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Abstract 

Laser removal of biodeteriogen layers warrants detailed studies due to the advantages it 

brings with respect to mechanical elimination or the use of biocides. We have investigated 

elimination of biological crusts on dolomite stones from heritage sites in central Spain. The 

samples were colonized by epilithic crustose lichens of different species, such as 

Caloplaca sp. and Verrucaria nigrescens. A comparative study was carried out by 

*Manuscript
Click here to view linked References

http://ees.elsevier.com/apsusc/viewRCResults.aspx?pdf=1&docID=55430&rev=1&fileID=1508543&msid={C0635D58-6B37-4DCD-9F28-ADFA044D712E}


2 
 

applying infrared (1064 nm) and ultraviolet (355 nm) nanosecond laser pulses and 

sequences pulses of the two wavelengths using a Q-switched Nd:YAG system. To detect 

anatomical and ultrastructural damage to the lichens, and to assess possible morphological 

and chemical changes on the underlying stone induced by laser irradiation, we used 

stereomicroscopy, scanning electron microscopy with backscattered electron imaging and 

Fourier transform Raman spectroscopy. The optimal conditions for removal of the 

colonization crust, while ensuring preservation of the lithic substrate, were obtained for 

dual infrared-ultraviolet sequential irradiation.  

 

Keywords: Laser removal, biodeterioration, biological crust, dolostone, lichens, 

photobiont, mycobiont. 

 

Highlights 

- Laser irradiation at 1064 nm (IR) or 355 nm (UV) partially removes epilithic lichens on 

dolostone. 

- Irradiation in a sequential, dual IR-UV mode efficiently eliminates lichen thalli.  

- Dual IR-UV irradiation mode induces severe damage on endolithic colonizers of 

dolostone. 

 

1. Introduction 

Architectural stones exposed to environmental pollutants and an array of past conservation 

treatments, including the application of consolidants, often exhibit a condition where a 

hard crust of dirt and contamination is well adhered to the stone and the protecting outer 

layers of the stone substrate. In certain critical cases, traditional techniques of microsand 
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blasting, chemical poultices and water washing have failed to protect the fragile lithic 

substrate. Lasers constitute a promising alternative to more conventional cleaning 

techniques for certain applications [1-7]. In fact, laser cleaning of stone is a well-

established procedure because it provides fine and selective removal of superficial deposits 

and encrustations. This has been demonstrated in a number of laboratory and on-site 

conservation projects, [3,5,8]. In particular, irradiation with nanosecond (ns) pulses of 

1064 nm efficiently removes black encrustations, although yellowing of the stone substrate 

often accompany the cleaning process. To correct and/or prevent such undesired 

coloration, several alternatives have been proposed, including the use of (infrared (IR) and 

ultraviolet (UV) radiation, both in sequential and synchronous mode [4,8-10], and the use 

of laser pulses of different duration, in the range of nanoseconds-microseconds [5].  

Stone used in heritage buildings and monuments is prone to host lithobiontic communities 

[11-13]. These can be constituted by diverse microorganisms, such as heterotrophic 

bacteria, cyanobacteria, free-living algae and fungi, and by lichens. Lichens are a 

symbiotic association of a fungus (the mycobiont) with a photosynthetic partner (the 

photobiont, an alga and/or cyanobacteria). These lithobiontic microorganisms colonize not 

only the surface of the lithic substrate (epilithic colonization), but also the bulk (endolithic 

colonization) where they develop complex interactions with the rock minerals [14,15]. 

Such interactions derive in physicochemical modifications which eventually enhance 

weathering reactions and lead to deterioration of the rock substrate. Remediation protocols 

for stone degradation by biological attack include the use of biocides or sterilization by UV 

light, but their effect is often limited to the surface of the material treated [16-18] and, in 

the case of biocides, irreversible damaging side effects may be induced on the rock 

materials.  
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Laser removal of biodeterioration films from stone has been investigated in foregoing 

studies [19-23]. The action of the Er:YAG laser, operating at 2.94 m, has been tested for 

the removal of lichens on limestone [20]. Elimination of biological crust from granite was 

studied using nanosecond laser pulses of 355 nm [21]. In a previous work [22], we have 

reported on the control of biodeterioration processes induced on dolostone by the lichen 

species Verrucaria nigrescens using a Q-switched ns Nd:YAG laser at 1064 nm. In this 

case, laser irradiation caused the inactivation of endolithic microorganisms and the partial 

removal of epilithic colonizers. Recently, Osticioli et al. [23] have compared the effect of 

pulse duration and wavelength of Nd:YAG laser in the elimination of V. nigrescens from 

Carrara marble substrates and have shown the advantages of irradiation at 532 nm. These 

previous investigations have shown that the laser effects on biological encrustations vary 

with the type of treated lithobiontic communities and with the petrographic and 

mineralogical characteristics of the substrate. Therefore, research aiming at investigating 

and characterizing laser parameters for treatment of biological encrustations, while 

ensuring safe preservation of heritage stone substrates, is of high interest for profiting of 

the advantageous use of laser methods in the conservation of monuments and historical 

buildings. 

Herein, we have investigated the laser removal of epilithic crustose lichens colonizing 

dolomite stones from central Spain, the mentioned V. nigrescens on historical quarry 

dolostone and unhealthy Caloplaca sp. on monumental dolostone. To that purpose we have 

applied a methodology successfully developed for the removal of black crust on stone 

[4,9], based on sequential IR-UV laser irradiation. We compared the removal of biolayers 

and the effects induced on the lithic substrate by irradiation with IR, at 1064 nm, and UV, 

at 355 nm, laser pulses, and with sequences of IR followed by UV pulses. To that purpose 

we used the fundamental (1064 nm) and 3rd harmonic (355 nm) output of a ns Q-switched 
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Nd:YAG system. Then, to evaluate the structural and physiological damage inflicted on the 

lichens upon laser irradiation, and also to assess possible modifications on the underlying 

stone, we used several analytical techniques. Stereomicroscopy served to appraise 

structural changes of the biological crust, while cross sections of the treated samples were 

observed by scanning electron microscopy with backscattered electron imaging (SEM-

BSE). With this technique it becomes possible to identify lichen anatomical changes and 

cytological symbiont effects. Fourier transform (FT) Raman spectroscopy was employed to 

identify possible structural and chemical changes on irradiated zones of the lithic 

substrates. Dolomite is a stone type widely used for the construction of heritage buildings; 

therefore the results derived from this study are of great significance in future planned 

conservation campaigns aiming at the control of biodeterioration layers on heritage 

buildings and stone monuments using lasers and/or biocides. 

 

2. Experimental  

For this study we selected two dolomite samples for laser treatment. The first one is a 

monumental sample from Segovia, partially colonized by epilithic crustose thalli of the 

lichen Caloplaca sp. forming a brown crust of about 500 m thick. Lichen thalli were not 

found in a perfect health condition in this sample, likely due to anthropic effects caused by 

its localization in the monument. The second sample is a dolostone fragment from an 

historical quarry in Redueña, Madrid. The surface of this sample is covered by 

encrustations of the also epilithic crustose lichen V. nigrescens. The thalli in this case are 

about the same thickness as those of Caloplaca sp. of the first sample. However, in V. 

nigrescens the thalli are darker and display much crowded areoles. We applied sequences 

of laser pulses to hydrated sample areas with lichen thalli that were selected after 

monitoring the surface with a Leica EC3 stereomicroscope equipped with a NIKON 
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COOLPIX 8800 VR camera. Steromicroscopy was also used to detect surface changes 

upon irradiation. The samples were maintained under controlled low humidity conditions 

during irradiation and measurements. Laboratory irradiation tests were carried out with a 

Q-switched Nd:YAG laser (pulse width 15 ns, repetition frequency 1 Hz) using the 

fundamental wavelength of 1064 and its third harmonic at 355 nm. We applied sequences 

of pulses at either individual IR or UV wavelengths or sequences of IR followed by UV 

pulses under the same irradiation path. The unfocussed laser beams, with a cross section of 

ca. 0.25 mm
2
, were directed to the surface of the sample with the help of mirrors. During 

irradiation the samples were translated perpendicularly to the laser propagation direction to 

obtain uniformly irradiated areas of up to 1 cm
2
.  

After laser irradiation and scrutiny by steromicroscopy, the stone samples were prepared 

for SEM-BSE observation using the method developed by Wierzchos and Ascaso [24]. 

This technique allows for the fine monitoring of the action of the laser at cytological level 

and for the assessment of the structural modifications of epilithic and endolithic growths. 

In short, a fine-polished surface of a cross-section of the non-irradiated and irradiated 

zones was carbon coated and examined using a FEI Inspect S SEM equipped with a four-

diode, semiconductor BSE detector. The microscope operated at a tilt angle of 0º, 

acceleration potential of 15 kV, working distance of 15 mm and specimen current range of 

1-5 nA.  

Together with microscopy, FT-Raman spectroscopy was employed to detect possible 

structural and chemical changes on the irradiated zones. We used a RFS 100/S-G Bruker 

spectrometer equipped with a cooled Ge detector. The excitation source consists of a 

continuous Nd:YAG laser emitting at 1064 nm. We applied low laser power outputs (10-20 

mW) to ensure absence of damage to the samples during measurements. The light scattered 

from an area of < 0.01 cm
2
 was collected in backscattering (180º) geometry. Each data 
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point resulted from the accumulation of 200 scans and the wavenumber resolution was 4 

cm
-1

.  All FT-Raman spectra were baseline corrected.  

 

3. Results 

With the help of visual and steromicroscopic observations we defined the laser conditions 

for removal of the colonization crusts while ensuring absence of damage or fracture of the 

dolostone substrates. For the samples considered here we irradiated with sequences of 100 

pulses of 1064 nm at a fluence of 2.5 J cm
-2

. At 355 nm we used the same number of 

pulses at a fluence of 0.5 J cm
-2

. These fluences are below the corresponding bare stone 

ablation thresholds, which were determined as reported in [9] and to be 3.0 ± 0.1 and 0.60 

± 0.03 J cm
-2

 at 1064 and 355 nm respectively. For dual IR-UV sequential irradiation we 

applied 100 IR pulses followed by 100 UV pulses of the indicated fluences.  

By means of stereomicroscopy we screened structural modifications of the biological crust 

and by using SEM-BSE we were able to monitor the changes in the anatomy of the 

epitlithic lichen thalli and the morphological alterations in the photobiont and mycobiont 

cells induced under the different laser irradiation conditions.  

Figures 1 and 2 illustrate the effect of IR irradiation on the Caloplaca sp. lichen crust of 

the dolostone sample from Segovia. Specifically, Fig. 1a shows a steromicroscopy image 

of an area of the sample irradiated with 100 pulses of 1064 nm at 2.5 Jcm
-2

. The laser 

treatment induces a superficial change of colour of the crust to a lighter tone as already 

reported in [22]. Fig. 1b displays a SEM-BSE image of Caloplaca sp. thalli and the 

associated endolithic colonization of this sample in a cross section at the boundary between 

a non-irradiated and irradiated area (to the right and left of the arrow respectively). This 

image places in evidence the removal of lichen areoles by the action of the laser.  
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In Fig. 2a, corresponding to the non-irradiated area of the same sample, the upper cortex 

(asterisk) and photobiont layer (between the two dotted lines) of the non-irradiated 

unhealthy Caloplaca sp. lichen thalli are distinguished. The effect of IR laser irradiation on 

the biological crust is demonstrated in Fig. 2b. Epilithic thalli have been partially removed 

and microbial cells localized near the stone surface, appear damaged in the irradiated area. 

This is evident by the presence of cell wall remains and absence of cellular protoplast, 

visualized as black empty spaces, instead of the living cells of the non-irradiated area, 

observed in Fig. 2a. The lichen crust in this sample is not totally removed at the present 

irradiation conditions. Higher laser fluences would be required for this purpose, but at the 

expense of inducing ablation and/or damage of the underlying stone.  

We studied the effects of UV laser irradiation by considering the dolostone sample from 

Redueña quarry. Figures 3-5 summarize the results obtained. The stereomicroscopy image 

of Fig. 3a shows the non-irradiated sample surface covered by the dark-brown areolate 

thalli of V. nigrescens. A cross sectional SEM-BSE image (Fig. 3b) offers detail of the 

biological crust harbouring V. nigrescens thalli and endolithic colonization before 

irradiation. The upper cortex, the photobiont layer and the lichen medulla are clearly 

distinguished in the image. In Fig. 4a, the SEM-BSE image of a non-irradiated area shows 

the upper cortex and the algal layer at higher magnification. Fig. 4b displays a 

stereomicroscopy image of an area irradiated with 100 pulses of 0.5 J cm
-2

 at 355 nm. 

Comparison of this image with the one of a non-irradiated area of this sample, as shown in 

Fig. 3a, reveals the partial removal of the lichen crust. This is put in evidence by the 

change of colour from the initial dark tone of the lichen thalli (Fig. 3a) to the green 

coloration of the areoles of the remaining thalli (Fig. 4b), as laser irradiation of the thallus 

induces the exposure of algal cells within the algal layer by structural alteration of the 

upper cortex. This alteration is observed in detail in the SEM-BSE image of Fig. 5a where 
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lichen areoles appear partially destroyed in the treated areas. Further insight of the effects 

of UV irradiation are presented in Fig. 5b which shows that in some areas the upper cortex 

is partially removed (arrow) and the fungal cortex cells appear plasmolyzed (asterisks). 

Fig. 5 clearly reveals that UV laser irradiation has a rather superficial effect on the lichen 

crust, in variation with the more in-depth effect observed for IR laser treatment (see above 

and previous results in [22]).  

Effects of sequential IR-UV irradiation are illustrated by the results presented in Figures 6 

and 7, which refer to the dolostone sample from Redueña quarry. The stereomicroscopy 

image (Fig. 6a) was obtained after sequential IR-UV laser treatment with 100 pulses of 

1064 nm at 2.5 J cm
-2

 followed by 100 pulses of 355 nm at 0.5 J cm
-2

. Through the 

comparison of this image with that of a non-irradiated area of the sample (Fig. 3a), it is 

possible to identify regions where several V. nigrescens areoles have been completely 

removed by laser irradiation and to appreciate the final lighter coloration of the irradiated 

rock surface. Fig. 6a also reveals the change of colour of the remains of areolated thalli, 

from the initial dark brown to a green pigmentation. Therefore it becomes clear that the 

effects of dual IR-UV laser irradiation seem more dramatic for epilithic lichen colonization 

than the laser treatment based in the application of only IR pulses. The broken line in Fig. 

6a encircles a region of the irradiated area, as described above, which underwent further 

observation under the electron microscope in SEM-BSE mode. The effect of dual laser 

irradiation is demonstrated in Fig. 6b, where complete removal of the lichen areoles 

becomes evident and the damaging effects inflicted on microbial cells below the surface, 

are witnessed by the observed remains of fungal hyphae. This confirms that the dual laser 

irradiation scheme, not only efficiently removes the lichen crust, but also strongly damages 

the endolithic colonizers. Images in Fig. 7 provide evidence of the laser damage on lichen 

areoles that have not been totally removed by irradiation. Figs. 7 a,b show how the upper 
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lichen cortex has been partially destroyed, leaving exposed algal cells (wide arrow in Fig. 

7b) which have experienced the loss of some of their content (asterisks in Fig. 7b).  

Finally we analyzed by FT-Raman spectroscopy the non-irradiated stone control areas and 

the areas where the laser treatment served for partial or complete elimination of the 

biodeteriogen film. Spectra are shown in Figure 8. The black line corresponds to the 

spectrum of the bare dolomite stone, acquired in a lichen-free, back side of the sample. The 

bands at 175, 299, 727 and 1097 cm
-1

 are attributed to the vibration modes of the free 

CO3
2-

 ion of CaMg(CO3)2 (dolomite).  In particular the bands at 175 and 299 cm
-1

 are 

assigned to lattice translational modes and those at 727 and 1097 cm
-1

 to in-plane bending 

and symmetric stretching modes of the carbonate ion respectively [25]. The spectrum of a 

sample zone colonized by V. nigrescens (green line) contains the bands of the stone 

background and additional ones that are due to the organic compounds of the biodeteriogen 

layers, by virtue of the features centred at 1340 and 1580 cm
-1

 of the D and G bands of 

carbon, respectively. The relative intensities of the latter bands, together with the 

broadening observed, suggest the presence of amorphous carbon in the biological crust. 

The intensity of the carbon bands decreases upon laser irradiation of the colonized sample 

at 1064 nm (red line), while the bands of the lithic substrate weakly emerge in the 

spectrum, indicating the partial removal of the biodeteriogen layer. Differently, the 

intensity of the Raman signal after irradiation at 355 nm (blue line) is extremely low, 

although a hint of weak carbon bands is detected in the corresponding zone of the 

spectrum. At this wavelength the biological layer is superficially damaged, as shown in 

Fig. 4b, and the sample surface does not display appreciable Raman response. These 

results provide evidence of the more efficient removal of the biological crust when 

operating the laser at 1064 nm in agreement with SEM-BSE observations, that signpost the 

mostly superficial effect of UV laser irradiation. It is also important to notice that the 
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absence of new bands in the spectra of the irradiated zones provides evidence of chemical 

stability of the lithic substrate. Figure 8 also displays the spectrum of a colonized sample 

zone exposed to sequential IR-UV laser irradiation (magenta line). In this case the bands of 

bare dolomite feature a good signal to noise ratio, while amorphous carbon bands at 1340 

and 1580 cm
-1

 fully disappear. Again, this is in correspondence with the SEM-BSE results 

and confirms that this mode of sequential irradiation entirely removes the layer of organic 

material while the substrate is preserved, as indicated by the presence of intense bands at 

175, 299, 727 and 1097 cm
-1

 attributed to the dolostone minerals.  

    

5. Discussion 

In this work we treated dolomite stone samples colonized by crustose lichens with 

sequences of IR (1064 nm) and UV (355 nm) nanosecond laser pulses and by the 

combined application of IR and UV pulses in sequential mode. At each wavelength the 

applied laser fluences were below the corresponding ablation thresholds of dolostone to 

ensure the preservation of the lithic substrate. The different laser irradiation schemes 

applied lead to various degrees of elimination and damage of epilithic and endolithic 

colonizers.  

We have shown that irradiation with the IR laser wavelength on crust dominated by 

unhealthy Caloplaca sp. induces the extensive elimination of these epilithic thalli and 

considerable damage of endolithic microbial cells. This is in good agreement with previous 

findings [22] of removal and inactivation of the lichen V. nigrescens from the same 

lithotype and of damage of the internal microbiota community under similar IR laser 

conditions (fluence and number of pulses). However, the effects observed therein are more 

intense than in the previous study, probably due to the unhealthy state of the Caloplaca sp. 
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thalli, and suggest that laser cleaning of epilithic colonization on monumental stone from 

polluted areas could be facilitated by the previous weakening of the lichen thalli. These 

observations open new strategies of treatment based in the combination of biocide and 

laser treatment [26]. Irradiation with 1064 nm Q-switched Nd:YAG laser has been 

investigated for the treatment of dermatopathogenical fungal colonies [27] and for 

inactivation of bacteria and yeasts [28]. The resulting inhibitory effects are discussed in 

relation with various mechanisms, including thermal damage, photochemical effects 

triggered by chromophore-induced absorption at the specific laser wavelength and photo 

mechanical effects associated with microcavitation phenomena and propagation of acoustic 

shock waves. In contrast, and according to our results, UV laser irradiation has proven to 

induce a rather superficial damaging effect in the lichen colonization crust. These 

differences are related with the higher light absorbance of V. nigrescens at 355 nm in 

comparison with that at 1064 nm [29]. Thus, light at 355 nm induces a superficial effect on 

the lichen crust, in contrast with the in-depth effect observed for IR laser treatment, by 

efficiently coupling to the upper lichen cortex and by leaving unaffected the endolithic 

colonizers. FT-Raman results support the stereomicroscopy and SEM-BSE observations 

showing a more efficient removal of microorganisms upon IR irradiation. Finally, the 

results herein show that the combination of the two wavelengths in the tested sequential 

laser irradiation protocol brings a clear advantage with respect to the single IR or UV 

wavelength irradiation modes. In this case the lichen upper cortex is totally or partially 

removed by the sequence of IR pulses and the exposed unprotected photobiont is 

eventually damaged by the following train of UV pulses. Again FT-Raman spectra of the 

doubly irradiated areas clearly display the unperturbed features of the lithic substrate, thus 

confirming removal of the biodeterioration layer under stone safeguard conditions. 
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While these findings provide the framework for the efficient removal of crustose lichen on 

heritage dolomite stones, further works are in course devoted to test different laser 

irradiation protocols, using other wavelengths, pulse durations and pulse delivery modes, 

to optimize the removal of biodeteriogen layers on heritage stone substrates. 

 

5. Conclusions 

In this work we have investigated the use of Q-switched Nd:YAG laser delivering 

nanosecond pulses for the elimination of epilithic crustose lichen layers from heritage 

dolomite stone. Specifically, we compared different irradiation modes based on single-

wavelength irradiation, at 1064 nm (IR) and at 355 nm (UV), and on IR-UV laser 

irradiation consisting in sequences of IR followed by UV pulses. We evaluated the 

structural and physiological damage inflicted on the microorganisms by laser irradiation, 

and assessed possible morphological and chemical changes on the treated substrate under 

the different laser irradiation conditions using stereomicroscopy, scanning electron 

microscopy with backscattered electron imaging and Fourier transform Raman 

spectroscopy. While single wavelength irradiation using IR or UV wavelengths led to the 

partial removal of the lichen crust and inflicted some degree of damage on endolithic 

microorganisms, it is demonstrated that the sequential IR-UV laser treatment ensures 

effective removal of lichen thalli and biological injuries of the endolithic microorganisms, 

like disruption of fungal lipid bodies and loss of content of fungal hyphae, thus providing a 

high degree of control of the biodeterioration processes of the lithic substrate and reducing 

the chances of lichen recolonization. The sequential dual irradiation procedure emerges as 

an advantageous approach for the laser removal of colonization crust on heritage stone 

substrates. 
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Figure captions  

Figure 1. a) Steromicroscopy image of an area of the dolostone sample from Segovia 

irradiated with 100 pulses of 1064 nm at 2.5 Jcm
-2

. b) SEM-BSE image of unhealthy 

Caloplaca sp. epilithic thalli and endolithic colonization showing a general view at the 

boundary between the non-irradiated (right of the arrow) and the irradiated area (left of the 

arrow).  

Figure 2. SEM-BSE images of Caloplaca sp. epilithic thalli and endolithic colonization of 

the dolostone sample from Segovia. a) Detail of the non-irradiated unhealthy lichen 

thallus, showing the upper cortex (asterisk) and the photobiont layer (between the two 

dotted lines). b) View of a laser-irradiated area (100 pulses of 1064 nm at 2.5 Jcm
-2

) 

showing partially removed epilithic thalli (arrow) and damaged microbial cells localized 

near the surface (black empty spaces revealing to the absence of cellular protoplasts). 

Figure 3. a) Stereomicroscopy image of a fragment of the dolomite sample from Redueña 

quarry covered by the dark-brown areolate thalli of V. nigrescens before laser irradiation. 

b) SEM-BSE image of the V. nigrescens thalli and endolithic colonization of a non-

irradiated area of the sample. The upper cortex is marked by asterisks, the photobiont layer 

by a thin long arrow and the medulla by a wide short arrow. The square frames a zone 

shown in Fig. 4a with higher magnification.  

Figure 4. a) SEM-BSE image of the dolomite sample from Redueña quarry showing detail 

of an areole of V. nigrescens (in the area within the square of Fig. 3b). The upper cortex is 

indicated by an asterisk and the photobiont layer appears between thin white arrows. b) 

Stereomicroscopy image of the thalli of V. nigrescens after irradiation with 100 pulses of 

0.5 Jcm
-2

 at 355 nm. The rectangle marks an area from where SEM-BSE image of Fig. 5a 

was taken.  
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Figure 5. SEM-BSE images of the V. nigrescens thalli and endolithic colonization after 

irradiation with 100 pulses of 0.5 Jcm
-2

 at 355 nm. a) Image acquired in the zone marked 

by a rectangle in Fig. 4b, displaying areoles damaged by laser irradiation (arrows). b) 

Irradiated areole at higher magnification showing the partial removal of the upper cortex 

(arrow) and plasmolized fungal cortex cells (asterisks).  

Figure 6. a) Stereomicroscopic image of thalli of V. nigrescens colonizing Redueña quarry 

dolostone sample after being subjected to sequential IR-UV laser treatment with 100 pulses 

of 1064 nm at 2.5 J cm
-2

 followed by 100 pulses of 355 nm at 0.5 Jcm
-2

. b) SEM-BSE 

image of an area of the sample, within the dotted line of image a), showing how lichen 

thalli that have been removed by laser treatment (asterisks) and how endolithic fungal 

hyphae are almost completely destroyed (arrows).  

Figure 7. SEM-BSE images of V. nigrescens colonizing Redueña quarry dolostone sample  

after sequential IR-UV laser treatment with 100 pulses of 1064 nm at 2.5 J cm
-2

 followed 

by 100 pulses of 355 nm at 0.5 Jcm
-2

. a) Partially ablated lichen areoles within the 

irradiated area. b) Higher magnification image of the areoles of image a). The thin arrow 

points to detachments of the upper cortex and the wide arrow marks the position of 

exposed unprotected algae by loss of the upper cortex. The asterisks above black spaces 

mark exposed algal cells that have experienced loss of some of their content. 

Figure 8. FT-Raman spectra of the dolomite stone sample from Redueña quarry. The black 

line corresponds to the spectrum of the bare stone, and the green one to that taken on a 

sample surface colonized by epilithic crustose lichen V. nigrescens before laser irradiation. 

The red line is the spectrum of the colonized sample after laser irradiation with 100 pulses 

of 2.5 J/cm
2
 at 1064 nm and the blue line corresponds to the sample irradiated with 100 

pulses of 0.5 J/cm
2
 at 355 nm. Finally, the magenta line is the spectrum of an area treated 
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with a sequence of 100 IR pulses followed by 100 UV pulses at the given fluences. The 

wavenumbers of the assigned bands are indicated. 
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