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a b s t r a c t 

This work presents the results of the characterization of Mn-rich black crusts developed on granite in 

a Galician Romanesque monastery and the initial experiments aimed at their removal. Once the crusts 

were characterized from a chemical, mineralogical and micromorphological point of view, several in situ 

cleaning methods was performed: microabrasion, a Nd:YAG laser and chemical cleaning processes (aqua 

regia, EDTA, oxalic acid, gallic acid and formic acid solutions). An in situ analytical methodology based on 

optical microscopy, colour spectrophotometry, LIBS and Raman spectroscopy was applied to characterize 

the cleaning effectiveness and the side effects exerted in the granite underneath. Among all the meth- 

ods, saturated oxalic acid proved to be the most effective, although slight calcium contamination was 

detected. In contrast, less effective methods such as laser cleaning and microabrasion resulted in textural 

alterations in the granite. 

© 2026 The Author(s). Published by Elsevier Masson SAS. This is an open access article under the CC 

BY-NC-ND license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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. Introduction 

Manganese crusts are typical manifestations of rock weather- 

ng in natural environments. The crusts, characterized by a high 

n content, are dark black, sometimes bluish and slightly irides- 

ent, and they occasionally have a metallic sheen. They occur in 

ifferent types of environments (desert, continental, humid, etc.) 

nd on different types of rock. Their formation is often associated 

ith fungi and with heterotrophic bacteria involved in Fe and Mn 

eochemical cycles. The phenomenon has been examined in nu- 

erous scientific studies [ 1–5 ], because of the paleoclimatic impli- 

ations, among other reasons. In these studies, the origin of the Mn 

s generally attributed to Mn-rich minerals present in the stone. 

he pH and Eh of the environment are essential factors involved 

n mineralization, either in the mobilization phase (dissolution or 

ydrolysis of the minerals, leading to release of Mn to the aqueous 

olution) and precipitation (which generates the dark black crusts). 

Reports describing the presence of these crusts on stone monu- 

ents began to appear a few years ago. However, the phenomenon 

s not recent; the presence of these crusts has probably gone unre- 

arked because they have been mistaken for biological coloniza- 
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ion or gypsum-rich black crusts, also common on stone-built her- 

tage [ 6–10 ]. Thus, in contrast to the numerous studies involving 

anganese crusts in natural environments, studies of the pres- 

nce of these crusts on stone monuments are scarce [ 11–15 ]. In 

hese studies, the crusts are described as very thin, hard, rich in 

n and containing other elements such as P, Pb and Zn. In some 

ases [ 14 ], the crusts are described as being randomly distributed 

n the walls, without any apparent relationship with the monu- 

ent structure, run-off of water or the intensity or direction of 

eathering agents (rain, sunlight radiation, wind, etc.); however, 

n most cases the distribution of the crusts is clearly influenced by 

he areas of the walls that are affected by the upward movement 

f water by rising damp. Only one of these studies [ 12 ] attributes 

he origin of the crusts to biogenic processes, and the other four 

tudies attribute the origin to anthropogenic influences. Regarding 

he source of Mn, two different hypotheses have been proposed: 

ne posits an anthropogenic source (fossil fuel burning, industrial 

missions) [ 13 , 14 ] and another proposes the granite used in the 

uildings as the source [ 15 ]. 

In Galicia (NW Spain), where most of the architectural heritage 

s built in granite, manganese crusts have recently been detected 

n numerous religious buildings constructed between the 12th and 

6th centuries and built exclusively with granite. In these build- 

ngs, the crusts affect ashlar walls independently of the geograph- 

cal orientation and the structure (they are found on the cen- 

ral nave, lateral walls and/or apse, as well as on vertical walls 
ss article under the CC BY-NC-ND license 

https://doi.org/10.1016/j.culher.2026.01.006
http://www.ScienceDirect.com
http://www.elsevier.com/locate/culher
http://crossmark.crossref.org/dialog/?doi=10.1016/j.culher.2026.01.006&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:trivas@uvigo.gal
mailto:espinolopezlucia@gmail.com
mailto:ipozo@uvigo.gal
mailto:artegalrestauraciones@gmail.com
https://doi.org/10.1016/j.culher.2026.01.006
http://creativecommons.org/licenses/by-nc-nd/4.0/


T. Rivas, L. Espiño, S. Pozo-Antonio et al. Journal of Cultural Heritage 78 (2026) 21–34

Fig. 1. Appearance of black manganese crusts affecting Romanesque religious buildings in the province of Ourense, Galicia (NW Spain): a) San Salvador de Pazos de Arenteiro; 

b) San Martiño de Cameixa; c); Santo Tomé de Serantes; d) San Julián de Astureses. Source: authors. 
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nd vaulted ceilings, Fig. 1 ); they are also occasionally found on 

culpted pieces adjacent to affected walls. A particular character- 

stic of these crusts is that they usually appear on both the inte- 

ior and exterior parts of the wall; this is an unexpected finding as 

hese buildings usually have double ashlar walls, consisting of two 

ayers of masonry separated by a rubble-filled gap. 

The origin of these black crusts on granite surfaces is not 

nown, and studies aimed at clarifying the origin are required as 

he crusts strongly affect the state of conservation of the buildings 

wing to the negative visual impact of the dark black colouring 

f the stone ( Fig. 1 ). Information about the chemical, mineralogical 

nd micromorphological characteristics of the crusts is also limited. 

xisting studies have only been carried out for diagnostic purposes 

t the request of companies contracted by public authorities re- 

ponsible for protecting the cultural heritage in Galicia (Xunta de 

alicia). The diagnostic reports (unfortunately not openly available 

o the scientific community) merely confirm the Mn rich nature of 

he crusts and rule out the possibility that they are gypsum crusts, 

hich are also common on granite monuments and buildings in 

he NW Iberian Peninsula; these gypsum crusts, unlike those of 

anganese, have been studied in detail [ 16–18 ] and the mecha- 

ism of formation has been established [ 19 ]. 

Establishing effective ways of removing this kind of crusts from 

ultural heritage buildings and monuments is another important 

hallenge. Scientific knowledge about the effectiveness of differ- 

nt methods for cleaning granite rocks in cultural heritage has ad- 

anced greatly in the last decade and today it is known which 

ethods (among those commonly used) are the most suitable (in 

erms of removal and impact on the stone) for removing biological 

atinas, remains of previous treatments (e.g. wax), gypsum crusts 
22
nd graffiti [ 20 ]. However, only one previous study has addressed 

he removal of manganese crusts [ 12 ], but it approaches it with a 

ock very different from granite (laterite), applying a method that 

s not very reproducible in situ (immersion) and without analysing 

he evaluation of the cleaning effectiveness. In the case of the 

ffected Galician granite buildings, the lack of information about 

he nature of these crusts and the degree of interaction with the 

nderlying stone prevents extrapolation of what is known about 

he efficacy of other cleaning methods to other types of crusts 

r patinas. There is therefore an urgent need to establish spe- 

ific cleaning methods aimed at removing manganese crusts from 

ranite. 

. Research aim 

This study addresses the issue of Mn-rich black crusts on his- 

orical granite buildings in Galicia from two perspectives. First, a 

hemical, mineralogical, and micromorphological characterization 

as performed on crusts from the church of San Pedro de Vilanova 

e Dozón, a granite Romanesque monastery built in 1124 and rep- 

esentative of late 12th–13th century architecture in the region. 

his analysis provides the first scientific data on Mn crusts affect- 

ng Galician granite architectural heritage. The second part eval- 

ates the effectiveness of selected methods for removed the Mn- 

ich crust and their impact on the underlying stone. The most used 

leaning methods for granite conservation were tested: microabra- 

ion, laser cleaning, and cellulose poultices with various chemical 

gents. Their performance and effects on the stone were in situ as- 

essed. 
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. Material and methods 

.1. Description of the building under study 

The building selected for study is the San Pedro de Vilanova 

e Dozón Monastery, located in Dozón (province of Ourense, 

2 °35′ 43′′ N 8 °02′ 48′′ O, elevation 740 m, straight line distance from 

he Atlantic ocean, 58 km) in Galicia (NW Spain). The building 

s located in a rural area, characterized by pasture for livestock 

ixed with deciduous trees ( Quercus robur, Castenea sativa and 

etula celtibérica ) and shrubs characteristic of Atlantic European 

orests, as well as pine and eucalyptus crops. According to the 

AO’s agro-ecological zoning, the area where the church is located 

s characterized by a humid subtropical climate with rainy win- 

ers (10 0 0–120 0 mm annual accumulated precipitation) influenced 

y the entrance of low-pressure fronts from the Atlantic Ocean 

from a S-SW direction) [ 21 , 22 ]. The mean annual temperature is

2–13 °C. Following the Köppen–Geiger climate classification sys- 

em, the climate of the region corresponds to Csb warm temper- 

te climate, with dry and cool summers [ 23 ]. The geological sub- 

trate in the area consists of two-mica adamellite granite formed 

y anatexis [ 24 ]. This rock is a light-coloured medium to coarse 

ranite, with hypidiomorphic and equigranular texture, that out- 

rops as an elongated pluton in a north to south direction cov- 

ring an area of 850 km2 . The pluton forms part of the group of

ranites defined by Capdevila et al. [ 25 , 26 ] as granites with alkali

ffinity , formed contemporarily with the last two phases (II and 

II) of Hercynian orogeny and that are predominant in the geo- 

ogical granite substrate in Galicia. Macroscopically, features asso- 

iated with migmatization are distinguished in the rock, i.e. phy- 

onian inclusions (aplites and pegmatites), centimetre accumula- 

ions of melanocratic minerals (sillimanite, tourmaline) and slight 

ineral orientation marked by micas. The stone also shows a vari- 

ble colour, from light to yellowish-brown tones and present flow 

rientations; this textural feature is typical of Galician Hercynian 

ranites [ 27 ] and it is associated with the release of Fe produced

fter the chloritization of the biotite which occurs under the slight 

etamorphism during the last phases of the orogeny [ 28 ]. The 

oils in the area are Umbrisols and Leptosols developed on the pre- 

iously described granite. 

Construction of the church began in the 12th century, and the 

riginal building consisted of a single nave, terminating in a semi- 

ircular apse with large spans and adjoining columns ( Fig. 2 a). It 

s built from granite ashlars, either without mortar or joined with 

hite mortar, although abundant additions of harder grey mor- 

ar (suggesting the use of Portland cement) are observed. Stylis- 

ically, it possesses a great richness of artistic carvings (corbels, 

ornices and oculi) typical of late Romanesque iconography and 

tyle. The building material is a medium grained equigranular two- 

ica granite, slightly oriented, with quartz and ferromagnesian 

eins and of variable colour (light to reddish brown), including 

he typical flow orientations. These macroscopic features coincide 

ith those described for the granite of the geological substrate, 

trongly indicating that the construction material of the church 

s the same material. Moreover, most of the Galician architectural 

eritage is built with these alkaline affinity granites of Hercynian 

ge [ 29 ] (such as those described in the geological substrate and in

he monastery building): the conditions under which these gran- 

tes outcropped led to rocks slightly more porous than commercial 

uality granite and therefore being much easier to carve by hand. 

everal emblematic examples of Romanesque buildings in Galicia 

re constructed with this type of granite, such as the emblem- 

tic cathedrals of Santiago de Compostela [ 30 ], Tui and Ourense 

 31 ]. 

The darkest black crusts were observed inside the church, af- 

ecting the walls of the apse ( Fig. 2 b, 2 c) and reaching a height
23
f between 1,5 and 2,8 m. The black crusts covered the surface of 

ome of the ashlars unevenly, with the darkest black areas found 

losest to the joints ( Fig. 2 d). Black crusts were also observed on 

he outer walls of the apse, reaching the same height as in the in- 

erior but less abundant, more disperse and not as dark-coloured. 

.2. Characterization of the building materials and crusts 

As it was not possible to collect sufficient rock samples from 

he church masonry without causing damage, a survey was con- 

ucted in the surrounding area to identify granite outcrops with 

imilar characteristics to that of the church. Two outcrops of a 

ranite macroscopically similar to that of the church were found, 

hich are currently being exploited to obtain commercial orna- 

ental stone. The rock of these outcrops is included, following the 

artography [ 24 ], in the two mica granite of alkaline affinity group; 

his fact, together with the macroscopic similarity with that of the 

hurch allows us to assume that the granite of the church corre- 

ponds to that of the geological substrate. Access was obtained to 

ne of these quarries and two samples of the stone were obtained: 

 sample of light-coloured stone (GO1) and a sample of reddish- 

rown stone (GO2). 

A sample of white mortar was also obtained from the exterior 

f the church, and which according to the restoration team, ap- 

eared to be original material; the sample was taken from an area 

ot affected by back crust located between two pieces forming the 

ascia of the lateral door. 

Finally, three representative samples of black crusts of approx- 

mately 3 × 3 × 1 mm in size were obtained by micro chisel 

 Fig. 2 c): 

• CN1: black crust on granite, from an ashlar at the back of the 

apse, at a height of 2 m, on the left of the main altarpiece.

Dark black in colour, sometimes appears iridescent, depending 

on the lighting, variable degree of cover and strongly attached 

to the substrate. 
• CN2: black crust on granite, from an ashlar adjacent to the one 

where the previous sample was obtained. Similar in appearance 

to the previous sample and of similar cohesion. 
• CN3: black crust on granite, from the riser of the step separat- 

ing the presbytery from the apse. Similar in appearance to the 

other two samples. 

All of the samples were examined by stereomicroscopy 

SMZ800 NIKON). Subsequently, a fraction was ground to a fine 

owder (less than 50 μm) and analysed by X-ray diffraction (XRD) 

SIEMENS D50 0 0 diffractometer) by the random powder method; 

he analysis was performed using Cu-K radiation with a Ni filter, 

oltage of 45 kV and intensity of 40 mA. The exploration range 

as 3 ° to 60 ° 2 Ɵ and the goniometer speed was 0.05 ° 2 Ɵ s-1 . The

inerals were identified using the X’Pert Highscore software. 

The granite samples from the outcrop were also chemically 

nalysed by X-ray fluorescence (XRF, SIEMENS SRS 30 0 0 spec- 

rophotometer), preparing the samples in pellet form. Also, a thin 

ection of each sample was prepared and studied with a pet- 

ographic microscope (PM) ZEISS Axioscope with an Axiocam 12 

amera in order to petrographically characterize the stone. 

The black crust and mortar samples were examined by opti- 

al microscopy (OM) (ZEISS Axioscope 5/7KMAT) and by scanning 

lectron microscopy (SEM) (JEOL FEM 6010) with energy disper- 

ive X-ray spectrometry (EDS), studying the surface of the sam- 

les and also cross sections; the cross sections were embedded 

n epoxy resin, cut and polished before analysis. For SEM study, 

amples were coated with carbon and secondary and backscattered 

lectron detectors (SE and BSE respectively) were used. 
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Fig. 2. A) The Church of San Pedro de Vilanova de Dozón, viewed from the apse. B) appearance of the inner wall of the apse, affected by black crusts. C) detailed view of 

the wall, indicating the points where samples of black crusts were collected and the location of the ashlar selected for testing the different cleaning treatments; D) detail 

of different ashlars affected by black crusts, which are particularly dense in areas close to the joints. E and F) detail of ashlar selected for cleaning treatments, with the test 

areas outlined in white. 
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The black crust samples were also analysed by Raman spec- 

roscopy using a i-Raman Prime spectrometer (Metrohm) that em- 

loys a 1064 nm laser as the source of excitation energy and a high

uantum efficiency CCD detector with deep cooling (−25 °C) and a 

igh dynamic range. Three spectra were obtained in each sample, 

y varying the laser power (between 10 and 30 % of the equip- 

ent’s maximum power, which is 340 mW) and integration time 

between 500 and 2000 ms). The Raman bands were identified on 

he basis of previous reports in the scientific literature. 
24
.3. Evaluation of the efficacy of the in situ cleaning treatments 

This part of the study corresponds to scientific support pro- 

ided to the restoration company responsible for cleaning the in- 

erior walls of the church affected by Mn-black crust. The com- 

any wanted to assess the effectiveness of a mechanical method 

microabrasion), a physical method (laser), and different chemical 

ormulations to remove black manganese crust. The scientific sup- 

ort consisted of 1) advice on the most appropriate characteristics 
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hat the microabrasion and laser equipment should have, consider- 

ng the composition and micro-morphology of the crust to be re- 

oved; the selection of these two devices was made by the com- 

any based to the scientific advise but the final selection criterion 

as largely determined by the availability of equipment on the 

arket and the company’s budget for the intervention; 2) the se- 

ection of five most suitable chemical cleaning formulations; and 3) 

he evaluation of a preliminary cleaning effectiveness in small, se- 

ected areas, with the aim of identifying the method that achieves 

he greatest crust removal and least damage to the granite sub- 

trate. 

The preliminary cleaning effectiveness evaluation was per- 

ormed on an ashlar uniformly affected by black crust, located on 

he left-hand side of the apse, at a height of 164 cm from the 

evel of the bench surrounding the apse, was selected for the tests. 

even test areas, each of 4 cm x 4 cm, were delimited on the ashlar

 Fig. 2 c, e and f). 

The following cleaning methods were selected: 

• M1: Cleaning with a portable laser (ArtLaser, https: 

//shop- espana.ctseurope.com/830- art- laser ), provided by CTS 

España ( https://shop-espana.ctseurope.com/ ). According to 

the information provided by the company, it is a Q-Switch 

Nd:YAG laser, which emits at a wavelength of 1064 nm with 

a pulse duration of 10 ns. The spot size can be adjusted from 

1 to 12 mm and the frequency and energy can be regulated 

at maximum levels of respectively 30 Hz and 350 mJ. The 

cleaning was carried out by applying a single sweep, setting 

the pulse energy to 250 mJ and the pulse frequency on 30 Hz, 

and working at a distance of 60 cm from the gun nozzle to 

the Stone surface. Under these conditions, the spot diameter 

corresponded to 5 mm and the working fluence to 1.27 J/cm ². 
Q-switched laser equipment emitting at 1064 nm is a well- 

studied tool whose effectiveness in the cleaning of cultural 

heritage materials has been extensively demonstrated in the 

literature, especially since the 1064 nm wavelength is highly 

absorbed by various dark deposits like gypsum black crusts and 

biological patina growths (e.g. algae, fungi). Also, this type of 

lasers emits very short pulses (in nanosecond domain), which 

allows for precise ablation of unwanted surface layers without 

significantly heating or damaging the underlying stone [ 32 , 33 ]. 
• M2: Microabrasion. A mechanical method consisting of pro- 

jecting compressed air with aluminium oxide particles as an 

abrasive. A microabrasivemeter device (model CTS-1) with a 

compressed air supply, a pressure gauge, a pressure regulator 

and a 0.7 mm diameter carbide nozzle were used. 180 mesh 

aluminium oxide microspheres were used as abrasive and the 

cleaning was carried out at a regulated pressure of 2 bar and 

under dry conditions, without applying moisture to the stone 

substrate. 
• Five chemical methods, based on the use of wet carboxymethyl- 

cellulose poultices prepared with different chemical agents. The 

following chemical agents were tested: 
• M3a: Aqua regia (HCl and HNO3 at a ratio of 3:1), 5 %, pH 

1.3. Chosen as it is an acidic mixture commonly used to dis- 

solve metals. 
• M3b: disodium EDTA, pH 4.5. Chosen as it is commonly 

used in the conservation-restoration field. 
• For the three remaining methods, M3c, M3d and M3e, three 

weak acids with reducing capacity were chosen. These acids 

have been used in mining research for leaching manganese 

nodules [ 34 ] and in other applications requiring reducing 

agents [ 35 ]. The underlying hypothesis is that the Mn in the 

crusts will be present in the highest oxidation state, Mn IV, 

which is the most stable form in oxic environments. According 

to the Pourboix diagram for Mn, the stable form of Mn (IV) can 
25
be converted to the unstable, soluble form in acidic, reducing 

environments. Thus, these three acidic agents (with low redox 

potential) should cause transformation of the Mn contained in 

the crust from the IV oxidation state (MnO2 ) to the II oxida- 

tion state, thus favouring its mobilization and removal via car- 

boxymethylcellulose. The following acids were used: 
• M3c: Oxalic acid, evaluated in a previous study [ 12 ], used as 

a saturated solution (9.6 g/100 mL) and at 0.1 M. 
• M3d: Gallic acid. A weak acid (pH 2.1) containing polyalco- 

holic radicals that confer reducing properties. It was applied 

at 2 %. 
• M3e: Formic acid. This weak acid (pH 1.2) was applied at 

6 %. 

The five chemical products were each mixed with car- 

boxymethylcellulose to produce a thick paste that could be 

applied to vertical walls without risk of runoff. After con- 

ducting preliminary (exploratory) tests on an adjacent ash- 

lar, the poultices were left in place for 3 h preventing the 

material drying out. The poultices were then removed with 

the aid of a spatula and the area was neutralised by rinsing 

with distilled water. 

Four non-destructive in situ evaluation methods were applied to 

he test areas before the cleaning and one week after the cleaning; 

lso, they were applied in areas of granite affected by black crust 

nd unaffected granite (considered reference areas). The methods 

re the following: 

a) Portable microscopy. The surfaces were visualized using a 

portable DinoLitte microscope to evaluate the presence of crust 

remains and their distribution among the rock minerals as well 

as textural changes caused by the methods. 

b) Colour spectrophotometry. After removal of the black crust, the 

original colour of the stone should be restored, as far as possi- 

ble. Thus, one way of evaluating the efficacy of cleaning meth- 

ods is to determine the colour change on the cleaned surface. 

The colour change was evaluated by colour spectrophotometry 

(Minolta CM-700d spectrophotometer) in specular component 

excluded (SCE) mode. The measurements were made in spot di- 

ameter area of 3 mm, with illuminant D65 and observer angle 

of 10 ° Eight colour measurements were made in each 4 cm x 4 

cm test area, in an area of the ashlar not affected by the black 

crusts and also in an area affected by the crust; given that gran- 

ite is a texturally heterogeneous rock, the number of eight mea- 

surements collected was established as proposed by [ 36 ], with 

the aim of ensuring reliable colour characterization. The colour 

was characterized according to [ 37 ] in the CIELab and CIELCh 

colour spaces, measuring the following coordinates: L∗, which 

represents the lightness and varies between 0 (black) and 100 

(white), a∗ (with positive values for red and negative values for 

green) and b∗ (with positive values for yellow and negative for 

blue). Also, C∗
ab , or chroma, which expresses the purity or in- 

tensity of the colour, and h, the hue angle, which expresses 

the hue or shade of the colour, were calculated. The efficacy of 

the cleaning methods was determined by calculating the differ- 

ences between the values of these parameters ( �L∗, �a∗, �b∗

�C∗
ab and �H∗) before and after the cleaning, considering the 

reference colour 1) the data of the unaffected granite, which 

allows to evaluate the degree of recovery of the original colour 

of the rock, and 2) the data of the black crust, which allows 

to evaluate the degree of removal of the crust. The �E∗
ab pa- 

rameter, or colour difference, was also calculated to indicate the 

overall colour change relative to the reference colour. 

c) Laser Induced Breakdown Spectroscopy (LIBS) (SciAps HH-LIBS, 

model Z903) was used to analyse the chemical composition of 

the surfaces. The equipment consists of a high energy laser 

https://shop-espana.ctseurope.com/830-art-laser
https://shop-espana.ctseurope.com/
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Table 1 

Chemical elemental composition (expressed in % of element oxide) of the two sam- 

ples from the granite outcrop obtained by XRF. 

Element GO 1 GO2 Element GO 1 GO2 

SiO2 66.14 69.94 Rb2 O 0.042 0.037 

Al2 O3 18.7 16.8 ZrO2 0.018 0.022 

K2 O 6.99 5.98 MnO 0.018 0.015 

Na2 O 3.8 3.77 SrO 0.016 0.014 

Fe2 O3 1.58 1.29 ZnO 0.011 0.0010 

CaO 0.959 0.821 Cl 0.01 0.015 

P2 O5 0.76 0.64 SO3 0.0041 0.0064 

MgO 0.52 0.35 Ga2 O3 0.0033 0.0032 

TiO2 0.344 0.251 NiO 0.0027 0.0022 

BaO 0.065 0.048 CuO 0.0017 0.0021 
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emission source at 1064 nm, 3–6 mJ/pulse and 50 Hz repeti- 

tion rate, effective measurement area of 0.1 to 2 mm and a 

analytical spectral wavelength range of 190 to 950 nm with a 

gas (argon) purging system. Three LIBS spectra were obtained 

for each surface considered (black crust, granite without crust 

and cleaning test areas) selecting 6 mJ/pulse and 1 mm effec- 

tive measurement area. The equipment functions with basic in- 

ternal calibration (GEOTECH) but was not calibrated using ex- 

ternal standards, and the results obtained are therefore semi- 

quantitative. Thus, a cleaning method was considered effective 

if the Mn concentration on the surface of the cleaned stone was 

lower than the concentration in the black crust and similar to 

the concentration measured in the unaffected granite. 

Using data for the major chemical elements Al, Si, Ca, Mn, Fe, 

Na, Mg, and K, a one-way ANOVA was performed to detect sta- 

tistically significant differences among areas cleaned with dif- 

ferent methods, the area with crust and the unaffected granite. 

One-way ANOVA allows to determine whether the means of a 

numerical variable (in this case, each chemical element) differ 

significantly across several groups defined by a single categor- 

ical variable (the factor, in this case, each study area). It par- 

titions total variability into between-group variance (explained 

by the factor) and within-group variance (random error) and 

compares them using Fisher’s F-distribution. If the between- 

group variance is much greater than the within-group variance, 

it is concluded that the factor has a significant effect on the 

mean of the dependent variable, leading to rejection of the null 

hypothesis that all means are equal. When the ANOVA indi- 

cated significant differences, Tukey’s HSD post hoc test was ap- 

plied to control the experiment-wise Type I error rate and to 

identify which pairs of group means differed, using multiple 

comparisons based on the studentized range distribution. More 

information on these methods is available in basic academic lit- 

erature [ 38 ]. 

d) Raman spectroscopy, using the equipment described above. At 

least three spectra were measured in each test area before and 

after cleaning, varying the laser power (between 10 and 30 % of 

the maximum power) and integration time (between 500 and 

20 0 0 ms). Likewise, spectra were also measured in the part of 

the ashlar not affected by black crust. 

. Results 

.1. Characterization of building materials and crusts 

The results of the XRD analysis confirmed that the stone from 

he granite outcrop contains quartz, mica, sodium plagioclase (al- 

ite) and potassium feldspar as main minerals. Thin-section anal- 

sis further confirmed this composition, identifying quartz (26 %), 

otassium feldspar (microcline) (16 %), sodium plagioclase (albite) 

30 %), muscovite (12 %) and biotite (5 %) as the main minerals, and

patite, zircon and opaque minerals (ilmenite) as accessory miner- 

ls. Examination of the samples in the petrographic microscope re- 

ealed that quartz appeared allotriomorphic crystals of 3–0.6 mm 

n size, with pressure shadows and undulatory extinction, and also 

s recrystallised quartz in intergrain positions. The plagioclase (al- 

ite) was observed in idio-subidiomorphic phenocrysts ( < 3 mm in 

ize) with polysynthetic twinning and scarce alteration processes 

o sericite. The potassium feldspar is microcline and is observed 

s subidiomorphic crystals with cross-hatched twining and Carls- 

ad twinning; myrmekites and perthites are common textural fea- 

ures in this rock. The micaceous minerals (muscovite and biotite) 

ppeared in large crystals (up to 2.25 mm) and also as microinclu- 

ions (0.13 mm) in the feldspars. The biotite is observed as lamellar 

rystals with typical reddish-brown pleochroism and in aggregates 

ubordinate to the muscovite crystals. Locally, chlorite alterations 
26
re identified but without formation of independent sections. As 

ccessory minerals, apatite ( < 0.15 mm) is found associated with 

uscovite, zircon ( < 0,06 mm) is observed as inclusions in biotite 

showing marked pleochroic halos) and ilmenite occasionally ap- 

ears dispersed, filling some fissures. 

The chemical composition of the stone samples from the out- 

rop, obtained by XRF, is shown in Table 1 . The main elements 

re Si, Al, K and Na, consistent with the modal composition; Na 

s present in greater amounts than Ca, confirming the albite char- 

cter of the plagioclases. The Fe content differed only slightly be- 

ween samples, so the reddish-brown coloration may therefore be 

ssociated with a higher degree of dehydration and oxidation of 

he Fe (which usually confers reddish coloration) rather than with 

 higher Fe content. The P, present in proportions less than 1 %, 

ndicates the presence of apatite. Note the very low content of Mn 

0.015–0.018 %). 

Regarding joint mortar sample, X-ray diffraction identifies as 

ain components calcite, quartz, feldspars and micas. Observation 

y stereomicroscopy revealed that the aggregate phase is com- 

osed of heterometric (1800 μm-30 μm) silicate grains with an- 

ular edges, indicating that they come from a crushing aggregate. 

he cement matrix is cream-coloured and shows good adhesion to 

he aggregate. The nature of the aggregate and its texture were 

onfirmed by SEM analysis: grains of quartz, potassium feldspar, 

odium plagioclase, biotite and muscovite were identified. SEM 

lso revealed the existence of a microporosity, unnoticed under 

tereomicroscopy, which is formed by pores of irregular shapes, 

solated and smaller than 50 μm. The cementing phase is mainly 

omposed of Ca, C and O, showing an atomic % ratio similar to 

hat of calcium carbonate, with smaller quantities of Si and Al; no 

n was detected. The SEM analysis confirms the presence of Port- 

and cement phases: some are rich in Si and Al corresponding to 

he hydrated phases; others are rich in Al and Ca and corresponds 

o the non-hydrated calcium aluminate phases of clinker. 

In black crust samples (CN1, CN2 and CN3), quartz, potas- 

ium feldspar, sodium plagioclase and micas are detected by X-ray 

iffraction; no Mn-rich mineral phases were detected; therefore, 

f present they will be below the limit of detection of this tech- 

ique or correspond to low crystallinity phases. Analysis by Raman 

pectroscopy confirmed the presence of Mn in the crust by means 

 series of peaks at 591, 631, 644, 740 and 770 cm-1 ( Fig. 3a ),

hich are typical of pyrolusite- and hausmannite-type Mn (IV)-O 

 39 , 40 ]. 

Stereomicroscopy observation of the surface of samples CN1, 

N2 and CN3 confirmed the existence of a very fine deposit, of 

rownish black colour, on the granite. Under SEM, this thin layer 

s seen to be unevenly distributed ( Fig. 4 b); thus, in some areas

he deposit is smooth, softened and continuous, while in others it 

as a granular texture. The EDS analysis showed that the deposit 

s rich in Al and Si (main elements) with notable quantities of Ca, 

n and Cl; eventually, crystals rich in S and Ca were detected in 
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Fig. 3a. Raman spectra of the black crust, the unaffected granite (ref) and of the areas cleaned by laser and microabrasion. The peaks typical of silicates (blue) and Mn 

(IV)-O (red) are shown. 
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ample CN3 (from the stairway in the apse). Examination of the 

ross section by SEM ( Fig. 4 c and d) confirmed 1) the scarce thick-

ess of the crust (5–10 μm), 2) the presence of Al and Si, as major

lements, with smaller amounts of Na, K and Mn; 3) the existence 

f S and Ba rich grains, probably forming barium sulphate and 4) 

he net limit between the crust and the stone beneath, suggesting 

ore likely that the crust was produced by precipitation on the 

urface and not by weathering of the surface layer of the rock. 

.2. Evaluation of the efficacy of the in situ cleaning treatments 

The micrographs of the black crusts before and after cleaning 

y the different methods are shown in Fig. 5 , which also includes 

icrographs of the surface of the reference granite, not affected by 

lack crust. These micrographs firstly confirmed the contrast be- 

ween the dark black appearance of the crust and the unaffected 

ranite. 

Regarding the cleaned areas, it is observed that M1-laser 

ethod was quite effective; however, it did not achieve complete 
27
emoval of the crust (remains are visible) and also caused a notice- 

ble increase in microroughness, which suggests that the laser has 

aused the breakage and detachment of mineral grains. Method 

2-microabrasion also did not completely remove the crust, al- 

hough it appeared to be more effective than the laser-based 

ethod M1; M2 also caused a slight increase in the microrough- 

ess of the stone surface. 

The following results were obtained for the chemical methods: 

) the complete ineffectiveness of method M3a-aqua regia: there 

as no evident difference in the appearance of the crust before 

nd after application of this product; 2) methods M3b (EDTA), M3d 

gallic acid) and M3e (formic acid) did not completely remove the 

rust. Of the three agents, gallic acid was slightly more effective, 

s some clean mineral grains were observed after application, with 

ome remains of the crust observed in holes on the stone surface; 

) method M3c (oxalic acid) was very effective. The application of 

 saturated solution of oxalic acid enabled complete removal of 

he crust without any apparent changes in the texture or colour 

f the stone. Treatment with 0.1 M oxalic acid was less effective, 
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Fig. 3b. Raman spectra of the black crust, the unaffected granite (ref) and of the areas cleaned with the chemical formulations. The peaks typical of silicates (blue) and Mn 

(IV)-O (red) are shown. 

28
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Fig. 4. a) appearance of the CN1 sample under stereomicroscopy; b) SEM micrograph of the surface of CN1 sample, with EDS spectrum in which Si, Al and Mn were 

identified; c and d) cross sections of CN1 and CN3 samples, showing the scarce thickness of the crust, the presence of Mn and also the presence of S and Ba in CN3. 
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s very small remains of crust were observed across the stone sur- 

ace. Nonetheless, the dilute solution of this acid was more effec- 

ive than the gallic acid. 

In summary, evaluation of the different cleaning methods based 

n the microscopic appearance of the stone surface ranked the ef- 

cacy in the following order: saturated solution of oxalic acid > 

.1 M oxalic acid > laser > microabrasion > gallic acid > formic acid 

 EDTA > aqua regia. 

The results of the evaluation of the efficacy of the cleaning 

reatments based on the colour differences expressed in the CIELab 

nd CIELCh colour spaces are shown in Table 2 . The �L∗, �a∗, �b∗,

C∗
ab , �H∗ and �E∗

ab were calculated relative to two different 

eference colours: 1) the colour of the black crust, with higher val- 

es indicating greater levels of removal of the crust; 2) the colour 

f the unaffected granite, which enabled evaluation of the similar- 

ty between the colour of the clean surfaces and the original colour 

f the granite, with smaller values indicating greater similarity and 

hus higher efficacy of the treatment. 

Considering the colour of the black crust as the reference 

olour, the efficacy of the cleaning methods was ranked in de- 

reasing order, as follows: saturated oxalic acid > 0.1 M oxalic 

cid > microabrasion > laser > gallic acid > formic acid = EDTA 

 aqua regia. Treatment with aqua regia scarcely generated any 
29
olour change, indicating the inability of this solution to remove 

he black crust. By contrast, the most effective methods (saturated 

xalic acid and microabrasion) generated the highest �E∗
ab . The 

olorimetric parameter that underwent the greatest change after 

he cleaning treatments was L∗, indicating disappearance of the 

lack crust. 

Considering the colour of the unaffected granite as the refer- 

nce colour, the efficacy of the cleaning methods was ranked de- 

reasing order, as follows: saturated solution of oxalic acid > 0.1 M 

xalic acid > microabrasion > laser > formic acid > gallic acid > 

DTA > aqua regia. 

Thus, it can be seen that the order of efficacy of the clean- 

ng methods determined using the different criteria was similar, at 

east for the first four most effective methods. 

The L∗ and C∗
ab scatter plot of all the areas considered is shown 

n Fig. 6 . The colour of the black crust was categorised as very 

ark black, whereas the colour of the granite was very light, with 

uch higher L∗ and C∗
ab values. The effectiveness of the clean- 

ng method will be greater the further the colour measurement 

s from the colour of the crust and the closer it is to the colour

f the reference granite. For the areas cleaned by the methods us- 

ng saturated oxalic acid and microabrasion (the two most effective 

ethods according to the results reported above) the values of L∗
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Fig. 5. Photomicrographs of the surface of the unaffected granite (reference granite), of the black crust and of the areas treated with the different cleaning methods: M1: 

laser; M2: microabrasion; M3a: aqua regia; M3b: sodium EDTA; M3c: oxalic acid (saturated solution); M3d: gallic acid and M3e: formic acid. 

Table 2 

�L∗ , �a∗ , �b∗ , �C∗
ab , �H∗ and �E∗

ab calculated relative to the colour of the black crust and 

that of the unaffected granite. 

�L∗ �a∗ �b∗ �C∗
ab �H∗ �E∗

ab 

Differences relative to black crust 

M1-Laser 9.0 2.8 14.5 13.5 −6.8 17.3 

M2-Microabrasion 20.8 1.4 6.4 6.2 2.6 21.8 

M3a-Aqua regia 0.8 1.2 2.8 2.2 −4.0 3.2 

M3b-EDTA 4.1 2.7 12.7 12.0 −4.9 13.5 

M3c-Oxalic acid (saturated solution) 26.3 2.8 10.1 9.5 −7.4 28.4 

M3c-Oxalic acid (0.1 M solution) 20.8 1.8 9.6 8.7 −5.3 23.0 

M3d-Gallic acid 10.2 2.5 9.3 9.0 −6.3 14.0 

M3e-Formic acid 10.3 2.3 8.4 8.1 −0.1 13.5 

Differences relative to the unaffected granite 

M1-Laser −12.9 −0.6 −2.2 −2.3 −0.1 13.1 

M2-Microabrasion −0.3 −0.9 −7.4 −7.3 −1.5 7.5 

M3a-Aqua regia 21.1 2.3 13.9 13.6 4.3 25.3 

M3b-EDTA −20.0 −0.4 −3.0 −3.0 −0.5 20.2 

M3c-Oxalic acid (saturated solution) 0.9 −0.4 −6.0 −5.8 −1.5 6.1 

M3c-Oxalic acid (0.1 M solution) −3.2 −1.3 −6.3 −6.4 −0.7 7.2 

M3d-Gallic acid −16.1 −0.7 −6.2 −6.1 −1.1 17.3 

M3e-Formic acid −15.5 −0.7 −7.2 −7.0 −1.8 17.1 
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ere highest and furthest from those of the black crust, indicating 

reater removal of the crust. Regarding the C∗
ab values, both meth- 

ds yielded values within those obtained for the reference granite, 

hich are very variable as granite is a polymineral stone. 

Scatter plots of the a∗ and b∗ values for all the areas consid- 

red are also shown in Fig. 6 . This graph includes two parame- 

ers: the hue (in this case the balance between red and yellow) 

nd the chroma (purity or saturation of the colour, with higher 

alues indicating higher purity). The values obtained for the crust 

re located on the extreme lower left, with the lowest values of 

ach coordinate. The colour of the reference granite is located at 

he other extreme, with high a∗ and b∗ values and the hue cor- 

esponding to yellowish brown. In this graph, it can be seen that 

he values for the most effective cleaning methods (oxalic acid and 

icroabrasion) fall within the area defined by the values of the 

riginal colour of the granite; the values for the other methods, 

xcept those with aqua regia and formic acid, are close to those of 

he reference granite, indicating that minimal removal of crust is 
30
ufficient for the stone to acquire higher chroma and move away 

rom the neutral colour of the crust. 

The scatter plots indicate that the colour of the black crust is 

omogeneous (very little variation between the values), whereas 

he colour of the surface after the cleaning treatments is much 

ore variable. The high dispersion of values can be attributed to 1) 

he polymineral nature of the stone, which contains light (quartz, 

eldspars) and dark (biotite) grains and also whiter or even trans- 

arent (quartz) and brown (feldspar) grains and 2) remains of the 

lack crust adhering to the surface after cleaning. Thus, the high 

ispersion of the L∗ - C∗
ab values observed after cleaning with ox- 

lic acid and microabrasion reflects the greater efficacy of these 

ethods in removing the crust. 

The percentage of the main chemical elements obtained with 

IBS (relative values of the elemental composition) in the black 

rust, the unaffected granite and the cleaned areas are shown in 

able 3 . Also, this table presents the Tukey’s post-hoc test results 

see Material and methods section), which are expressed using let- 
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Fig. 6. A) L∗ - C∗
ab scatter plot of the black crust, the reference granite and test areas of stone cleaned by each of the different methods; B) a∗ - b∗ scatter plot of the same 

samples. 
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Na. 
ers ( a, b, c , etc.) placed above each mean, to provide a com-

act visual display of pairwise comparisons; so, for each chem- 

cal element, areas whose means were not significantly different 

 p ≥ 0.05) share the same letter, whereas areas whose means dif- 

ered significantly ( p < 0.05) are assigned different letters. 
31
One-way ANOVA and Tukey’s post-hoc test confirmed that there 

ere no statistically significant differences ( p > 0.05) regarding Si, 

l, Fe, K and Mg content in the different measurement areas, but 

here were statistically significant differences regarding Mn, Ca and 
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Table 3 

Elemental composition (means, n = 3, and standard deviations) of the black crust, the unaffected granite and the cleaned areas, determined by LIBS 

(relative values, %); the concentrations of the main elements are shown. For each chemical element, means with the same superscript letter do not 

differ significantly according to the post hoc Tukey test ( p < 0.05). 

Al Si Ca Mn Fe Na Mg K 

Crust 7.4 ± 1.3 a 5.5 ± 1.9 a 32.5 ± 3.6 a 9.1 ± 2.4 a 1.4 ± 0.8 a 9.0 ± 2.3 a 3.4 ± 0.9 a 4.1 ± 1.4 a 

Unaffected granite 10.0 ± 2.2 a 7.4 ± 1.6 a 31.9 ± 4.0 a 0.7 ± 1 b 1.6 ± 0.9 a 10.4 ± 3.1 a 3.8 ± 0.8 a 4.3 ± 2.2 a 

M1-laser 8.1 ± 1.2 a 7.1 ± 1.1 a 30.4 ± 8.7 a 7.2 ± 1.5 a 3.9 ± 5.2 a 9.0 ± 3.8 a 5.5 ± 4.2 a 3.7 ± 1.5 a 

M2-microab. 9.0 ± 3.8 a 9.4 ± 3.0 a 32.1 ± 2.4 a 2.8 ± 2.5 b 1.7 ± 2.5 a 12.2 ± 2.8 b 3.6 ± 1.8 a 5.6 ± 2.9 a 

M3a-aqua regia 6.5 ± 2.3 a 3.6 ± 0.5 a 31.1 ± 1.2 a 7.4 ± 0.4 a 1.4 ± 0.6 a 6.3 ± 2.4 a 3.6 ± 0.7 a 5.4 ± 1.8 a 

M3b-EDTA 8.6 ± 2.4 a 6.9 ± 1.9 a 26.4 ± 3.5 a 8.0 ± 2.0 a 1.7 ± 1.1 a 13.9 ± 1.4 b 3.8 ± 1.4 a 3.8 ± 0.6 a 

M3c-oxalic sat. 8.5 ± 0.3 a 7.3 ± 1.3 a 43.6 ± 7.0 b 1.7 ± 0.4 b 1.8 ± 1.5 a 13.5 ± 2.0 a 3.7 ± 2.0 a 4.3 ± 2.1 a 

M3c-oxalic 0.1M 7.6 ± 0.9 a 6.0 ± 0.9 a 39.5 ± 3.2 b 3.1 ± 0.2 b 3.2 ± 1.1 a 10.9 ± 1.7 a 5.7 ± 0.7 a 3.5 ± 0.5 a 

M3d-gallic 10.8 ± 2.8 a 6.8 ± 0 a 37.5 ± 4.5 a 3.8 ± 1.3 b 1.4 ± 0.5 a 14.7 ± 1.1 b 3.3 ± 0.5 a 2.5 ± 0.7 a 

M3e-formic 9.2 ± 1.5 a 8.5 ± 1.0 a 28.3 ± 4.1 a 6.8 ± 2.8 a 1.7 ± 0.7 a 14.6 ± 3.5 b 4.1 ± 0.5 a 4.4 ± 1.2 a 
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Regarding Mn content, Tukey test denotes statistically significant 

ifferences ( p < 0.05) among the black crust and the unaffected 

ranite, the oxalic acid cleaned area (M3c), the gallic acid (M3d) 

leaned area and the area cleaned by microabrasion (M2). Indeed, 

he average Mn content in the black crust was around 9 % in con- 

rast to much lower values in the unaffected area (0.7 %), in the 

rea cleaned with the saturated solution of oxalic acid (1.7 %) and 

n the areas cleaned with 0.1 M oxalic acid, gallic acid and by mi- 

roabrasion (around 3 %). Tukey test would also confirm a lower ef- 

cacy of laser (M1), aqua regia (M3a), EDTA (M3b) and formic acid 

M3e) since no statistically significant differences were detected 

mong the means of the Mn content after cleaning with these four 

ethods and the Mn mean of the crust; indeed, the content of Mn 

n these areas are the most similar to those corresponding to the 

rust, reinforcing the limited effectiveness of these methods. 

In addition, Tukey test shows that the means of Na content after 

leaning with M2-microabrasion, M3b-EDTA, M3d-gallic acid and 

3e-formic acid differ significantly ( p < 0.05) from the means of 

a content for the remaining areas ( Table 3 ). This finding may in-

icate that Na contamination has occurred after these cleaning in- 

erventions. In the treatment with EDTA (M3b) this is not surpris- 

ng as EDTA is a sodium salt. In the areas treated with gallic acid 

M3d) and formic acid (M3e), the presence of Na may be due to 

mpurities associated with the chemical processes involved in pro- 

ucing both agents. Nonetheless, the difference, although signifi- 

ant, involved very low percentages of Na. On the other hand, the 

ineralogical composition of the stone also strongly influences the 

esults. Thus, the Na content of the test area cleaned by microabra- 

ion was very similar to that of the area cleaned with EDTA; given 

hat microabrasion is a mechanical cleaning method, the presence 

f more Na in the test area than in the unaffected granite can 

nly be explained because the LIBS measurements were made in 

n area of the granite surface with a higher proportion of sodium 

lagioclase. 

Finally, ANOVA-Tukey test denotes statistically significant differ- 

nces in the average Ca content in the areas cleaned with oxalic 

cid comparatively to the rest of the areas; this may indicate the 

ossible calcium oxalate precipitation after the application of this 

hemical method. 

The most representative Raman spectra of the unaffected gran- 

te and the areas cleaned by the different methods are shown in 

ig. 3a and b ; these figures also include the Raman spectrum of 

he black crust corresponding to sample CN1. In the spectrum of 

he unaffected granite, bands typical of the Si-O functional group 

 41 , 42 ] were detected, corresponding to the different silicates of 

he granite: 127, 279, 202, 285 and 475 cm-1 . No bands repre- 

enting the Si-O group were detected in the spectra of the black 

rust, but a series of peak at 591, 631, 644, 740 and 770 cm-1 

ere observed, and which can be attributed to pyrolusite and 

ausmannite-type Mn (IV) oxides [ 39 , 40 ]. 
32
In the Raman spectra of the area cleaned with saturated ox- 

lic acid, typical peaks of silicates, but not of the Mn(IV)-O func- 

ional group were detected, indicating that this method was effec- 

ive. The Raman spectra of the areas cleaned by laser and by mi- 

roabrasion included the peak attributed to the Mn(IV)-O group, 

.e. the band at longest wavelength (771 cm-1 ), indicating a lower 

ffectiveness than that achieved by oxalic acid. In the spectra 

f the areas cleaned with the other chemicals, the fluorescence 

bserved, which complicates the identification of peaks, requires 

hese results to be considered with caution, although the identi- 

cation of the Mn(IV)-O peaks in the M3a-aqua regia spectra is 

lear. 

No peaks that could be assigned to Na-rich compounds that 

ould explain the slightly higher contents of this element detected 

y LIBS in the areas treated with gallic acid, formic acid and EDTA 

ere detected by Raman spectroscopy. The typical peaks associ- 

ted with calcium oxalate were also not detected in the areas 

leaned with oxalic acid. 

. Discussion and conclusions 

The characterization of the samples collected from the build- 

ng confirmed that the black crust did not correspond to a gyp- 

um black crust, a type of alteration form that is very common in 

ranites in old buildings and has a similar appearance. The crust 

tudied here is also an inorganic crust but is rich in Si, Al and 

ith a high and unexpected content of Mn. The presence of trace 

mounts of S and Ba (probably forming BaSO4 ) was also detected. 

he presence of Mn, S and Ba suggest that the crust was not pro- 

uced by weathering of the stone. The granite of this monastery, 

hich is most likely the one that outcrops in the vicinity, and 

hich has been characterized chemically and petrographically, did 

ot contain enough Mn to generate such a crust nor S and Ba. Fur- 

hermore, as the granite contains these chemical elements in trace 

mounts, intense weathering (by the action of water) of a large 

olume of rock beneath the crust would be necessary for the Mn 

o be released in soluble form for subsequent precipitate. There is 

o evidence that weathering processes related to water action have 

ccurred in the granite ashlars of this church: the black crust is the 

nly severe deterioration form observed except for biological colo- 

ization on the outside and occasional losses of relief due to sand 

isaggregation. On the other hand, it is known that weathering of 

ranite, which occurs via hydrolysis, does not progress at the same 

ate in buildings and in nature, as there is much less contact with 

ater in buildings and the dynamics of the process are very differ- 

nt from those in natural environments; thus, scientific literature 

onfirms that the main deterioration forms of granite in buildings 

sand disaggregation, surface detachments) are not caused by hy- 

rolysis processes but due to crystallization-dissolution of soluble 

alts [ 43 ], thermal shock [ 44 ] and/or thermal stress [ 45 ], playing
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n important role in this physical processes the inherited alteration 

eatures of the granites [ 46 , 47 ]. 

One possible hypothesis regarding how the black crust is 

ormed involves mobilization of the soluble form of Mn (Mn II) 

rom a source under acid environment, in accordance with the pH- 

h stability diagram. The soluble Mn (Mn II) would be mobilized 

o another environment in which the pH increases to above 8, 

hus favouring precipitation of the unstable oxidised phase of Mn 

Mn IV) in the form of the typical black concretions. The stone it- 

elf can be ruled out as a possible source of Mn, at least in these

alician Romanesque buildings affected by this pathology because 

hese buildings are constructed with Hercynian granites that do 

ot contain Mn-rich accessory minerals. The subsoil and founda- 

ions of the churches can also be ruled out as sources of the Mn, 

s the crusts also appear in vaulted ceilings at heights that would 

ot be reached by capillary movement from the soil; also, in the 

resent case, the joint mortar can also be ruled out as the source 

f Mn as this element was not detected in the samples analysed. 

hus, the most likely hypothesis is that the Mn originates from old 

leaning treatments or from the remains of previous coatings. This 

ypothesis is supported by the presence of S and Ba, chemical ele- 

ents not associated with the geochemistry of the Hercynian gran- 

tes described but sometime present in conservation treatments 

eagents or formulations. It is also important to identify the fac- 

ors determining the precipitation of Mn in the black, oxidised (Mn 

V) form; the alkaline environment characterizing the ashlar joints 

lime mortar and/or Portland cement) and the remains of histor- 

cal lime coatings may favour the precipitation of soluble Mn. All 

hese questions must be addressed in future studies that would 

lso provide interesting historical and archaeological information 

bout these buildings. 

The efficacy of seven different cleaning methods were evalu- 

ted by means of four non-destructive, in situ analytical meth- 

ds: optical microscopy, colour spectrophotometry, LIBS and Ra- 

an spectroscopy. The results of these evaluation techniques co- 

ncide regarding identification of the most effective method of re- 

oving the crust, i.e. a saturated solution of oxalic acid densified 

ith carboxymethylcellulose. This method completely removed the 

lack crust from the stone surface. The four analytical techniques 

ere also consistent regarding the order of efficacy of the cleaning 

ethods: saturated oxalic acid > 0.1 M oxalic acid > microabra- 

ion = laser > formic acid and gallic acid > EDTA > aqua regia.

he saturated solution of oxalic acid and microabrasion were the 

nly cleaning methods that restored the colour of the stone to a 

olour very similar to that of the unaffected granite. 

These analytical techniques also enable detection of some dam- 

ging effects of the cleaning methods, including the following: 1) 

lightly greater roughness after cleaning by laser and microabra- 

ion; 2) Na enrichment after cleaning with gallic acid, formic acid 

nd EDTA and 3) Ca enrichment after cleaning with the satu- 

ated solution of oxalic acid. The increase in these chemical ele- 

ents after cleaning is not noticeable and in fact calcium oxalate 

s not detected by Raman spectroscopy; however, these data indi- 

ate the importance of completely neutralizing the chemicals used 

n the cleaning methods; rinsing the treated surfaces after clean- 

ng not only prevents the neoformation of precipitates, but also 

emoves the carboxymethylcellulose remains, which would other- 

ise leave a whitish halo on the stone. Regarding laser cleaning, 

he present study highlights the need to extend research on the 

leaning of manganese crusts on granite to a broader range of 

aser systems, including both solid-state lasers (testing alternative 

ain crystals) and fiber lasers. Future work should systematically 

valuate not only the crust removal efficiency but also the po- 

ential effects on the stone substrate, considering key operational 

arameters—fluence, energy per unit area, repetition rate, wave- 

ength, and pulse duration—under controlled experimental condi- 
33
ions. Such comparative analyses will provide a more comprehen- 

ive basis for selecting the most suitable laser configuration for fu- 

ure cleaning interventions on granitic monuments affected by this 

anganese crusts. Of all of the methods evaluated, cleaning with 

 saturated solution of oxalic acid proved the best, as it enabled 

emoval of most of the crust without affecting the surface of the 

ranite. 
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