTANGIBLE
REPLICAS OF THE BASARABI – MURFATLAR
RUPESTRIAL ENSEMBLE FROM ROMANIA

Dragos Ene and Roxana Râdvan
National
Institute
of
Research
Development for Optoelectronics 2000, Magurele – Bucharest, Romania
Figure 6. Raman spectra: top image, from consolidated stone at
different moments from the consolidant impregnation till 42 days
after. Bottom image shows the spectra from stone at different
moments from the water repellent impregnation (10%wt in WS)
till 42 days after (from Domingo et al. 2008).

1064 nm excitation) in a new trial to
investigate the possibilities of the technique at
785 nm. Nevertheless, as the portable Raman
instruments with excitation around 1064 nm
are arriving to the market, our Raman results
allow to foresee that such instruments could
be appropriated for in situ monitoring the
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Introduction
One of the most impressive archaeological
sites from Europe, from cultural and
documentary point of view, is Basarabi
Ensemble, discovered on 11 July 1957, during
the opening of exploitation rock mines. The
further archaeological researches let daylight
to rich valued inscriptions (in Greek, protoGlagolitic, Glagolitic alphabet and some of
them in an unknown writings, possible Runic
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signs), figurative representations (men’s –
priests or saints, birds – well known pigeon
motive, animals – rabbit, deer) and signs or
symbols —most of them crosses in different
types and shapes (Simileanu et al. 2008).
The Ensemble, inhabited from IX and
abandoned in XI century after Roman
administration retreat and Barbarian invasion,
has a great diversity of engraved elements, a
proof of the religious life in the Byzantine
epoch, elements that gives a high value of the
site and it makes it unique in Europe.
Situated in a chalk hill, the site makes an
interesting application from the investigator
point of view because of the degrading
surface, mainly due to the high value of the
humidity.
The notation of the site consists in B’s, 1 to
4, for the 4 churches, chambers C, in the SENW of the hill and the H and E gallery. All the
measurements were made in B1, B3 and B4.

B3 and B4 communicate, B3 being on top of
the B4.
Because of the advanced degradation and the
obvious irreversible loosing of important
incisions, over all assured conservation
conditions and monitoring of microclimate
dynamics – obligatory for the scientific
conservation strategy, an urgent and
extremely accurate record of the nowadays
remaining is a unique complementary saving
solution.
Recording of the microclimate parameters,
thermal analysis, investigation of the elements
from chalk constituents and especially 3D
shape recording of the details marked of the
surface were performed (Simileanu et al.
2008). A significant contribution regarding
first complex topo rising was that of a group
of architects coordinated by prof. M. Opreanu
(2002).

Figure 1. 10th Century map of Dobruja and the placement of Basarabi, at a distance less than 15 km from Tomis.

Microclimate
The archaeological site place is not one of
those where environmental pollution – as
related to air quality expressed by pollutants’
concentrations and dust- is the main issue.
For this reason the environmental monitoring
was focused on air temperature (T) and air
relative humidity (RH) term monitoring. A
network of data loggers was installed which
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recorded the parameters variation at each 15
minutes (Cassar 1995).
As it was expected, the results were very
poor and predicted a very fast surface
degradation in same improper conditions
(Camuffo 1998).
Analyzed interval is from 23.02.2005 to
25.08.2006 and the worse result that one
7
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referred to the very high gradients of all
parameters. The
maximum
recorded
temperature over entire intervals was of
23.2 °C on 21.08.2006, 16.00-17.15
h, recorded in B3. The same data logger
recorded on the same time a huge RH=82%.
The minimum temperature was -10.3°C. It
has been detected in the entrance to B4, on

26.01.2005, between 1.15h and 4.00h. The
RH in the same point and at the same time
was 54.1%÷ 56.2%. The database shows a
strong domination of high RH. The maximum
RH % - tending to 100% - was determinate
for almost 0.5% of time (763 records to
219504 total records).

Table 1. Microclimate parameters, Relative values taken for Humidity (RH) and Celsius values for Temperature (T).

22/01/2006
25/01/2006

17/11/2005
23/11/2005

27/10/2005
29/10/2005

Period

Extremes

Value

Day

Hour

Coresp. extreme

RHmax

87.3%

28

10.15

T

7.3 0C

RHmin

65.1%

28

4.15

T

6.9 0C

Tmax

8.6 0C

27

Tmin

0

6 C

Value

0

RH

66.60%

th

23.15

RH

69.80%

rd

29

RHmax

84.9%

23

7.45

T

6.2 0C

RHmin

63.2%

20th

0.6 0C

Tmax

0

6.8 C
0

4.3

T

th

0

RH

77.90%

th

63.30%

17

Tmin

0.5 C

20

4.45

RH

RHmax

63.5%

25th

14.3

T

-4 0C

RHmin

49.2%

22nd

-8.40C

Tmax
Tmin

0

-4 C
0

-8.7 C

6

T

th

14.15

RH

63.30%

nd

4

RH

49.30%

25
22

Figure 2. Microclimate parameters recorded between September 2005/ March 2006, in only one location.

A special significance and more information
about the environment stress are given by
high demonstrated gradients. For example:
The thermovision inspection helped us to
identify the most stressed areas. The selected
thermogram – from 09.02.2006 (11.00 h)
indicates the distribution of temperature on
the surface and all of them under 0ºC.
A porous surface with high water quantity
accumulated has a maximum thermodynamic
stress when all pores are frozen and the
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temperature has a large range of negative
values. Frozen-unfrozen changes generate
irreversible degradation: detaches, crackles,
and surface powdering.
3D Laser Scanning
3D digital reconstruction of the churches was
made using three-dimensional laser scanning,
a time of flight scanner, with phase shifting
principle. Because it is used a laser as a
source of radiation (Ȝ= 690 nm), the result is
showed in a grey scale, but by software tools,
a photo image can be matched over the 3D
8
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model to obtain a 3D digital representation of
the object.

Figure 4. Top view of B1. Three different scans, one for each
room. Grey scale points representation.

Figure 3. B1- crosses placed on pronaos to naos, resolution less
than 0.5 mm.

For a true 3D model a 3 wavelength laser
should be used (RGB), but, in this application
not the color made the interest of the
acquisition but the shape of the details
(Guarnieri et al. 2006).

For the B1 church 3 different full scans where
taken (the field of view of the scanner is 360o
horizontal and 270o vertical) with the mention
that for recording two different scans
common points are needed and for that
reason the scanner was placed in the middle
of each room to see the regions in the
corresponding chambers.

3D digital reconstruction was divided by two
aspects: high resolution models, for the fine
details (models with resolution starting of 150
µm) and a medium resolution (0.8-1 mm) for
the entire digital model of the churches (Ene
et al. 2008).
The main problem in digitizing the churches
was the dimension of the chambers, less than
3 meters, with the mention that the scanner
used for this application needs a minimum
distance, between the main head of the laser
and the scanned surface, of 1.5 meters.
Surface of the object can be represented both
in a point clouds or high resolution mesh,
depending of the details. For the high
resolution model (especially of the inscriptions
- mainly in the B4), the mesh representation is
the best one. The surface is interpolated by
polygons with the edge less than 0.2 mm
while the models of the churches were
preferred to be represented as cloud points, to
reduce the available data and to be processed
by the actual graphic systems computers.
Maybe the only advantage of the chalk walls
was the high reflectivity (cooperate surface),
which improved the resolution, the final result
of the model and also the time for scanning (3
days for the actual in situ measurements of
the 3 churches and another 1 month to
process the collected data).
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Figure 5. Bird model from B3.

Among the goals of this project was to
capture the details engraved on the walls.
Because of the rapid degradation of the
surface, the details may not be legible in short
time.
For this high resolution models
dedicated scans where made, at a distance
between the scanner and the detail to be
digitized of 1.5 meters.
The angular resolution used was 180 lines per
degree that corresponds at a resolution less
than 200 µm, when the distance between the
scanner and object to be scanned is 1.5 m.
Ideal method to use was the triangulation
method, but the dimensions and the weight of
the devices made almost impossible to carry
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out the equipment for the in situ
measurements. The used equipment has 510
mm L x 170 mm W x 285 mm H and 11 kg in
weight.
A second scan was made after 20 months. In
this case the attention was on the details from
the 3rd Church, symbols like the bird, horses
and even a ship, whose origins are in debate
(Russian or Vikings) (Agrigoraei 2006). An
attempt of this 3D printing was made for the
ship. Before the printing, an inspection of the
model was done, the maximum difference of
the levels observed was 0.3 mm, and so
reproducing at a scale of 1:1 was not the
answer: the model must be rescaled.
Also, 3 recordings where made in B4, for
details like the men, the bird and the labyrinth.
A comparative study was made on the bird
model. Considering the two models, one from
August 2006 and second from April 2008, a
degradation of surface was observed and
measured.

various museums and to scientifically reduce
the access of visitors into a possible future
museum.
This technology is based in layer growth of
the model, and in a couple of hours, we go
from the digital model to the real model. The
technique that was first applied in prototyping
engineering and now is used in more areas,
from architecture, healthcare entertainment,
jewelry and cultural heritage.
This technology is mainly based in printing
horizontal slices, a layer with thickness
between 80-100 m. The material used is high
performance powder, which is pasted with a
dedicated binder. The speed of the model
building is 2-4 layers per minute, meaning that
in one hour is growth 25-50 cm depending of
the complexity of the digital model.

Table 2. Information regarding the Internet available digital
models.
Name of
No of
Medium
No elements
Volume
detail
scans
resolution
Church 1
4
1.5 mm
28461834 pts
16.171
m3
Church 3
5
1.8 mm
43387089 pts
48.168
m3
Bird B3
Horses B3
Ship B3
Bird B4
Labyrinth
B4
Men B4

1
1
1
2
1

0.15
0.15
0.15
0.15
0.15

mm
mm
mm
mm
mm

1

0.25 mm

121427
178766
127120
149754

vertices
vertices
vertices
vertices

1625886 vertices

-

4049866 pts

-

Figure 6. 3D printed model of Bird representation from B4, 60%
reduced.

One of the first applications of this scanning
model is the possibility of a virtual museum,
accessible from everywhere via http transfer
protocol. With a simple Internet browsing it
may visualize the 3D model, with tools like
zoom in or out, rotate the object, walkthrough
and visualize from different angles. More
information about the stage of this museum –
in continuum upgrade - will be available at
Internet address: http://inoe.inoe.ro//basarabi.

The method is the answer to reproduce details
engraved on the walls and then exhibit these
models in public museums, or, maybe, a high
fidelity reproduction of one of the churches. A
first step in this direction is to evaluate the
dimensions of the model, in the case of B1,
may vary up to 5.8*2 *2 m, with a total
volume of 16.171 m3 (the volume of altar is
2.6 m3, naos 6 m3 and pronaos 7.2 m3 plus
entrances), so instead of bringing some
artifacts from the monument it's exposed high
definition copies of the details.

3D Printing
Another
interesting
application
is
3D
reconstruction of the object using the 3D
digital model. Starting with the virtual model,
using solid freeform fabrication technology,
and the objects may be reproduced in high
details, reduced, enlarged or even at 1:1
scale. The application offers a chance to keep
and study existing incisions, to exhibit in

Conclusions
To inspect the data, the preferred information
was the one of the points. First the data were
filtrated, eliminating the noise, all the available
filters of the scanner software where used
(export mask, min or max intensity,
contradictory or insufficient data). The clouds
of points where imported in 3D processing
software and then clouds where aligned in the
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same coordinate system. An auto alignment of
one scan was made to determine the proper
registration steps. In the first refine the
generated error was 1.3 mm, on the second
refine 0.26 and in the 3rd, the reported error
was 0.00 mm. In the case of the two different
scans, the firs reported error was 1mm, and in
the 3rd refine, the generated error was
0.26mm.
The resulting clouds, having the same
coordinates, the two surfaces were inspected,
being projected on a plane generated by the
surface of the reference cloud (2006 scan). It
was assumed that the maximum alignment
error was 0.26 mm, it was plotted only the
difference above this value. The registration of
2 clouds is made by identifying 3 common
points and then is applied an interactive point
algorithm.

like the ship. In other cases, the horses from
B3, where the engraved details have a height
of 1.1 mm, would be enough 5 years for the
inscription to be erase.

Figure 8. Degradation error map.



Figure 9. Degradation error plot.

Figure 7. Common reference points.

The inspection of the alignment of the two
clouds, was performed making vertical and
horizontal cutting planes and measuring the
differences between the extremes of the two
clouds, the maximum distance measured was
0.17 mm, comparable with the distance
between two points of one cloud (0.15 mm).
The degradation of the surface takes values
up to 0.56 mm, and the medium differences
recorded is near 0.35 mm.
Degradation error plot, even though the
maximum alignment error measured was 0.17
mm and the maximum generated was 0.26,
represents only the error above this 0.26
value (in the left image, Figure 9, the white
represent that the difference between the
scans is bellow this threshold).
In some cases, this erosive medium would
make that the inscription disappear in details
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Introduction
Terrestrial and aquatic environments are
inhabited by phototrophic microorganisms that
include cyanobacteria, green algae and
diatoms. These microorganisms have a global
significance in the deterioration of cultural
heritage stone materials emphasized by their
photoautotrophic nature, which permits them
to be primary colonizers of lithobiontic
ecological niche (Golubic et al. 1981). They
develop forming phototrophic biofilms which
can be described as surface attached
microbial communities driven by light energy
with a clearly present photosynthesizing
component (Roeselers et al. 2008). In such
biofilms,
microorganisms
use
structural
irregularities of the stone material for their
ATTACHMENT, modifying the stone surface
structure.
A particular aspect of biodeterioration of stone
monuments is linked to endolithic organisms
colonizing the interior of rocks (Salvadori
2000).
The
penetration
of
endolithic
community, which develops profusely to
depths of several millimetres (Saiz-Jimenez
1999), and the diffusion of their excreted
products into the intergranular fissures lead to
enhanced weathering reactions and decreased
cohesion between grains (Alakomi et al.
2004). The endolithic microhabitat gives
protection from intense solar radiation and
desiccation, and it provides mineral nutrients,
rock moisture and growth surfaces (Walker et
al. 2005).
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Several authors have recognized the great
importance
of
stone
biodeterioration
phenomena, considering this as the major
problem to the preservation of stone built
Cultural Heritage. In the last years, the
acquisition and digital treatment of images
incorporate systematic methodologies for the
study and comprehension of biodeterioration,
allowing the management of information at a
level not reached by the traditional methods.
The application of techniques of image
analysis of surfaces permits to perform a
diagnosis using non invasive methods, which
are essential in projects for preservation of
Cultural Heritage (Castellano et al. 2002).
If it is true that, in a well-contrasted image, it
is easy to detect a photrophic biofilm by
naked eye, in most images thin biofilms are
difficult to distinguish, as the rock colour can
mask the real extent due to high visual
correlation between biofilm and rock. In these
cases, image analysis techniques can help in
discriminating between these two elements by
means of decorrelation of pixel values in the
different bands of the image.
In this study, image analysis was used to
assess potential endolithic growth by
cyanobacteria and algae in stone samples
inoculated with a phototrophic culture under
laboratory conditions. The technique is based
in the application of Principal Component
Analysis (PCA) methodology, which has
demonstrated to be a useful tool for
discriminating elements apparently hidden on
images with special emphasis to minority
Principal Components.
Materials and Methods
Quarry stone samples of Piedra de San
Cristóbal, a porous biocalcarenite widely used
in the construction of South Spain cultural
heritage
monuments,
were
artificially
colonized with a phototrophic community in
the framework of a more complete study of
primary bioreceptivity on different limestones
(Miller et al. in press). After three months of
incubation under laboratory conditions, the
stone samples were examined under a
binocular stereo microscope (Zeiss Discover
V8 with phototube) and photographically
recorded (Canon Powershot A630).
In order to appreciate the extension and
penetration depth of the phototrophic
microorganisms inside the rock, image
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analysis was performed by means of Principal
Component Analysis (PCA), for the detection
of minority elements inside a digital image
(Figure 1).

Figure 1. Band corresponding to the third Principal Component of
one of the original images utilized in this work. The whitish area
shows the extent of the biofilm.

The aim of the implementation of this image
decorrelation technique is to simplify images
avoiding redundant data present in the
different bands of the image. Thus, it
becomes possible to differentiate between
elements present in the image, as pixel values
are function of their real reflectance. This
approach has been utilized to improve the
visualization of rock art paintings in highly
correlated images (Rogerio-Candelera 2008),
and to record separately different elements (of
different nature and composition) present in
mural paintings (Rogerio-Candelera et al.
2008).
PCA
was
performed
utilizing
HyperCube
9.5
software
(US
Army
Topographic Engineering Centre, Alexandria,
Virginia, USA). From the resulting bands, the
first and third Principal Components (PC1 and
PC3) were selected to elaborate false-colour
images in a RGB colour space (three bands,
each one corresponding to the red, green and
blue values of a trichrome image), as human
eye can distinguish colour differences better
than grey tones (Ruiz 1994). PC1, which plots
around 95% of the total information included
in the three bands of each image, was used as
Red band, in order to create a homogeneous
reddish background in which plot the minority
PC3 (around 0.5% of the total information of
the images), which was utilized twice for
representing the spatial dimension of the
endolithic biofilm (Green and Blue bands). The
resulting false-colour images show in light
blue the phototrophic biofilm inside the stone
samples, which are plotted in red (Figure 2).
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Figure 2. Rock sample micrograph (up) and false-colour image
obtained by Principal Component Analysis (PC1, PC3, PC3)
(down). The biofilm is clearly enhanced. Bar = 1 mm.

Results
Optical microscopy and image analysis of
transversally cut samples confirmed the
presence of a thin green band parallel to the
rock surface which was attributed to
endolithic development of the phototrophic
biofilm. The green band ranges from 1 to 3
mm in thickness, with a maximum penetration
depth of 3 mm. The image analysis strategy
utilized allowed a more complete view of the
extent of endolithic colonization than those
offered by the original microscopy images.
The application of a threshold classification
algorithm (Figure 3) allowed us obtaining
preliminary simplified views of the endolithic
biofilm extent, separated from the surrounding
uncolonized rock. The digital classification of
images will permit an accurate quantification
in terms of the surface covered by the biofilm.
This supervised classification method can be
performed on decorrelated images by PCA, as
the original pixel values are only object of a
geometrical transformation by representing
them on a new reference system with
uncorrelated axes (Chuvieco 2002).
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Figure 3. Classified image (up), and 3D plot of pixel values (down)
to assess the suitability of the classification method.

Conclusions
The detection of photosynthetic growth within
the rocks can be of great importance in the
assessment of biodeterioration processes, as
the endolithic growth of organisms into the
stone, and the diffusion of excreted products
into the porous system, may enhance their
biodeteriorating potential, promoting the
decreasing of grain cohesion. Image analysis
can be a powerful tool to detect the extent of
the biofilms following this survival strategy.
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Forthcoming Congresses

International Seminar Conservation of Glazed
Ceramic Tiles
Lisbon, Portugal, April 15-16, 2009
Aim and Topics:
The aim of this seminar is discussing glazed
ceramic tiles of historic interest manufactured and
applied anywhere in the world, their decay and
their conservation as well as the pathologies of
their insertion as architectural finishes. Main
themes to be addressed are:
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Historical context of manufacturing technologies
and materials;
Decay and its causes;
Conservation and restoration methods and
materials;
Intervention cases and lessons learnt there from;
Research results and research needs in the field.

Accuracy requirement and assessment for 3D
reconstruction;
Visualization issues for large and complex sites;
Applications in Cultural Heritage.

Deadline:

More information:

February 28th, 2009

http://www.3d-arch.org

Deadline:
January 30th, 2009

More information:
http://azulejos.lnec.pt

International Congress LACONA VIII. Lasers in
the Conservation of Artworks
Sibiu, Romania, September 21-25, 2009
Aim:
Biennial
event
addressed
to
scientists,
conservators, restorers, architects, companies,
decision-makers, professors and students involved
in projects on laser equipment and applications for
artwork conservation.

Deadline:
February 1st, 2009

More information:
http://www.lacona8.ro

VIII Congreso Ibérico de Arqueometría
Teruel, Spain, October 19-21, 2009
Topics:
Analytical techniques and Methodology;
Biomaterials and palaeoenvironmental studies;
Materials analysis: pottery, glass, metals, stone,
pigments, etc. (technology and origin);
Dating;
Geophisical survey and Remote sensing;
Built Heritage and conservation.

Deadline:
February, 27th, 2009
rd

3 International Workshop

3D-ARCH'2009
3D Virtual Reconstruction and Visualization
of Complex Architectures

More information:
http://8cia.segeda.net

International
Workshop
3D
Virtual
Reconstruction and Visualization of Complex
Architectures
Trento, Italy, February 25-28, 2009

Ravenna, Italy, July 1-3, 2010

Main focus and topics:

More information:

The process of creating virtual environments from
multiple data sources
Topics include, but not limited to:
Image- and Range-based 3D modeling of complex
sites and architectures;
Data registration and integration;
Automated modeling techniques;
Procedural methods for architectural modeling;
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1st announcement
http://www.iccrom.org/eng/news_en/2009_en/field
_en/01_13ChemCH-ITA_en.pdf
Next announcement on May 2009.
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Publications
A special Issue devoted to
Cave Microbiology has been
published
by
the
International
Journal
of
Speleology, official journal
of the Union Internationale
de Spéléologie. The issue
has relevant information on
the role of microorganisms
in caves. We include here
the editorial note:

«It is commonly forgotten that the opening of
a cave imposes a strong and potentially
irreversible aggression upon cave biology and
the entire ecosystem. Bacteria, fungi,
arthropods – all have constructed delicate and
balanced
trophic
relationships
between
predator and prey, and the stability of longestablished interactions between species is
frequently disrupted by Man.
Cave
tourism
began
a
widespread
development early in the past century. At that
time no scientific knowledge of conservation
problems existed and so some of the decisions
adopted resulted in fatal errors that
compromised the future of many caves. Caves
are subjected to various environmental
impacts, some of them natural and others of
anthropogenic origin, mainly related to cave
management and mass visits.
In some cases adaptation of caves to facilitate
mass visits involved excavations and major
destructive interventions, which completely
disturbed the pre-existing cave ecosystem.
When
acting
as
guest
editor
of
Geomicrobiology Journal in 2001, Diana E.
Northup assembled a collection of papers
devoted
to
different
facets
of
geomicrobiological
dissolution
and
precipitation. Since then cave microbiology
has experienced a new and major impetus,
driven mainly by the extensive use of
molecular tools.
Some of the recent insights must be
highlighted, including recognition of the
common presence of Acidobacteria in most
caves, challenging cave microbiologists’
ingenuity as they are still reluctant to be
isolated. Archaea have also been found to be
relatively
widespread
in
subterranean
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environments, and both Acidobacteria and
Archaea have been revealed as metabolically
active members of the community. However,
we cannot assign specific roles in the
biogeochemical cycle to most uncultured cave
micro-organisms, although some hypotheses
have been formulated. During the past few
years a number of new species have been
isolated from caves, and these can help to
decipher aspects of cave biodiversity.
Actinobacteria still occupy an outstanding
position in isolation number, although their
metabolic activity is apparently low in some
caves, as confirmed by RNA studies.
This special issue of the International Journal
of Speleology, devoted to Cave Microbiology,
gathers together a selection of contributions
dealing
with
chemolithoautotrophic
productivity, the impacts of alterations of
organic inputs on cave communities, and
ultraviolet radiation sensitivity, which help to
explain the role of bacteria in caves. Recently,
reports and letters have appeared in some
magazines and on a few internet pages
concerning the biological threats to the
Lascaux paintings. This increasing interest in
the biodeterioration effects of microorganisms
on rock art paintings relates to the results of a
Fusarium solani invasion. The microbiology
and eradication methods used in Lascaux
Cave are reviewed in one of our contributions.
Other articles deal with fungal biodiversity in
Slovakian and Puerto Rican caves, the
description of the architecture of phototrophic
biofilms in caves, and the mineral fabrics in
Altamira Cave complete the issue.
It is hoped and expected that this issue will
provide an example of the current trends and
basic
scientific
knowledge
in
cave
microbiology, and that it will be both
interesting and useful to readers working in
microbiology or the geosciences».
Cesareo Saiz-Jimenez
International Journal of Speleology
Volume 38(1), 2009
Special Issue on Microbiology in Caves
Guest-editor: Cesareo Saiz-Jimenez
Available on-line at:
http://www.ijs.speleo.it/issue.php?id_volume
=70
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Moore, pp. 1-10.
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