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Resumen

Esta Tesis Doctoral aborda el deterioro de rocas carbonatadas debido a procesos de
disolucion mineral y procesos fisico-quimicos de alteracion desencadenados por su
exposicion a diferentes tipos de atmosferas (i.e. atmodsferas urbanas contaminadas y
ambientes costeros). Para ello se han caracterizado diferentes tipos de rocas carbonatadas
empleadas en Andalucia en construcciones historicas y civiles actuales, asi como para
reemplazar materiales geoldgicos similares en diversos monumentos; en concreto se han
estudiado la calcarenita de Escuzar, la caliza de Sierra Elvira, y el travertino Olivillo. El
objetivo final de esta investigacion es evaluar la idoneidad del uso de estas rocas como
“piedra histérica en el Patrimonio Arquitectonico” y su durabilidad como material de
construccion. En relacion a esto ultimo, se ha prestado especial atencion a la modificacion
del sistema poroso en superficie de las rocas como consecuencia de su diferente terminado
superficial, el cual desempefia un papel clave en la adhesion de aerosoles atmosféricos y el

cambio de las propiedades mecanicas y estéticas de dichas rocas.

En primer lugar se ha realizado un exhaustivo estudio composicional, petrografico y
fisico-quimico de las rocas frescas, paso indispensable para poder establecer los cambios
originados en las rocas envejecidas debido a diferentes experimentos de alteracion (tanto bajo
condiciones naturales de exposicion como en ensayos de laboratorio). A continuacion dicha
caracterizacion se ha efectuado en las rocas envejecidas. En ambos casos se ha aplicado una
variedad de técnicas analiticas, a saber: difraccion y fluorescencia de rayos-X, microscopia
optica y microscopias electronica de barrido y transmisidn, ensayos hidricos y porosimétricos
(i.e. porosimetria de mercurio y adsorcion de gases), medidas cromaticas y de propagacion de
ultrasonidos, asi como espectroscopia de infrarrojos por Transformada de Fourier en modo

transmitancia y microscopia Raman.

Con objeto de evaluar el impacto de aerosoles atmosféricos procedentes de atmosferas
contaminadas y ambientes marinos en las rocas carbonatadas estudiadas, se han realizado los
siguientes estudios: i) la caracterizacion de contaminantes atmosféricos dentro y fuera del
Monasterio de San Jerénimo (Granada) y su impacto en el deterioro de los materiales

constructivos y decorativos que lo constituyen, ii) un experimento de envejecimiento



acelerado por sales marinas de rocas carbonatadas con distinto terminado superficial en una
camara climatica, y iii) un experimento de exposicion a largo plazo (ca. 2 afios) de rocas
carbonatadas en emplazamientos con diferente nivel de contaminacién en la ciudad de
Granada, con objeto de determinar su ennegrecimiento (black soiling). El grado de deterioro
de estas rocas se ha estimado mediante la comparacion, a diferentes escalas (nano, micro y
macro), de los cambios composicionales, petrofisicos y cromaticos ocurridos entre el
material de referencia (roca fresca de cantera) y las muestras envejecidas, mediante el empleo
de técnicas analiticas complementarias. Ademads, se han estudiado la naturaleza y
morfologias de las sales cristalizadas en las rocas, asi como las particulas atmosféricas

depositadas tanto en la superficie de las rocas carbonatas como en filtros especificos.

Una de las piedras carbonatadas usadas tanto con fines constructivos como decorativos
en el Patrimonio Arquitectonico de la ciudad de Granada es la caliza de Sierra Elvira, que
presenta cierto contenido en dolomita. Es sabido que la disolucién quimica y los procesos de
cristalizacion de sales solubles en piedras carbonatas de construccion desempefia un papel
critico en su deterioro. No obstante, los procesos fisico-quimicos involucrados en tal
deterioro no son del todo conocidos, particularmente aquellos que conciernen al mineral
dolomita. Con objeto de profundizar en el conocimiento de los procesos a nanoescala que
gobiernan la interaccion dolomita-fluido, se aborda en esta Tesis Doctoral una investigacion
sistematica in situ mediante la aplicacion de una técnica novedosa, i.e. la microscopia de
fuerza atomica (AFM). Se ha estimado la tasa de disolucion de cristales de dolomita en el
rango de pH = 3-10, puesto que a dia de hoy no consta la publicaciéon de estudios sobre la

dependencia de la tasa de disolucion de la dolomita con el pH.

Los resultados de esta Tesis Doctoral se discuten en el contexto del campo de la Ciencia
del Patrimonio Cultural, con el deseo de que ayuden a establecer politicas de
conservacion/restauracion adecuadas, asi como estrategias de conservacion preventiva del
Patrimonio Arquitectdnico construido con rocas carbonatadas. Por ultimo, se presentan las

conclusiones generales de este trabajo de investigacion y las perspectivas de trabajo futuro.



Summary

This PhD Thesis deals with the deterioration of carbonate stones caused by mineral
dissolution processes and physico-chemical weathering processes triggered by their exposure
under diverse polluted environments (i.e. urban and marine conditions). To this end, different
carbonate stones used to replace similar historic geological materials in monuments in
Andalusia, as well as employed in present civil buildings, have been characterized, namely
Escuzar calcarenite, Sierra Elvira (dolomite-bearing) limestone and Olivillo travertine. The
final goal of this investigation is to evaluate the Cultural Heritage suitability of these stones
and their endurability as building materials. In this regard, special attention was paid in the
stone pore network modification near surface due to different commercial stone surface
finishings, since they play a key role in the uptake of atmospheric aerosols and a major

impact on stone mechanical and aesthetic properties.

First, a detailed compositional, petrographic and physico-mechanical characterization of
the fresh stones was carried out, which was indispensable for comparing with changes
produced on aged stones after different ageing tests (under natural and laboratory
conditions). A comprehensive examination was performed by applying on both fresh and
aged stone samples a multianalytical approach comprising: X-ray diffraction, X-ray
fluorescence, optical microscopy, scanning and transmission electron microscopy, hydric
tests, mercury intrusion porosimetry, gas adsorption, ultrasounds and chromatic
measurements, transmission-Fourier Transform infrared spectroscopy and micro-Raman

spectroscopy.

To address the impact of atmospheric aerosols from polluted and marine environments in
the studied carbonate stones, several investigations were carried out: i) the effect of indoor
and outdoor atmospheric pollutants in the deterioration of the construction and decorative
materials used in the San Jeronimo Monastery (Granada), ii) an ad hoc sea-salt ageing test
conducted in a controlled-atmosphere chamber, and iii) a long-term ageing tests (ca. 2 years)
where stones were exposed under the Granada urban air in different polluted sites to

determine their black soiling.



The degree of stone weathering was estimated by comparing changes at macro-, micro-
and nanoscale of chemical and mineralogical composition, petrophysical characteristics and
chromatic variations between freshly quarried and aged carbonate stones. As well the nature
and morphology characteristics of precipitated salts, and the atmospheric particles deposited
on aged stone surfaces and on particulate matter filters were studied combining

complementary analytical techniques.

Part of the Architectural Heritage of the city of Granada is built with a dolomite-bearing
limestone (Sierra Elvira limestone). Chemical dissolution and crystallization of soluble salts
in building carbonate stones play a critical role in their decay. However the physico-chemical
process behind it is not completely understood particularly in the case of the dolomite
mineral. To improve our knowledge of the nanoscale processes governing dolomite-fluid
interactions, a systematic in situ Atomic Force Microscopy (AFM) study was performed in
this PhD Thesis. Dissolution rate of dolomite was estimated in the pH range 3-10 since all
previous nanoscale studies were conducted at fixed pH conditions and, to date, a systematic
study of the dependence of dissolution rates on pH, such as in the case of macroscopic flow-

through or batch reaction experiments have been not reported.

The results obtained in this PhD Thesis are discussed in the context of the Cultural
Heritage Science field, with the wish to help planning suitable conservation/restoration
building stone policies, and preventive conservation strategies for the protection of our
invaluable Cultural Heritage. Finally, general conclusions and future work perspectives are

presented.



Aims of the Thesis

The main aim of the present PhD Thesis is to contribute to the knowledge of the physico-
chemical decay of carbonate stones caused by air pollution and mineral dissolution

processes. Particularly, this study has been focused on the following goals:

e To characterize fresh quarried carbonate stones and thus ‘unaltered’ material,
customary used in the Architectural Heritage of Granada. This step is essential to
unambiguously appreciate changes induced by stone exposure to polluted urban
conditions. A multianalytical approach has been followed to address this goal
including a detailed porous network characterization, measurements of elastic

properties by using ultrasonic waves, and chromatic measurements among others.

e To monitor and characterize for the first time the indoor/outdoor atmospheric aerosol
composition which affects one outstanding architectural monument in the city of
Granada, i.e. the San Jerénimo Monastery. The aims of this study were: (a) to relate
the composition of atmospheric aerosols and their fluctuation in time with the
observed decay patterns in construction/decorative materials in the monuments and

(b) to propose conservation policies to mitigate the effect of atmospheric pollutants.

e To describe carbonate decay patterns due to both urban pollution and marine aerosols
at different time and spatial scales through two different study approaches. The first
approach consisted in reproducing experimentally carbonate stone weathering under
marine environment in an accelerated laboratory test by using a climatic chamber.
The second approach was to study carbonate stone decay in sifu through a long-term
ageing test (2 years) by placing fresh stone tablets in different sites of the city of
Granada. The exposed stone surfaces were characterized as well as particulate matter
deposited on filters. This approach has enabled for the first time to determine real

weathering rate of carbonate stones in the city of Granada.



To shed light on the impact of different stone surface finishing in the modification of
stone pore network at the near surface and the uptake of aerosols, with a major
impact on the stone mechanical and aesthetic properties, and thus on their response

to decay.

To provide new experimental dissolution rate data for dolomite (an important
constituent of certain carbonate building stones in the city of Granada) under
contrasting pH conditions. To address this topic cutting-edge techniques (atomic
force microscopy, AFM, complemented with vertical scanning interferometry, VSI)

were used to survey at nanoscale mineral-solution interactions.

To discuss the implications of all observations and results obtained in this PhD
Thesis in the context of Cultural Heritage Science field. The final goal is to better
identify problems related to atmospheric aerosols and chemical weathering of
carbonate stones which may help proposing suitable conservation policies in the

future.



Structure of the Thesis

This PhD Thesis starts with some introductory concepts, presented in Chapter 1, that are
relevant to focus the studied problems. Chapter 2 contains the description of stone materials
and atmospheric aerosols in the city of Granada. In Chapter 3 the methodology and analytical
techniques used in this PhD Thesis are presented. The main body of the text comprises
several chapters, i.e. from Chapter 4 to Chapter 9. Each chapter tackles a specific topic
related to characterization and weathering of carbonate stones. Briefly, Chapter 4 presents the
compositional and physical characteristics of the carbonate stones studied in this PhD Thesis.
Chapters from 5 to 9 deal with carbonate stone decay processes due to atmospheric
pollutants, marine environment and chemical weathering on dolomite surfaces. Several
chapters have been published or submitted for publication to international peer-reviewed
journals. A short outline of these chapters is given below for an easier reading of the text.

Finally, general conclusions, afterthoughts and future work perspectives are presented.

Chapter 4: ‘Physical properties of carbonate rocks used as a modern and historic
construction material in Eastern Andalusia, Spain.” A detailed petrographic and physico-
chemical characterization of two carbonate stones commonly used at present in construction
in eastern Andalusia (Southern Spain) is presented. The characterization was used to
establish their suitability to replace similar ancient geological materials. This chapter has

been published in Materiales de Construccion, 2011, 61: 93-114.

Chapter 5: ‘Characterization of indoor and outdoor atmospheric pollutants impacting
architectural monuments: the case of San Jeréonimo Monastery (Granada, Spain).” This
chapter presents the investigation at micro- and nanoscale of indoor and outdoor nature and
concentration of atmospheric gaseous pollutants, and composition, size and morphology of
particulate matter in the monastery of San Jeronimo in Granada (Spain). This is the first air
quality study performed in a monument in the city if Granada with the aim of developing a
strategy for preventive conservation. This chapter has been published in Environmental Earth

Sciences, 2010 (doi: 10.1007/s12665-010-0657-5).



Chapter 6: ‘Rough and polished travertine building stone decay evaluated by a marine
aerosol ageing test.” Here, a laboratory ageing test using marine spray in a controlled-
atmosphere chamber was applied to examine the implications of rough and polished
travertine stone surfaces on their salt decay. The degree of salt damage was estimated by
comparing changes in mineralogical composition, petrophysical characteristics and
chromatic variations between freshly quarried and aged travertine samples. This chapter has

been published in Construction and Building Materials, 2010, 24: 1438-1448.

Chapter 7: ‘An experimental study on sea spray-induced decay in rough and polished low-
porous limestone.” This chapter deals with a laboratory sea-salt ageing test conducted in a
climatic chamber to examine the weathering decay in a low-porous dolomite-bearing
limestone (Sierra Elvira limestone) widely used as building and decorative stone in
Andalusia. The aim was to characterize the precipitated crystalline phases and their
morphological variations, and to explore different deterioration behaviors due to contrasting
finishings of stone surfaces. This chapter has been submitted to Construction and Building

Materials (February 2011).

Chapter 8: ‘In situ, nanoscale observations of the dissolution of {10-14} dolomite cleavage
surfaces.’ It is presented a systematic in situ AFM study of dolomite dissolution conducted in
the pH range from 3 to 10 aimed to improve our knowledge of the nanoscale processes
governing dolomite-fluid interactions. A better understanding of the kinetics and mechanisms
of dolomite dissolution at different pH is essential to determine the contribution of dolomite-
fluid reactions to the global carbon cycle and CO, sequestration strategies, and to design new
methods to mitigate the effects of acid rain on carbonate stones. This chapter has been

submitted to Geochimica et Cosmochimica Acta (April 2011).

Chapter 9: ‘Black soiling of an architectural limestone during a long-term urban polluted air
exposure in the city of Granada (Southern Spain)’. This chapter tackles the Escuzar
calcarenite decay process due to the impact of Granada urban atmosphere during a long-term
exposure of ca. 2 years. The soiling process (surface blackening) on the stone surfaces was
monitored through chromatic variations (i.e. lightness). Atmospheric particles deposited on

the aged stone surfaces and on particulate matter PM 10 filters were studied at macro-, micro-

8



and nanoscale through a multianalytical approach. Cleaning policies can be better planned
based on the valuable data obtained in this work. This chapter has been submitted to Science

of the Total Enviroment (May 2011).






Chapter 1

INTRODUCTION

1.1. Heritage Science field

The development of a scientific approach to address questions of ‘Archaeometry’ and
‘Conservation’ in Cultural Heritage has received a great attention in the last decades.
Certainly, the study of Cultural Heritage is a complex and challenging discipline which
involves a broad spectrum of knowledge, classically dealing with Geology, Chemistry,
Physics, Biology and Engineering. More outstanding is the fact that this scientific approach
must be in symbiosis with archeologists, restorers, architects and art historians to full take
advantage of theirs own expertise (e.g. Chiari, 2000; Doehne & Price, 2010). Following the
UNESCO definition, ‘Cultural Heritage’ encompasses several main categories of intangible
and tangible heritage that goes from movable (e.g. paintings, sculptures, coins and
manuscripts), immovable (e.g. monuments and archaeological sites) and also underwater
cultural heritage (as shipwrecks, underwater ruins and cities). In this work we will restrict
ourselves to the movable and immovable Cultural Heritage made of natural stones, more
precisely of carbonate stones as it will be described in the following chapters. The role of
researchers dealing with Cultural Heritage typically combines a field work and monitoring in
a restoration project with a laboratory research approach where representative samples are
aged at short timescales compared to nature. Noticeable challenges arise when comparing the
results obtained from these two approaches due to the contrasting temporal and spatial

scales. The research in the Cultural Heritage field is, therefore, a continuous effort made by a
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large scientific and non-scientific community to overcome these obstacles and efficiently
preserve this legacy to the future generations (Fig. 1). Earth scientists are actively involved
in this goal through the coined term Environmental Mineralogy which provides a broad
range of analytical and experimental methods (see Vaughan, 2000 and Wogelius &
Vaughan, 2000 for a comprehensive review of the scope and analytical methods of this
research field). Recently, Buseck (2010) also encouraged geoscientists to take part in
atmospheric sciences (largely left to chemists and physics) which, as we will see later, plays

a capital role in the preservation of the Cultural Heritage.

As stated before, natural stone — made of mono- or poly- aggregates of minerals — forms
an important part of the majority of the historical buildings and is especially prone to decay
due to several natural and anthropogenic factors. Stone weathering is the natural and
unavoidable response of its constituents to new environmental conditions which differ from
that prevailed during its formation (i.e. during diagenesis, metamorphism or magmatism).
Weathering is defined as a complex interaction of physical, chemical and biological
processes that alter the stone in some general or specific way and lead to its decay (Van
Grieken et al., 1998; Siegesmund et al., 2002). In the Conservation field, weathering is
considered as any process that results in a change of the physical or aesthetical properties of
the stone that differ from those originally conceived. There are a large number of factors that
contribute to the natural deterioration of stones including mechanical (e.g. frost action,
thermal expansion, wetting and drying or salt decay), chemical (e.g. dissolution, oxidation or
hydration) and biological processes. The relative importance of each natural factor varies
according to climatic environmental conditions, the stone type, its preservation state and its

location on the monument (Papida et al., 2000; Cardell et al., 2003a).

In addition to natural processes, stones used in the Cultural Heritage are also exposed to
an anthropogenic environment as they are frequently located in the polluted cities or close to
them. The relationship between air pollution and stone weathering constitutes one of the
subjects studied in this PhD Thesis. It is well known that stones are particularly vulnerable in
urban conditions as they provide new sources of weathering agents that accelerate its

deterioration rate (Fig. 1). For instance, it is widely known that motor vehicle emission
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Figure 1. The restoration of the fagade of St. Stephan’s Cathedral (Vienna, Austria) is an
outstanding example where optimal conservation procedures are essential to preserve the
Cultural Heritage. Compare the restored (right) with the aged facade (left).

certainly contributes to the sulfatation of limestone that results in the unaesthetic formation
of black crusts and its irreversible deterioration (Rodriguez-Navarro & Sebastian-Pardo,
1996; Van Grieken et al., 2000; Esbert et al., 2001; Moropoulou et al., 2001; Grossi et al.,
2003). Such layers of black crusts represent the accumulation areas on the material surface
where the deposition of atmospheric gas and aerosol particles takes place. Although part of
the Cultural Heritage such as mural paintings and polychromes are preserved from outdoor

polluted environment inside buildings, indoor-outdoor air exchange may led to relatively

13



Physico-chemical decay of carbonate stones: the role of atmospheric aerosols and dissolution processes

high gas concentrations. For instance, Kontozova-Deutsch and co-workers (2008) found that
the mean concentration of NO, was higher at indoor that outdoor (30 pg/m’ versus 17 pg/m’
respectively) in the Basilica Saint-Urbain in Troyes (France). High concentration of NO,
may result in severe weathering such as metal corrosion and pigment fading and carbonate
dissolution due to formation of nitric acid. Therefore outdoor and indoor microclimatic

conditions need to be monitored when integral conservation policies are required.

1.2. Influence of petrophysical properties and surface finishing in stone

decay

Petrophysical properties are intrinsic key factors controlling stone decay and are
frequently measured by means of several techniques for material characterization (see
sections 3.1. and 3.2). Analysis of mineralogical and especially non-compositional
petrophysical properties (e.g. texture and pore system) of building and ornamental stones
used in the architectural heritage is essential to understand the main factors of decay under
real environmental conditions (Hammecker, 1995). Moreover this characterization is also
crucial for restorers and conservators to better design replacement strategies when a
deteriorated stone building of cultural interest needs to be repaired. Additionally most of the
historical quarries commonly used to provide material for architectural purposes have been
unavoidable closed or its exact location is nowadays unknown or uncertain. Therefore, the
restores are urged to look for new currently exploited materials that need to be characterized
and quantitatively compared with those which are going to be replaced (Winkler, 1994;
Galan et al., 1999; Gomez-Heras & Fort, 2004; Fort, 2006, 2008; Siegesmund & Snethlage,
2011).

Several surface finishings are provided by manufactures as e.g. polishing, glossing,
honing, acid treatment, abrasion, flaming or hammering (Fig. 2). It has not been noticed until
very recently that the commercial surface finishing not only affects the aesthetical properties
of building stones but also certainly modifies their mechanical properties and thus their
suitability for different purposes (Fort, 2008; Garcia del Cura et al., 2008). These properties

are essential to eventually define their position and use (e.g. for pedestrian or vehicle traffic).
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Natural surface Sawn surface Flamed surface

Chiselled surface Grooved surface

Polished surface

Figure 2. Several commercial surface finishings on granite.

Moreover, the commercial finishing treatment modifies the color of a building material by
changing the surface roughness or due to gloss treatments (e.g. Garcia-Talegon et al., 1998,
Benavente et al., 2003, Garcia del Cura et al., 2008). For instance, Benavente and co-
workers (2003) found that perceptible changes in lightness and chroma but not in hue were

induced during the initial stage of surface polishing. Regarding to mechanical properties,
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Garcia del Cura et al. (2008) observed that the surface finishing treatment may modify in

different ways the flexural strength, slip and abrasion resistance depending on the stone type.

Less known is, however, the direct effect of the finishing treatment on the modification
of the stone pore network at the near surface due to pore occlusion, which has an important
impact on its response to decay, especially in high porous materials (Demirdag, 2009).
Roughness modifications of the stone surface due to commercial polishing processes also
exert a major impact on the SO, uptake in polluted environments and thus on the black crust
development (e.g. Bede, 2000). Based on hydric tests, Garcia del Cura et al. (2008)
suggested that the finishing treatment has nevertheless little influence on water sorption.
Monitoring changes in the porous system due to the polishing process are however
challenging by conventional techniques because of the unconstrained extending of the
modification (which in most of the cases is very limited in depth). To overcome these
difficulties, in this PhD research the modification of the stone pore network due to the
polishing process has been evaluated based on the contrasting crystal morphologies of

soluble salts deposited on the stone surfaces during the sea-salt ageing test (section 3.4.1.).

1.3. Atmospheric aerosols and stone decay: State of the art

The atmospheric environment and mechanisms occurring at the atmosphere-stone
interface are key factors controlling stone weathering processes which have paramount
cultural and economic consequences. The study of such processes in a polluted atmosphere
have attracted the attention of intensive research during decades (e.g. Fassina, 1978; Del
Monte et al., 1981; Camuffo ef al., 1982, 1983; Sabbioni, 1995; Torfs & Van Grieken, 1997;
Chabas & Lefevre, 2000; Charola & Ware, 2002; Mitchell & Searle, 2004; Brimblecombe &
Grossi, 2005, 2007; Grossi & Brimblecombe, 2007; Watt et al., 2009; Doehne & Price,
2010) and there are still challenging unresolved questions to be addressed (see recent
monographs by Watt et al., 2003, Doehne & Price, 2010 and Smith ez al., 2010). In fact, the

effect of air pollution on stone decay is still a major problem in Europe even though the
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acidic pollutant levels, such as SO,, have been reduced since the early 1990s (Doehne &

Price, 2010).

The direct effects of air pollution on stone decay received enormous attention from the
mid-1970s to the early 1990 (Doehne & Price, 2010). Several international projects and
conference meetings have been focused on the impact of air pollution on rates of stone
soiling from the late 1980s. For instance, the SWAPNET (Stone Weathering and
Atmospheric Pollution Network) is an association that brings together scientists from a wide
spectrum of disciplines, including stone conservators, geologists, geomorphologists,
microbiologists and others, that have special interest in monument heritage and rock
weathering (Siegesmund et al., 2008; Doehne & Price, 2010; Siegesmund & Snethlage,
2011). The main results on this topic have been included in the proceeding from several
SWAPNET meetings (e.g. Smith & Warke, 1996; Jones & Wakefield, 1999; Piikryl & Viles,
2002; Smith & Turkington, 2004; Gémez-Heras, 2007). A reference conference meeting for
Spain was held in Seville in 2003 (Saiz-Jimenez, 2004). In spite of the increasing interest on
air pollution and Cultural Heritage only scarce research works on this matter has been
conducted in southern Spain (Bernabé et al., 2005), and none in the city of Granada although
this city is well known for its outstanding architectural legacy. The aerosol monitoring is
essential to unravel the link between the nature of the aerosols and the stone decay response.
Recently integrated projects have provided reliable aerosol data which specifically address
the link between air pollution and Cultural Heritage preservation in Granada (Kontozova-
Deutsch et al., 2010, at the San Jeronimo monastery, and Horemans et al.— submitted — at
the monumental complex of the Alhambra in the framework of the bilateral Hispano-Flemish
project ‘Assessment of atmospheric environmental risks related to artworks in the UNESCO
World Cultural Heritage complex of Alhambra (Granada, Spain) with the emphasis on the

analysis of a unique collection of authentic pigment samples’).
The rationale behind the study of the impact of atmospheric aerosols on stone decay and

Cultural Heritage conservation is schematically summarized in Fig. 3, which has been, in

part, followed in this PhD Thesis.
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Figure 3. Flow chart summarizing the interactions of atmospheric aerosols with the Cultural
Heritage, its sources, its consequences, and the approaches and related techniques that can be
followed to address conservation strategies. Analytical techniques abbreviations: EPMA
(electron probe microanalyser), TEM (transmission electron microscopy), micro-PIXE (proton
induced X-ray emission), XRF (X-ray fluorescence), XRD (X-ray diffraction), IC (ion
chromatography), UV-VIS (ultraviolet-visible spectroscopy), EDX (energy-dispersive X-ray
spectroscopy), SEM (scanning electron microscopy), AFM (atomic force microscopy), VSI
(vertical scanning interferometry), LFM (lateral force microscopy).
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The danger to the Cultural Heritage from air pollution comes from several main sources
such as the increasing of corrosion induced by gases from the atmosphere or the soiling of
light colored surfaces due to black particles (e.g. Grossi ef al., 2003 and Hamilton & Crabbe,
2009). The main mechanism of the former occurs when acid chemicals are incorporated into
the rain, snow, fog or mist. Sulfur dioxide, SO,, and nitrogen oxides, NO, (NO + NO,) are
largely products of domestic and industrial fuel burning. These oxides are related to two
strong acids: sulfuric acid and nitric acid which are the major agents of the coined term ‘acid
rain’ (e.g. Grossi et al., 1995, 1999; Charola, 2002; Cardell-Fernandez et al., 2002;
Delalieux et al., 2002). Sulfur dioxide is very reactive and a corrosive agent known as the
main pollutant involved in stone decay (Van Grieken et al., 1998; Boke et al., 1999, 2002;
Grossi et al., 2003; Luque, 2010). High concentration of sulfur dioxide in the atmosphere
results in sulfate formation from reaction between SO, gas and a carbonate-rich surface in
humid conditions (e.g. Camuffo et al., 1982, 1983, 1984; Del Monte et al., 1997). Due to
high relative humidity and oxidizing conditions, sulfur dioxide reacts with calcite (CaCO;)
present in carbonate-rich stones and produces calcium sulfite hemihydrate (CaSO;-0.5H,0)
and gypsum (CaSQO42H,0) (Boke et al., 1999, 2002). Most probably, the main process (not
yet well constrained) is the heterogeneous oxidation of sulfur dioxide on the stone surface or
alternatively before the pollution reaches the stone. Depending on the relative humidity and
the pluviometry, the gypsum layer can be washed away and the surface recedes (often at a
rate of 10 pm/year or more, according to Van Grieken et al., 1998), since gypsum is more
soluble in water than calcite. On the contrary, in areas protected from rain or in drier
environments, gypsum starts to accumulate at the surface or inside the stone porous network

and forms dense black crusts (Fig. 4).

This black crust development is usually associated with the surface deposition of
complex mixtures of atmospheric particulates derived from the combustion of fossil fuels
together with a range of environmental dusts, including marine aerosols, a variety of salts
and microbial fauna. The blackness of these gypsum crust layers are commonly explained by
absorption of carbonaceous particles such as soot. Additionally, it has been discussed that

carbon soot and metal-rich particles (e.g. V, Fe, Ni, Cu, Mn and Cr-rich particles derived
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Figure 4. Black crust development on the carbonate stone surface of one decorated column of the
Cathedral of Granada (Portada del Perdon) due to atmospheric pollution (left). The same
column after the cleaning process (right).

from anthropogenic sources) exert a critical catalytic action in the oxidation of SO,
(Camuffo et al., 1984; Rodriguez-Navarro & Sebastian-Pardo, 1996; Maravelaki-Kalaitzaki
& Biscontin, 1999; Boke et al., 1999, 2002; Maravelaki-Kalaitzaki, 2005), although the
additional catalytic effect of bacteria is not discarded. Moreover, when dolomite
CaMg(COs), occurs in the substrate the resulting crust is more complex and comprise also

epsomite, MgSO, 7H,0 (Gauri et al., 1992; Gauri & Bandyopadhyay, 1999).

It is widely known that the growth of these types of sulfate salts in pores of stones
generate stresses that can lead to serious damage (e.g. La Iglesia ef al., 1994; Cardell, 1998;
Rodriguez-Navarro & Doehne, 1999; Scherer, 1999; Cardell et al., 2003a; Angeli et al.,
2007, 2008; Ruiz-Agudo et al., 2007). Salt weathering is, thus, tightly associated with
atmospheric pollution and has been the subject of intensive research over the last few
decades. A substantial literature exists describing the phenomena associated to salt decay in
a variety of individual monuments and building (for a comprehensive review the reader is
referred to Evans, 1970; Charola, 2000; Doehne, 2002 and Doehne & Price, 2010 and

references therein).

Carbon dioxide, CO,, is by far the most abundant of all atmospheric gases generated by
human activities. Carbon dioxide dissolves in rainwater, forming bicarbonate and carbonate

acids which are regarded as a minor culprit in stone decay. Nevertheless, relative importance
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of these acids compare to sulfuric, nitric, or other acidic species remains controversial
(Lipfert, 1989; Charola & Ware, 2002; Cardell-Fernandez et al., 2002; Delalieux et al.,
2002). Modest amounts of nitrate are found on stone surfaces, although nitrogen oxides form
a significant part of the urban pollute atmosphere. The scarcity of Ca(NO;), on carbonate
stones is probably also due to its high solubility in water (Van Grieken et al., 1998).
Notwithstanding, the most important role of nitrogen oxides is in the catalytic oxidation of
SO, at high relatively dry conditions, although the effect of NO4 on SO, reactions are poorly
understood (Doehne & Price, 2010).

Comparatively less work have been done on the direct effect of marine aerosols on stone
decay (however see for example Fassina, 1978; Moropoulou ef al., 1995; Zezza & Macri,
1995; Torfs & Van Grieken, 1997; Theoulakis & Moropoulou, 1999; Zendri et al., 2000,
2001; Chabas & Jeannette, 2001; Cardell et al., 2003a, 2003b, 2008; Silva et al., 2007; Silva
& Simdo, 2009; Angeli et al., 2010). An outstanding exception is the development of
honeycomb and tafoni morphologies which seems to be clearly related with a combined
effect of wind and salt crystallization with minor chemical weathering (e.g. Rodriguez-
Navarro et al., 1999). This combination is obviously enhanced in coastal areas but its effect
on inland regions could be also important (Cardell et al., 2003a; Rivas et al., 2003; Anwar
Hossain et al., 2009). It is worth to note that naturally produced particulate matter, sea salt
and mineral dust (mostly from deserts) are the largest contributors to the global aerosol flux
mass (10,130 and 1600 Tg/y, Tg = 10" g, Gieré¢ & Querol, 2010, their Fig. 6, based on
Andreae & Rosenfeld, 2008 and Durant et al, 2010). For comparison, primary and
secondary anthropogenic particulates are estimated in ~150 Tg/y and ~140 Tg/y respectively.
The development of black crust in chemically unrelated substrates such as granites, clearly
confirms the importance of atmospheric particulate as sulfate carriers (Prieto et al., 2007;
Silva et al., 2009). As a matter of fact, sulfates are major constituent of particulate matter
carried by the atmosphere even in non-polluted cities as e.g. Oviedo (northern Spain) studied
by Rodriguez et al. (2009). Moreover, the atmosphere transports both bioaerosols and food
sources for microbial communities such as sulfates. The link between atmospheric aerosols

and biodeterioration is, in fact, a promising and still developing research area.
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1.3.1. Aerosol particles

The atmosphere of the Earth is a colloidal system that contains a dispersion of
particulate matter (solid particles and liquid droplets) suspended in a gas phase. The term
aerosol refers to both particulate matters (PM) and gas. PM occur in both the troposphere
and the stratosphere and contain small liquid and solid particles in suspension (sub-micron to
several microns in size) in the atmosphere. Aerosol particles are ubiquitous and play a
pivoting role in the physics and chemistry of the atmosphere and therefore on Earth heat
balance, weather, climate, ecosystem processes, and human health (e.g. Pésfai & Molnar,
2000; Buseck et al., 2000; Horemans et al., 2008; Giére & Querol, 2010). Aerosol particles
also contribute to atmospheric acidity which, as it will be discuss later, has a paramount
adverse effect on carbonate stone weathering. Mineral particles are, by mass, major
constituents of aerosols. Their sizes, shapes, composition, and degree of agglomeration can
all be determined using transmission electron microscopy (Buseck, 2010). Nevertheless, a
difficulty is that deliquescent species lose their water in the vacuum of the electron
microscope and therefore these important aerosols types dehydrate and change their

character.

The concentration and size distribution are crucial factors that govern the physical and
chemical behavior of aerosol particles. The size of aerosol particles is usually given as the
diameter (d) of the particle (assuming a spherical shape') and ranges from several
nanometers (representing the smallest clusters of atoms and molecules that can be classified
as particles) to some tens of micrometers (the largest particles that can be suspended in the
air), varying over five orders of magnitude. The sizes of particles from different sources
formed by different processes follow distinct log-normal distributions (Fig. 5). Physical size
distributions can be characterized by a model consisting of several additive log-normal

distributions partially overlapping (nucleation mode, aitken mode, accumulation and coarse

! Transmission electron microscope (TEM) observations show that the aerosol shape is actually rarely
spherical (Buseck, 2010).
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Figure 5. (a) Typical size distributions of the number (n’y, magenta line) and the volume (n’y,
purple line) of atmospheric particles per cubic centimetre of air. Source materials of particles
shown in grey ellipses; formation processes of particles shown in white rectangles. (b) Particle
removal processes. Compiled by Giére & Querol (2010) from several sources.

mode). Particles with d < 2.5 pm (PM,s)* are generally described as fine and those with

larger diameters as coarse particles (Fig. 5).

Finer PM is further subdivided into three size fractions based on distinct characteristic
and different formation processes. The nucleation mode contains particles with diameters
from 0.003 to 0.01 um; these particles result from gas-to-particle conversion, i.e.

homogeneous condensation. Particles with d = 0.01-0.1 um belong to the so-called Aitken

? Other authors who prefer a value of 1-2 um for this boundary (e.g. Giére and Querol, 2010).
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mode’ and are formed mostly through coagulation of nucleation mode particles or
condensation on them. Particulates belonging to these two modes are the most abundant, but
due to their minuscule size, account only for minor proportion of the total PM volume or
mass (Fig. 5). Aerosols in the accumulation mode (d = 0.1-2.5 um) are generally produced
by the coagulation of smaller particles and by the heterogeneous condensation of gas vapor
onto existing aerosol particles. Owing to similar physical processes of formation, the
chemical compositions of particles in the nucleation and accumulation mode are similar and
constitute the class of fine particles (Fig. 5). The coarse mode (d > 2.5 pum) consists of
particles formed by mechanical disintegration and fragmentation, and includes mineral dust,
sea-salt, and biogenic particles. Particles from combustion sources also contribute to this size

range.

The ideal size distribution shown in Fig. 5 can be dramatically modified in several
environments. For instance, in urban areas the highest concentrations are usually observed,
exhibiting a distribution dominated by ultrafine particles (PMy;) and a volume distribution
with two distinct maxima (accumulation and coarse mode). Typical marine particles have a
prominent volume maximum in the coarse fraction, whereas remote continental particles

have a volume maximum in the accumulation mode.

Primary particle sources

Sea-salt particles constitute the major fraction of primary coarse particles under marine
conditions (O’Dowd et al., 1997). Most sea-salt particles results from the bursting of gas
bubbles that reach the water surface although water droplets can also form directly from sea
spray. The larger droplets fall back into the water, while the smaller ones remain airborne
and can be transported over large distances and high altitudes (Delalieux et al., 2006; Silva et

al., 2007).

> Named after John Aitken (1839-1919) who was a Scottish meteorologist, physicist and marine
engineer and one of the founders of cloud physics and aerosol science.
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Large amount of natural primary aerosol particles are additionally emitted on the
continents particularly in arid and semiarid areas. The chemical nature of mineral dust
particles reflects the composition of Earth’s crust. The amount of continental dust is usually
inferred from the aluminium content of the aerosol. The most active sources of dust plumes
are distributed within the band that includes North Africa, the Middle East, and Central Asia.
Satellite data indicate that African dust can be transported over very long distances bringing
high ‘background’ aerosol concentration to large regions of the southern and eastern part of
North America (Prospero, 1999). In the context studied here, it is important to note the
significant and discontinuous transport of Saharan dust over the Mediterranean Sea
depending on the presence of cyclones (Fig. 6). Saharan dust is transported by hot seasonal
winds known as calima or scirocco. This transport is characterized by a regional extension
all over the Mediterranean basin resulting in one of the highest dust accretion rates in the
world (Dayan et al., 1991; Diaz-Hernandez & Parraga, 2008). The mineralogy of Saharan

dust is remarkable constant due to well mixing of aerosols over the desert (Moreno et al.,

Figure 6. Dust storm blowing out over the Alboran Sea and Gibraltar from northern Africa. Image
courtesy of the SeaWiFS Project, NASA/Goddard Space Flight Center, and ORBIMAGE.
See http://visibleearth.nasa.gov/
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2006). Moreover, Saharan dust delivered to Spain by red rains is comprised mainly of illite,
quartz, smectite, palygorskite, kaolinite, calcite, dolomite and feldspar, in order of decreasing

abundances (Avila et al., 1997; Moreno et al., 2006).

Diaz-Hernandez & Parraga (2008) described a new type of spherical aerosol particle
collected in the southern Iberian Peninsula which are larger and morphological different
from classic atmospheric aerosols. These particles were called iberulites by these authors
(Fig. 7). Iberulites are internally mixed and structured, mechanically generated, with
diameter ranging from about 30 to 190 um, with a low density (0.65 g cm™) and about 50%
mean porosity. Their high specific surface makes them very reactive with atmospheric gases
providing reaction sites for many heterogeneous reactions involving SO,, HO, and O;. The
appearance of iberulites is a discontinuous phenomenon, occurring mainly during summer

and in dry periods corresponding to the highest total suspended particle (TSP) contents.

Figure 7. SEM images showing morphological aspects of iberulites. (a) External morphology of a
single iberulite with one typical vortex on the top. (b) Internal view of one iberulite halve formed
by mineral particles with angular edges (images from Diaz-Hernandez & Parraga, 2008).

The disintegration and dispersion of bulk plant material also produce primary aerosol
particles that consist of leaf debris, viruses, bacteria, spores and pollen, protozoa, algae and
humic substances. Biological constituents of atmospheric aerosols have been long

recognized and can be found even at high altitudes and in remote oceanic and polar regions.
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They provide the main source of atmospheric phosphorous, and are important in the cycles

of potassium and zinc (Artaxo et al., 1994; Echalar et al., 1998).

Combustion processes produce primary particles that consist mostly of carbonaceous
materials such as elemental (black) carbon and organic compounds and represent the fine
fraction of the aerosol. Vast quantities of these particles, commonly called soot, are produced
by biomass burning during both controlled and wild fires, as well as by industry, automobile,
aircraft and ship traffic (Penner, 1995). Fossil fuels contain residual mineral materials,
including clays, sulfides, carbonates, chlorides and various trace metals that are also emitted
in particulate form within fly ash particles in the coarse size range (Rose et al., 1999). Soot
particles emitted by mobile sources, particularly by diesel engines, produce either a
unimodal (accumulation) or a bimodal (accumulation and coarse mode) aerosol population
(Soot particles have typical morphologies and microstructures, Posfai & Buseck, 2010).
Combustion produces hydrocarbons that condense immediately at the source form 20 to 50-
nm large, solid spherules (Lahaye, 1992). These carbonaceous spherules then coagulate and
form branching aggregates that are easily recognizable on electron microscope images (Fig
8a). Individual spherules within a soot particle have characteristic microstructures of

turbostratic graphitic layers as seen in Fig 8b (Pdsfai et al., 1999).

Figure 8. (a) A typical soot aggregate. (b) High-resolution TEM image obtained from a soot
aggregate. The wavy graphitic layers form onion-like spherules (from Posfai & Buseck, 2010).
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Secondary particle sources

In the atmosphere there is a continuous material exchange between condensed and gas-
phase materials. The condensation or nucleation can proceed either homogeneously (when
only condensing vapors take part in the process) or heterogeneously on existing aerosol
particles (nuclei). Heterogeneous processes are responsible for the formation of a significant
fraction of atmospheric sulfate on sea-salt particles (see below) and the nucleation of sulfate

on soot particles may be also important (Fitzgerald, 1991 and O’Dowd et al., 1997)

Composition and morphology of aerosol particles

Owing to their different formation mechanisms, the chemical composition of fine and
coarse particles, and continental and marine aerosols are substantially different. Also, as the
consequence of dynamical and chemical transformation processes, the aerosol generally
consists of internally mixed particles (mixtures of different sea salts, silicate and marine
minerals and different types of anthropogenic species). Therefore a classification based
exclusively on the composition is challenging if not worthless. Following a recent review by
Posfai and Buseck (2010), however, a simple classification of major particles types can be
established.

+

= Sea-salt particles. They contain primarily Cl, Na', and SO,”, with some Mg
Interaction with nitric acid leads to a loss of CI' during ageing. Due to the
importance of these particles for the purposes of this PhD Thesis a more detailed
description of the generation and nature of sea-salt particles is given in the next

section.

»  Mineral dust, volcanic ash, and industrial dust, which vary widely in composition
(e.g. silicates, oxides, sulfates, carbonates, alloys, glass) due to its different
formation mechanisms and source compositions. Particle reactions and internal
mixing during transport of mineral dust can substantially change the composition of
the original aerosol (Fig. 9a). Carbonate minerals can be a significant fraction of

certain source desert areas and commonly react into sulfate or both sulfate and
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nitrate during transport and subsequent ageing. Moreover, mineral particles become

internally mixed with sea salt, perhaps through cloud processing.

Primary biogenic aerosol particles (PBAP), which comprise biological materials
(e.g. pollen, spores, plant fragments) (Fig. 9b). They consist mainly of carbon, but
involve also other elements in minor amounts, such as potassium, phosphorus and

silicon.

Combustion-derived carbonaceous particles, which consist mainly of organic matter
(OM) and elemental carbon. OM is a complex mixture of many different organic
compounds with a wide range of physical and chemical properties. The terms
elemental carbon (EC) and black carbon (BC), both relatively poorly defined, are
used in atmospheric science for those carbonaceous materials that strongly absorb
solar radiation (BC) or are highly refractory (EC). In contrast, the term soot is well
defined (Posfai & Buseck, 2010): it refers to a primary combustion-derived particle
type with a distinctive structure consisting of concentric graphene-like layers, which
are wrapped into spherules that aggregate into characteristic branching clusters (Fig.
8a). Furthermore, a new and distinctive particle type, larger than individual soot
spherules and lack of typical graphitic structures, was identified from biomass-

burning emissions; they gave it the name tar ball (Posfai & Buseck, 2010).

Secondary inorganic compounds, which consist of salts (mainly of NO*, SO,*, and
NH*") that are formed from precursor gases emitted from natural (e.g. marine
dimethylsulfide) or anthropogenic (e.g. SO,, NOy, NH;, HCI) sources (Fig. 9c).
These salts may have small contents of other cations as a result of interaction
between gaseous precursors and mineral dust or sea-salt particles. Sulfate particles
composition range from sulfuric acid to ammonium sulfate and constitute a major
aerosol type in the troposphere. They either nucleate homogeneously or are formed
by heterogeneous oxidation processes on existing particles from gaseous precursors

of both natural (marine dimethylsulfide, DMS) and anthropogenic (SO,) origins.
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= Secondary organic aerosol (SOA) particles, which are composed of light elements
and formed from reactive organic gases, i.e. volatile organic compounds (VOCs),

emitted by the biosphere (mainly forests and phytoplankton), and from

anthropogenic sources.

Figure 9. Three examples of natural (a,b) and anthropogenic atmospheric (c) particles view under
scanning electron microscopy. (a) Mineral dust: illite with attached halite crystals in Saharan
dust. (b) Primary biogenic aerosol particle: spores of wheat leaf rust. (¢) Secondary inorganic
compounds: combustion-derived Ca-sulfate crystals (images from Giére & Querol, 2010).

Depending on their origins, particles also differ in shape and physical state. Whereas
condensation aerosols are generally liquid and have spherical shapes, particles of surface
origin are solid and have irregular shapes (Buseck et al, 2000). Combustion processes
produce both solid and liquid particles that can have variable morphologies. New
development of TEM techniques such as Electron Tomography (ET) are enabling high-
resolution 3D reconstruction of aerosol particle morphology (Posfai & Buseck, 2010 and

reference therein).

1.3.2. Marine aerosols

Sea-salt particles are the most abundant aerosol species in the marine atmosphere in
terms of mass but can be also transported to great distances above the continents (Prospero,
2002). Owing to their hygroscopic behavior, marine aerosols act as cloud condensation
nuclei, CCN (O’Dowd et al., 1997). Marine aerosol (Fig. 10) comprises two distinct aerosol

types: (1) primary sea-salt aerosol produced by the mechanical disruption of the ocean
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mixed-cation sulfate

Figure 10. Electron microscope images of particles from the marine atmosphere. (a) Sea-salt
particle that consists of a NaCl crystal, mixed-cation sulfate, and filamentous organic material,
presumably of primary marine origin (marked by arrows) (from Posfai & Buseck, 2010). (b)
Image of a sea-salt particle where the mixed-cation sulfates are rod-shaped and contain Na, Mg,
K, and Ca in various relative amounts (from Poésfai & Molnar, 2000).

surface and (2) secondary aerosol, primarily in the form of non-sea-salt sulfate and organic
species, formed by gas-to-particle conversion processes such as binary homogeneous
nucleation, heterogeneous nucleation and condensation (Fitzgerald, 1991 and O’Dowd et al.,

1997 and reference therein).

Primary sea-salt aerosol

Sea-salt aerosol particles are produced by the bursting of air bubbles at the surface of the
ocean (Fig. 11). The number of sea-salt particles in the marine boundary layer is
approximately exponentially related to wind speed. When winds are stronger, more
whitecaps are produced and a larger number of droplets rises to the surface. A bursting
bubble produces up to 10 jet drops (Fig. 11f) with diameters typically between 2-4 um, and
up to several hundreds of submicrometre-sized film drops (Fig. 11d) (Woodcock, 1972;
Fitzgerald, 1991, and references therein). Their size distributions are bimodal: one mode at
2.5 um corresponds to particles produced by jet drops, and another mode at ~0.1 um
corresponds to particles produced by film drops. The initial composition of sea-salt aerosol

particles is directly related with the seawater chemistry containing dissolved ions in the same
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Figure 11. Drop formation from bubble bursting. (a-c) Rise of bubble to the surface and formation
of the bubble film cap. (d) Production of film drops from bursting of the bubble film. (e)
Shrinkage of the cavity left by the bubble and formation of a jet rinsing from the center of this
cavity. (f) Further decrease in size of the cavity due to its filling by the surrounding liquid, and
formation of several jet drops from breakup of the jet (modified from Lewis & Schwartz, 2004).

relative amounts as seawater. Sea-salt aerosols typically contain some organic compounds in

addition to dissolved inorganic ions.

Sea water droplets can be lofted into high altitudes, where relative humidity is lower. It
causes water to evaporate from particles producing crystallization of halite and hydrous
sulfates. Recrystallized sea-salt particles are commonly observed in the vacuum using TEM
(Fig. 10a) although AFM has been also applied to characterize particle morphologies (Pdsfai
& Buseck, 2010). The bulk composition of unalterated, fresh sea-salt particle is NaCl (e.g.
Fig. 10a). In addition, typically rod-shaped or veil-like, thin sulfate crystals commonly occur

(Fig. 10b). Sulfates can contain variable ratios of Na, Mg, Ca, K.

Secondary sea-salt aerosol

Sea-salt particles react with gases in the atmosphere, which results in the release of Cl
and the formation of additional sulfate and nitrate onto the particles. In distinction to the
sulfate that originates from seawater, the excess sulfate is called ‘non-sea-salt (nss). The
mechanism for nss sulfate formation in sea-salt particles includes condensation, dissolution,
and subsequent oxidation of SO, in the water associated with the sea-salt aerosol particles

(Posfai ef al., 1995; Posfai & Molnar, 2000). Nitrogen-bearing species such as NOy during
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the day and HNO; at night can also react with sea-salt particles. The result of these reactions
produce NaNO; from NaCl, and Cl is liberated. Fully reacted particles have lost all their Cl
contents and form characteristic crystals that can be observed under TEM. The crystal
structures of sulfates that are formed from sea-salt are similar to Na,SO, and differ from
those of ‘mixed-cation sulfate’ in unreacted sea-salt particles. Similarly, sea-salt particles
that have completely reacted with NO, or HNO; contain NaNQO;. Atmospheric reactions do
not remove or deposit Na, Mg, K, and Ca ions from or onto the particles and thus the relative
amounts of these elements remain constant through time (Fig. 12a). In contrast, the reaction
of sea-salt particles with atmospheric gas-phases results in a continuous variation of the Na,

S, and Cl ratios (Fig. 12b).

(a) (b)
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Figure 12. Ternary plots showing sea-salt particles composition (in atomic ratios), obtained from
EDX spectra. The three plots represent the same particles collected from the North Atlantic
troposphere. Uniform ratios of K, Mg, Ca and Na in (a) indicate that these elements remain
unchanged during atmospheric reactions, whereas the wide range of compositions in (b) shows
Cl loss and S excess relative to seawater compositions (Pdsfai ef al., 1995).
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1.4. Chemical weathering of carbonates

Chemical weathering is considered to be the most powerful tool in the destruction of
building stone (Winkler, 1973). The effect of chemical weathering on natural building stone
is dominated by two related fields of work: the effect of air pollution and acidic deposition
and the effect of salt crystallization (Smith, 1999). In general pollutants that affect buildings
or monuments can be either in gaseous, liquid or solid phase. Any effect of a pollutant
depends on the reactivity of the stone surface with the pollutant and also on its physical
properties, durability and chemistry (Smith, 1999). Carbonate-bearing stones are the most
sensitive to the effects of pollution (Grossi & Brimblecombe, 2007). The surfaces of
carbonate stones heavily and frequently washed by rainwater can suffer dissolution process
which is more rapid if the stone has had a prior exposure to air polluted with SO, (Cooke &
Gibbs, 1994; Cardell-Fernandez et al., 2002). Dissolution can be defined as the complete

dissociation of a mineral in a solvent, such as water (Winkler, 1973).

Dissolution of carbonates has paramount implications in many geological and
biological processes and has attracted the attention of basic and applied research during the
last decades. Indeed, about 20% of Phanerozoic (0-547 Ma) sedimentary rocks are made up
of the carbonate minerals calcite (CaCOs) and dolomite (CaMg(CO3),) (Morse et al., 2007)
and therefore constitute also one of the most common building stone applied during many
centuries, especially across Europe (Smith et al., 2010 and reference therein). Chemical
dissolution and crystallization of soluble salts in building materials play a critical role in the
decay of carbonate rocks (Fig. 13) although the physical and chemical processes behind this
decay are not completely well understood (e.g. Cardell, 1998; Rodriguez-Navarro & Doehne,
1999). Comparing to physical weathering processes, the effect of dissolution in the
preservation of the Cultural Heritage has received less attention due to the complex
interrelation of factors that control it. Even more complex is to constrain the time and
therefore the rate of this process although early attempts date since the end of the 19"
century (Winkler, 1997). New high-resolution techniques such as atomic force microscopy

(AFM) or vertical scanning interferometry (VSI) devoted to investigate in real time the
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Figure 13. Example of chemical weathering features (deep dissolution pits) under FESEM in the
Santa Pudia calcarenite (courtesy of E. Ruiz-Agudo).

interaction of solution with mineral substrates at the nanometer scale, allow new promising

perspectives in this research field (Ruiz-Agudo, 2007 ).

There are three structurally different anhydrous carbonates: the calcite group
(hexagonal, R3c), the aragonite group (orthorhombic, Pmcn) and the dolomite group

(hexagonal, R3). Despite their structural simplicity, the behavior of these minerals in
solution is complex and primarily reflects the fundamental role of chemical kinetics related
to the carbonated substrate (Morse & Arvidson, 2002; Morse et al., 2007) but also to the
water structure dynamics and solute hydration in the solution (Kowacz & Putnis, 2008; Ruiz-

Agudo et al., 2009, 2010, 2011).
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Among other carbonates, calcite and magnesite dissolution has been thoroughly
investigated over a range of environmental conditions and solution compositions (for a
comprehensive review see Morse & Arvidson, 2002 and Morse et al., 2007). In contrast,
dolomite dissolution studies have been traditionally hampered by its low reaction rates
compared to calcite and its poorly constrained relationship between cation ordering and
reactivity (e.g. Morse & Arvidson, 2002; Liittge et al., 2003). Nevertheless, dolomite can be
the major mineral in certain stones used in the architectural heritage (e.g. Benavente et al.,
2007; Cueto et al., 2009; Lopez-Arce et al., 2009; Martinez-Martinez et al., 2011) and the
understanding of its behavior under different environmental conditions is essential to better
constrain the decay patterns of this building material. In the following paragraphs a brief

outline of dolomite structure, chemical composition and its dissolution are described.

Dolomite group comprises double carbonates and includes dolomite (CaMg(COs),),
ankerite (CaFe(COs3),) and kutnahorite (CaMn(COs),). The structure of dolomite is similar to
the calcite structure but with Ca and Mg layers alternating along the c-axis. The large
difference in size of the Ca*" and Mg ions (ca. 33%) causes cation ordering with the two
cations in specific and separate levels in the structure leading to ‘ordered dolomite’. In
contrast, magnesium atoms in a ‘magnesian calcite’ are not segregated to their own cation
plane but randomly substitute for calcium (Morse et al., 2007). The composition of dolomite
is intermediate between CaCO; and MgCO; although a complete solid solution between
these two phases only exists at temperature higher than 1400°C and about 1100°C between
dolomite and calcite. Naturally occurring dolomite deviates somewhat from Ca:Mg = 1:1
with the Ca:Mg ratio ranging from 58:42 to 48:52 and are commonly termed
‘protodolomites’ (Morse et. al., 2007).

Dolomite is found in many parts of the world mainly as extensive ancient sedimentary
strata, and crystallized equivalent dolomite marble. Present-day dolomite precipitation is
restricted to marginal regimes governed by extreme environmental conditions in terms of
temperature, salinity and saturation state (Morse et al, 2007). This is the reason why
dolomite as a rock is generally thought to be secondary in origin, formed from limestone by

replacement of some of the Ca by Mg. The replacement may be only partial and thus most
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dolomite rocks (dolostone) are mixtures of dolomite and calcite. Nevertheless the contrast
between the abundance of dolomite in ancient carbonates and its rare present-day
distributions is still a matter of debate and represent the so-called ‘dolomite problem’. This
challenging paradox has been, indeed, the subject of scientific research over 200 years and

still remains unresolved (Kaczmarek & Sibley, 2007).

The city of Granada is surrounded by extensive outcrops of dolomite in two markedly
different geological settings: dolomitic marbles associated to calcite marbles in the internal
parts of the Betic Cordillera (e.g. Macael, see Luque, 2010) and dolostone and dolomite
brecha comprising the lower units of shallow marine-marine carbonate-platforms from the
external parts of the Betic Cordillera (e.g. Vera et al., 2005). This fact has promoted the

extensive used of dolomite-bearing stone in the architectural heritage of Granada.

Dolomite dissolution rate depends on the saturation state, pH, temperature, ionic
strength, total dissolved carbonate, aqueous calcium and magnesium activities, organic and
inorganic ligands concentration and hydrodynamic conditions (Busenberg & Plummer, 1982;
Herman & White, 1985; Chou et al., 1989; Orton & Unwin, 1993; Gautelier et al., 1999,
2007; Pokrovsky & Schott, 2001; Pokrovsky et al., 2005). Most of these relationships have
been derived experimentally by monitoring the evolution of the composition of the bulk

solution using macroscopic flow-through or batch reaction devices.

In this PhD Thesis the dissolution of dolomite crystals will be studied at nano- and
microscale in the pH range 3 to 10 in order to gain knowledge in the behavior of this mineral
in the carbonate stones used in the Cultural Heritage field. In addition, the incongruent
dolomite dissolution behavior (leading to a Mg-rich surface) is investigated. The incongruent
dolomite dissolution has been noticed since early works based on the change of the initial
ratio of Ca to Mg released to solution in batch reactors experiments (Busenberg & Plummer,
1982). The existence of this Mg-rich surface has important implications and was argued by
these authors to be the rate-limiting factor controlling dolomite dissolution and origin of the

observed reaction order. Notwithstanding, a direct observation of this incongruent
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dissolution and the nature of the precipitate have not been yet provided and is studied in

more detail in this PhD Thesis.
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Chapter 2

MATERIALS

This chapter contains a summary of the geological materials used for the experimental
part of this PhD research. In contrast to other parts of Spain or Portugal where igneous
silicate rocks such as granite, gabbro or syenite represent the most common dimensional and
ornamental stone used in the architectural heritage (e.g. Rivas et al., 2003, 2008; Simao et
al., 2006; Silva & Simdo, 2009), in Andalusia carbonate stones form the major part of the
Cultural Heritage. This widespread use of carbonate stones is a consequence of their common
occurrence in the southern and eastern Spain (corresponding with the mountain range known
as Betic Cordillera), and also because of the relative easiness of their cutting and quarrying
and their perceived durability (Rodriguez-Navarro, 1994; Cardell, 1998; Gauri &
Bandyopadhyay, 1999; Gibbons & Moreno, 2003; Garcia del Cura et al., 2005; Fort, 2006;
Sebastian-Pardo et al., 2008; Smith et al., 2010).

In addition to the description of stone materials, a summary of aerosol composition in
Granada during the years 2008 and 2009 is presented (Lyamani & Bravo Aranda, 2009,
2010). This period corresponds to the long term natural ageing test performed in diverse

carbonate stones placed in the city of Granada.
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2.1. Stone materials used in the architectural heritage of Granada

2.1.1. Carbonate stones

Three non-crystalline carbonate stones frequently used in the Architectural Heritage of
Granada and Andalusia, as well as in modern buildings, were selected for this study: (a) the

Escuzar calcarenite, (b) the Olivillo travertine and (c) the Sierra Elvira limestone.

The Esciizar calcarenite is a lithotype variety of the well studied Santa Pudia
calcarenite, locally known as Piedra Franca, which are exploited in diverse quarries situated
~ 20 km to the SW from the city of Granada. Calcarenite is a type of bioclastic limestone
composed entirely of carbonate grains in size range of sand (from 0.06 to 2 mm) and
therefore known also as carbonate sandstone. Bioclasts of Santa Pudia calcarenite are formed
by fragmentation of molluscs, echinoderms, briozoan, red algae and foraminifera. The biota
association is typical of temperate, shelf carbonates. In the Escuizar stone bioclasts grain size
commonly ranges from 2 to 5 mm although they can also attain up to 7 mm in length. In the
Folk’s classification these lithotypes should be classified as coarse calcarenite or fine
calcirudite (Folk, 1981). The Santa Pudia calcarenite is also very heterogeneous in calcite
grain size ranging from micritic and microsparitic in the matrix and sparitic calcite partially
filling large intraclast cavities leading to a bimodal porous size distribution (e.g. Rodriguez-
Navarro, 1994). The Santa Pudia calcarenite has been commonly exploited as constructive
material due to its easiness in terms of labor, although its high open porosity limits its
durability. Furthermore, this calcarenite is very well characterized through many research
works since it was extensively used as architectural material in the city of Granada, for
example in the Cathedral, the Royal Chapel, the Cartuja monastery, the Carlos V Palace, the
San Jeronimo monastery and the Royal Hospital (Rodriguez-Navarro & Sebastian-Pardo,
1991, 1996; Sebastian-Pardo et al., 1992; Rodriguez-Navarro, 1994; Villegas et al., 1995;
Cardell et al., 1998, 2008; Alonso et al., 2004; Ruiz-Agudo, 2007; Ruiz-Agudo et al., 2007,
2010; Cultrone et al., 2007, Arizzi et al., 2007; Luque et al., 2008; Rodriguez-Navarro et al.,

2008; Jroundi et al., 2010). In this work the white calcarenite commercialized by Aridos Los
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Linos, S.L. has been characterized and used in the different experiments in this Thesis, and

will be referred in the following chapters as Escuzar calcarenite.

The Olivillo travertine exploited in the Olivillo quarry (Alhama de Almeria, Almeria) is
commonly used in modern architecture and additionally in restoration works of historic
buildings. Travertine is a compact, finely crystalline and often concretionary carbonate rock,
formed by rapid chemical precipitation of calcium carbonate from solution in spring waters
and rivers. In general, travertine is a mechanically very resistant material and due to its
peculiar porous system has the desirable feature of rising damp inhibition. In the
Architectural Heritage of Granada the most often travertine used has been the Alfacar
travertine (Duran et al., 1993; Cardell, 1998; Martin-Algarra et al., 2003), named after the
village where it was quarried, situated in the NE of the city of Granada. However, the closing
of the quarry stimulated increased exploitation of other colored travertines in southern Spain,
such as those from Albox (Yellow Gold Travertine/ Travertino Oro), Alhama de Almeria
(Red Travertine and Olivillo Travertine) and Travertino Agata/Madera in Huércal-Overa
outcropping in the Andarax basin of Almeria (Garcia del Cura et al., 2007a, 2007b, 2008a,
2008Db). It is worth to note also that light travertine from Mugla Province (Turkey) has been
recently imported to Spain because of its similarity with the higher quality Travertino
Romano Classico (Benavente et al., 2009). In this work the travertine (Cream Travertine)
commercialized by Travertino Antic S.L. has been used in the experiments and will be

referred in the following chapters as Olivillo travertine.

The Sierra Elvira limestone represents one of the most common building and
ornamental stone used traditionally in the Architectural Heritage of Spain and particularly in
Granada. Similar stone varieties in age and geological depositional environment are found in
many other Alpine realms and are extensively used throughout Europe. The Sierra Elvira
limestone is exploited close to the city of Granada in the locality of Atarfe. It is a medium-
grain microsparitic limestone mainly composed of well cemented carbonate bioclastic
fragments of crinoids (equinoderms) (Sebastian Pardo et al., 2008). It was formed by the
deposition of fossil- and algae-carrying calcareous mud or slime in shallow seas or lakes
(Braga et al., 1979; Garibaldi, 1999). Thin alternations of parallel- to cross-laminated beds

are common in Sierra Elvira limestone and have been interpreted as storm sand layers
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(Dabrio & Polo, 1985). It is a crystalline rock, grayish-green in color with some calcite bands
and numerous stylolites. Both travertine and limestone are less studied compared to the
calcarenite, although they also are very common stones used in the monuments of Granada

(Duran Suarez et al., 1993; Cardell, 1998; Duran Suarez & Garcia-Casco, 2000).

2.2.2. Geological setting of the quarries

Escuzar calcarenite

This lithotype of the Santa Pudia calcarenite is geologically located in the Granada’s
Neogene sedimentary basin (Fig. 1). Lower Tortonian calcarenic materials were deposited in
coastal areas and subjected to different redeposition processes. These calcarenites contain
several bioclasts and detritial material as well as metamorphic rock fragments (mainly
metapelite and quartz aggregates) from the nearby Palacozoic basement. The calcarenic
materials are exploited at the south edge of the basin in the Cortijo de Santa Pudia and
Cortijo de la Escribana where two important calcarenite quarries are placed, i.e. La
Escribana and Escuzar (Fig. 1). The quarry of La Escribana provided until its closing in
1994 one of the most common constructive materials in the Architectural Heritage of
Granada (see above). When the quarry of La Escribana was closed, exploitation activities
moved to an ancient quarry closer to Escuzar, locally named Las Parideras (or simply
Escuzar). The Escuzar quarry (Fig. 2), located to the NW of the La Escribana quarry may be
its prolongation. Its differences in grain size, texture and types of bioclasts could be a
consequence of the distance to the original border of the Neogene basin. Coarse grained
bioclasts gradually decrease laterally when the basin deepen. At least two color varieties can
be distinguished in the outcrop, one more whitish and another more yellowish due to
different contents of iron- oxides and hydroxides. Escuzar calcarenites were used recently in
the restoration of the Great Mosque of Cordoba and the Palace of Las Cinco Llagas of

Seville (present location of the Andalusian Parliament).
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Figure 1. Regional sketch (left) and geological setting (right) for Santa Pudia calcarenite
(Gonzalez Donoso et al., 1980). The old (La Escribana) and currently exploited quarries
(Escuzar) are shown.
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(a)

Figure 2. (a) General view of Escuzar quarry showing the erosive discontinuity where the exploited
baseline level (dashed line) is situated. The frame indicates the position of the picture shown in b.
(b) Detail of the erosive discontinuity. Note the abundance of subvertical joints below the erosive
discontinuity. Ashlar height is ca. 1 m.

Olivillo travertine

Relatively large Quaternary travertine formations (> 5 km?) outcrop near the villages of
Alhama de Almeria and Alicun (Fig. 3). These formations were deposited in perched
springline and fluvio-lacustrine environments and later locally affected by subaerial exposure
processes (Voermans & Baena, 1983). Due to intense fault activity during the travertine
deposition different tectonic structures have been further observed over the site, including,
stylolitization and fracturation. Furthermore, the travertine beds mainly consist of banded,
massive and tufaceous facies. Fenestral porosity, both parallel and perpendicular to the
stratification is very common in the banded facies. The size of the pores is from 0.1 mm to 10
mm (micropores to macropores). While the massive facies exhibit intercrystalline micropores
(from 0.1 um to 10 um), the tufaceous facies are characterized by connected macropores (> 5
mm). These later are the least recommended for use as ornamental stone (Garcia del Cura et

al., 2008a, 2008b).
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Figure 3. Regional sketch (left) and geological setting (right) for Alhama de Almeria
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The travertines are exploited in several quarries (Fig. 4) in the Rio Andarax drainage
basin (Almeria province, southeastern Spain). The travertine selected for this PhD study is
commercially known as Olivillo travertine, which is commonly used as building stone in

modern architecture and restoration interventions in Granada’s architectural heritage.

Figure 4. Travertine quarry in Alhama de Almeria (picture courtesy of M.A. Garcia del Cura)

Sierra Elvira limestone

Sierra Elvira is a small mountain of 1098 m high (Fig. 5), located approximately 10 km
to the NW of the city of Granada (southern Spain). Geologically is interpreted as a Mesozoic
horst and is part of the most southern part of the Middle Subbetic domain in the central
section of the Betic Cordillera (Braga et al., 1979). It comprises Triassic, Jurassic and
Cretaceous materials that were deposited on the Tethys realm and is surrounded by Neogene-
Quaternary materials of the Granada basin. The Liassic age (Carixian, i.e. 185-190 Ma)
crinoid limestone and micritic limestones from the Sierra Elvira are very common stones
used as building and ornamental materials. Crinoids are equinoderms characterized by a cup-
shaped body, feathery radiating arms and either a stalk or clawlike structure used to attach to

a substrate. The Sierra Elvira crinoid limestone contains also fragments of molluscs,
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Figure 5. (a) View from the North of the Sierra Elvira limestone quarry (Cerro del Tajillo de la
Mina, Atarfe, Granada). (b) Minor quarry between E!l Tajillo de la Mina and Ermita de los Tres
Juanes (behind).

brachiopods and foraminifera. The presence of ammonites is also not rare. In the Sierra
Elvira domain two stratigraphic levels can be clearly distinguished. The lower and thicker
(about 20 m) is characterized by large-scale unidirectional lamination and a high density of
stylolites. The upper level (about 5 m) is characterized by hardground-like cross-lamination
associated with polygonal cracks caused by desiccation (Linares & Rivas, 1973; Braga et al.,
1979). The Sierra Elvira limestone is mainly composed by calcite grains although in some
cases the stylolite cavities contain dolomite crystals (Sebastian Pardo et al., 2008). However,
the occurrence of dolomite is highly variable and can be the major carbonate mineral in
highly dolomitized lithotypes (Lupiani & Soria Mingorance, 1988). The dolomitization
process is believed to postdate the diagenesis due to circulation of Mg-rich fluids from the
underlying thick sequence of dolostone (ca. 200 m) which are older in age (Hettangian, 197-

201 Ma).

The crinoid limestone is commercially known as piedra de Sierra Elvira (Sierra Elvira
stone) and the less common micritic limestone as piedra losa (slab stone) (Duran Suarez &
Garcia-Casco, 2000; Sebastian-Pardo, 2000). The crinoid limestone was the last geological
formation deposited before the great carbonate platform on the southern rim of the European
plate broke due to the formation of the Atlantic Ocean around 180 million years ago (Garcia-

Hernandez et al., 1979). Sierra Elvira is a key place to observe Middle Triassic crinoid facies
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due to the stratigraphic continuity and development of the Liassic formation (Fig. 6). In
addition, palacoenvironmental conditions led to vast accumulation of equinoderms. The
Sierra Elvira crinoid limestone is by far the most exploited stone variety in the Granada area
and widely used in facades, fountains, columns and plinths in some of Granada's most
emblematic historic buildings, including the Royal Hospital, the Palace of Charles V
(Alhambra), the Royal Chancellery and the Cathedral.
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2.2. Atmospheric aerosols in Granada

Granada is a nonindustrialized, medium size city in southeastern Spain with a population
of around 300,000. The population of the entire urban area is estimated to be 600,000.
Granada is located in an intraorogenic basin surrounded by mountains with the highest
elevations located at the southeast of the basin. Meteorological conditions prevailing in
spring and summer favors the arrival of Saharan air masses. During autumn and winter the
number of Saharan dust episodes is reduced while Atlantic and continental air mass are

dominant (Lyamani et al., 2004, 2006, 2008, 2010). Average climate data for the city of

Granada is summarized in Table 1.

Table 1. Climate data for Granada (altitude: 687 m) (source http://www.aemet.es/ )

Period: 1971-2000 - Altitude: 687 m

Mes T ™ ™
Jan 6.8 12.2 1.3
Feb 8.4 14.1 2.6
Mar 10.7 17 4.3
Apr 12.6 18.8 6.4
May 16.5 23.1 9.8
Jun 21.3 28.8 13.9
Jul 25.3 33.5 17.1
Aug 25.1 33.2 17.1
Sep 21.2 28.5 14

Oct 15.7 21.9 9.5
Nov 10.6 16.2 5.1
Dec 7.9 13.1 2.8
Year 15.2 21.7 8.7
Caption

T Average temperature °C

™ Average of highest temperature °C
m Average of lowest temperature °C
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36
37
40
30
16

17
40
46
49
361

RH

74
69
62
59
55
48
41
42
52
64
73
76
60

161
161
207
215
268
314
348
320
243
203
164
147
2751
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The air quality of Granada is permanently controlled (every 10 min 24 h per day) by the
Andalusian Centre for Environmental Studies (CEAMA) and the Department of Applied
Physics (University of Granada). The air quality is monitored through several stations placed
in the city (Fig. 7) and at the Granada’s province coast (Motril). Detailed information
regarding to several atmospheric gases and the particulate matter measured in these fixed
stations are annually summarized and the data are available worldwide. The measured values
include: (1) particulate matter with aecrodynamic diameter smaller than 10 um (PM10), (2)
light scattering (o), light absorption (o.), coarse and fine particle density, scattering
albedo (wya) measured by means of aerosol optical properties (CEAMA) and (3) NO, NO,,
NOy, CO, SO, and Os. Next, a short report of these parameters is provided for the period
2008-2009 that corresponds to the natural long-term ageing test (Chapter 9). The report is

summarized from internal reports elaborated by Lyamani and Bravo Aranda (2009, 2010).

Atmospheric aerosol permanent stations in Granada (Spain)

442,000 444,000 446.000 448.000 450.000
1 1 1 1 1 L L L 1 1
Highw
& gaey S
S Main roads | S
q 0
o -
¥ =
(=3
(=}
S - CamCar | S
q O
© =
= =
g g
5] [
= 3
*station dedicated to aerosol
optical measurements

1 1 1 1 1
442.000 444.000 446.000 448.000 450.000

Figure 7. Map of the Granada city with its different suburbs in grey tones. Locations of the aerosol
permanent stations are shown with dotted circle. Highways and main roads are also shown.
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2.2.1. Particulate matter (PM10)

Spatial variations on the PM10 concentration for 2008 and 2009 are shown in Fig. 8
using Box Whisker diagrams. The notation PMI10 is used to describe particles of 10
micrometers or less in aerodynamic diameter. All values measured in Granada city stations,
including the one considered as urban background (Campus Cartuja), are higher than at the
seacoast (Motril). This is a clear consequence of higher pollution in the city characterized by
a high traffic density. Among the stations from the city of Granada, the lowest PM10
concentrations were found in the Campus Cartuja station that is explained by its location far
from the traffic density sites. PM10 for Granada Norte, Paseos Universitarios and Campus
Cartuja are similar to other spanish stations influenced by traffic. For instance Querol and
coworkers (2004) report urban background levels of PM10 ranging from 30 to 40 ug m™ and

between 45 and 50 pg m™ in roadside stations.

Particulate Matter
I I I
80 T T T T 80
2008 | I 2009
60 | ] 60 |-
(")A m/'\
E i
o H o o I 1 E sl o =
= (@)]
‘9 L b o B =]
= l = s
Fuf ] A EL T T
1 1 1 1 0 | | |
GraNor PasUni CamCar Mot GraNor PasUni Mot
Stations Stations

Figure 8. Box-Whisker diagram showing the PM10 concentration for aerosol sampling in Granada
during 2008 and 2009. Box limits are 25 and 75 percentile, the line inside the box is the median,
the outer limits are the 5 and 95% of the data and the small square the average value. See for
acronyms in Figure 7.
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Fig. 8 shows that GraNor and PasUni have the highest PM10 concentrations (ca. 30-50
pg m~) due to traffic influence. Values are higher in summer due to saharian dust and
European air mass intrusions and particle resuspension as a consequence of higher
temperature, drier surrounding areas terrain, fires and relatively high wind speeds. Atlantic
mass intrusions in winter decrease the PM10 concentration. PM10 values are lower during
weekends due to the reduction in traffic, construction and demolition. Highest values of
PM10 (60-70 ug m™) are found during traffic rush hours (at 09.00 and 21.00 h) whereas
minimum values (25-35 pg m™) are observed at 05:00h and 16:00h.

2.2.2. Optical properties

Light scattering and absorption properties of aerosol particles can be interpreted in terms
of particle size distributions and by its sources (Lyamani et al., 2008). Coarse particles, with
aerodynamic diameter greater than 1 um, are weak light absorbers and commonly have a
mechanical origin, such as erosion or resuspension. On the contrary, particles from the
accumulation mode are strong light absorbers and have several sources including

combustion.

In the CEAMA station, optical counters measure, in real time, aerosol concentration and
particle diameter in range between 0.50 and 20 pm. Aerosol particles are classified as Ng
(0.5<D<1 pum) and coarse N¢ (1<D<20 pm) and represented as number of particles per air
volume (#/m’). Based on the measurements of light scattering (o) and light absortion (Ggs),
the single scattering albedo at 670 nm, wys (670 nm) can be computed, which is the ratio
between G, and Gy, TCaps. Purely scattering aerosols (e.g. sulfate) exhibit values of wps = 1,

while very strong absorbers (e.g. black carbon) have values of 0.3 (Lyamani et al., 2008).

Fig. 9 shows the variation of average values of coarse (N¢) and fine (Nr) particle density

and single scattering albedo at 670 nm (wga) in the CEAMA station. Fine particle density is
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Figure 9. Seasonal values of coarse particle density (N¢), fine particle density (Ng) and scattering
albedo (moa) which is related to the black carbon concentration in the CEAMA station for 2008-

20009.

higher in winter than in summer, and is related to an increase of the anthropogenic activities
such as domestic heating (mainly diesel central heating) and meteorological stagnation
conditions (reduction of wind speed). On the contrary, coarse particle density is slightly

higher in summer than in winter. This increase in N¢ is due to the combination of arid
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conditions and relatively high wind speeds which favour soil particle in suspension.
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Average values of single scattering albedo ranged from 0.5 to 0.8 (Fig. 9), indicating that
about 35% of the aerosol light extinction was due to absorption. These values are lower
compared with other cities like Beijing or Atlanta indicating that the aerosols in Granada
contain a large fraction of absorbing material, e.i. black carbon particles (Lyamani et al.,
2006, 2008). Single scattering albedo in urban areas is generally related to the black carbon
formation from combustion sources, although dust can also contribute to the aerosol light

absorption.

2.2.3. Pollutant gases

The spatial variation of pollutant gases NO, NO,, NO4, CO and SO, for 2008-2009 is
shown in Fig. 10. Similarly to the PM10 concentration, the lowest pollutant gases
concentration was found at the sea coast (Motril). In general the highest values were found in
the stations closer to dense traffic (Granada Norte) whereas the lowest values correspond to

the background station (Campus Cartuja).

SO, concentration do not show any seasonal variation exhibiting rather constant values
thought the year. In general SO, is low in all station pointing out that Granada is a non-
industrialized city. Also this low concentration addresses the low sulfur content of fuel used

for vehicles.

On the other hand, seasonal variations of NO, NO,, NO, and CO have been observed in
all stations with higher values in winter and lower in summer. The cyclic variation of the
concentration of these pollutant gases can be explained by a combination of factors including
seasonal variations of vertical distribution of these gases, variation of the sources and
meteorological conditions. For instance domestic heating emissions during winter are an

active source of pollutant gases in Granada (Lyamani ef al., 2008).
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Figure. 10. Spatial variations in the concentration of SO,, NO, NO, and CO measured in the
Granada province stations for 2008-2009. See for acronyms in Figure 7.
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It is well known that ozone (Os) is a secondary pollutant formed by a complex series of
chemical reactions beginning with several pollutant precursors such as NO, and volatile
organic compounds (VOCs) — especially hydrocarbons — in the presence of atmospheric
oxygen and sunlight. On the other hand ozone breakdown depends on the occurrence of
certain substances in the air. Ozone formation is usually limited by the catalytic effect of NO.
The spatial variation in the ozone concentration for 2008 and 2009 is shown in Fig. 11. The
concentration of ozone was 30% higher in the background station (Campus Cartuja)
compared to the other stations with denser traffic. Ozone shows a characteristic behavior that
makes it peculiar refer to other atmospheric pollutants. One of these features is its high
reactive character. Ozone combines instantaneously with reducing gases, particularly with
one of its precursors, NO. Therefore, in dense traffic sites, such as the Granada Norte station,
the newly emitted NO can be combined with ozone and thus decreasing its concentration. On
the other hand, when precursor gases are transported by the wind far from the ozone emission
source, higher concentration of ozone can be accumulated due to the lacking of reacting
species. This could explain why the Campus Cartuja station (which is located in the outer

edge of the city) recorded highest ozone values than, the more polluted, Granada Norte

station.
2008 2009
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Figure 11. Box-Whisker diagram showing the ozone concentration for Granada’s aerosol sampling
stations for 2008-2009. Box limits are 25 and 75 percentile, the line inside the box is the median,
the outer limits are the 5 and 95% of the data and the small square the average value. See for
acronyms in Figure 7.
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Chapter 3

METHODOLOGY:

ANALYTICAL TECHNIQUES AND
AGEING TESTS

Complementary analytical techniques have been used to address at nano-, micro- and
macroscale the goals of this PhD Thesis. These techniques are briefly explained in the

following paragraphs.

3.1. Chemical and mineralogical characterization of materials

3.1.1. X-ray fluorescence (XRF)

X-ray fluorescence was used to determine major and minor elements of fresh stone
samples before being subjected to the ageing tests. Moreover, this technique was also applied

to analyze the bulk elemental content of the atmospheric aerosols from the city of Granada

collected by Nuclepore® filters (see section 3.3.1.).

The stone samples were analyzed by a Bruker S4 Pioneer X-ray fluorescence

spectrometer (IACT-CSIC-University of Granada) with wavelength dispersion equipped with
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a goniometer that held analyzing crystals (LIF200/PET/OVO-55) and Rh X-ray tube (60 kV,
150 mA). Semiquantitative scanning spectra were obtained using the software Spectraplus.
Stone powder (~ 5 g) was blended with wax (Hoestch wax C micropowder Merck) using a
5100 SPEX Mixer/Mill. Then each sample was uniformly deposited onto a cellulose
substrate contained in a 40 mm aluminium cup. Finally, the product was pressed at 10 ton

(Mignon-S de Nannetti) to obtain a pressed pellet (40 mm sample disc).

The aerosol particles collected on the filters were determined by energy dispersive X-ray
fluorescence (EDXRF) during my short research stay at the University of Antwerp, Belgium
(Department of Chemistry, Micro and Trace Analysis Center). The details of the applied

instrument and analysis conditions are described in section 3.3.1.

3.1.2. X-ray diffraction (XRD)

The mineralogical composition of the fresh stone samples, the stone pore filling in the
polished travertine samples and the bulk aerosol samples were determined by powder X-ray
diffraction. The stone samples and the stone pore filling were milled in an agate mortar to
less than 50 pm particle size. No sample preparation was required for aerosol samples as
XRD was applied directly to the Nuclepore® filter surfaces used to collect the bulk aerosol
samples. All samples were analyzed by a Philips PW-1710 diffractometer (Department of
Mineralogy and Petrology, University of Granada) equipped with an automatic slit window.
Analysis conditions were: radiation Cu Ko (A: 1.5405 A), 40 kV voltage and 40 mA current
intensity. Explored area for stone samples and stone pore filling was between 3° and 60° 260
and goniometer speed of 0.01° 26/s, and for the aerosol samples between 3° and 64° 20, with

0.05 scan rate, and 0.80 integration time.

The efflorescences that crystallized on the stone surfaces during the sea-salt ageing test
conducted in this PhD Thesis (section 3.4.1) were analyzed using a XPERT-PRO
diffractomer (Department of Mineralogy and Petrology, University of Granada). Analysis
conditions were: radiation Cu Ko (A: 1.5405 A), 45 kV voltage, 40 mA current intensity,

explored area between 4° and 70° 20 and goniometer speed using Si-detector X’Celerator of
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0.01° 20/s. In addition, grazing incidence X-ray diffraction (GXRD) was applied to
characterize the precipitate layer on dolomite crystals (used for the AFM and VSI
experiments), which was formed during the dolomite dissolution, at acid conditions, in the
AFM experiments (section 3.5.2.). The grazing angle (o) was 2° and the explored area
between 5° and 60° 20. Automatic acquisition, evaluation and identification of minerals were

performed by Xpowder software (Martin Ramos, 2004).

3.1.3. Optical microscopy (OM)

Petrographic characteristics (texture and mineralogy) of fresh and aged stone samples
were examined under polarized optical microscopy using an Olympus BX-60 equipped with
digital camera (Olympus DP10). To this aim, polished thin sections were prepared with
ethanol to avoid salt dissolution, and stained with red alizarin to differentiate calcite from

dolomite (calcite tints to red while dolomite remains unstained).

The microscopic surface features of dolomite crystals subjected to dissolution were also
observed using the same optical microscope. Observations were performed both under

transmitted and reflected (polarized) light.

3.1.4. Scanning electron microscopy in back-scattered electron mode (SEM-
BSE)

Scanning electron microscopy (SEM) operating in back-scattered electron mode was
applied to study the chemical composition of the minerals at the fresh carbonate stone
surfaces. The samples were investigated under a LEO 1430-VP variable pressure scanning
electron microscope (VPSEM) and an Oxford Instruments Inca 350 energy dispersive X-ray
(EDX) microanalysis system. The results were processed with INCA® software. The gold-
and platinum-coated samples were studied at 15 kV in a high vacuum. The spectra were

acquired in a range of 5 to 20 kV.
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The chemical composition of precipitated salts on the carbonate stone surfaces after the
ageing tests was studied by means of environmental scanning electron microscopy (ESEM)
on a Phillips Quanta 400 instrument. Analysis conditions were 20 kV acceleration voltage

and 1 nA probe current and working distance of 10 mm.

In addition, polished thin sections (~30 um thick) of aged calcarenite samples exposed to
natural decay were studied. Single point elemental analyses and X-ray maps of carbon coated
stone surfaces were acquired. The SEM-EDX working conditions were 500 pA filament
current and 10 eV/ch resolution for pinpoint analyses, and 1 nA filament current and 20
eV/ch resolution for map acquisition. The beam energy used was 20 keV. Maps of 1024 x
786 pixels were obtained in selected areas with 500 frames and dwell time of 10 ps.
Furthermore, the Phasemap tool was applied to identify mineral phases using ternary element
plots of specific pixel information from X-ray maps. The procedure for mineral map
acquisition involves the use of so-called “ternary phase diagrams”. The software generates
mineral maps of relative concentrations for up to three elements specified by the user. The
element information embedded in each image pixel is rearranged in such a way that regions
of similar (ternary) composition can be determined in the phase diagram. Superposition of
images obtained from different “ternary phase diagrams,” represented as a false color map,
then yields a “phase map”. To give a realistic reconstruction of mineral distribution in the
cross-sectioned sample, the obtained mineral map can be “mixed” into the BSE image.

Quantitative analysis was done with the Point & ID tool in the software.

3.1.5. Transmission electron microscopy (TEM)

The composition and morphology of the atmospheric particles deposited on the stone
surfaces during long-term natural ageing test and those collected by filters were studied by
transmission electron microscopy (TEM). A Philips CM20 equipped with an EDAX solid-
state ultrathin-window energy dispersive X-ray (EDX) detector was used. The acceleration
voltage of the microscope was 200 kV, and a lens aperture of 40 um was employed as a
compromise between amplitude and phase contrast for the images. The identification of

mineral phases was facilitated by collecting selected area electron diffraction (SAED)
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patterns. Prior to TEM analysis, particles were dispersed in ethanol, sonicated for 30 s, and

placed on Formvar© and C-coated Cu grids.

3.1.6. Transmission-Fourier Transform infrared spectroscopy (T-FTIR)

Transmission-Fourier transform infrared spectroscopy (T-FTIR) was used to characterize
the epoxy silicone resin composition used in the polishing treatment of the commercialized
Olivillo travertine. The T-FTIR spectrum was registered from 3999 to 400 cm with a
resolution of 2 cm™. 200 scans were collected using a NICOLET spectrometer 20SXB. The
T-FTIR spectrum was obtained from KBr pellet prepared by uniformly mixing 5 mg of
powdered sample with KBr (3 wt. %).

3.1.7. Micro-Raman spectroscopy (MR)

Micro-Raman spectroscopy was used to identify tiny crystals precipitated onto the
calcarenite slabs after the natural ageing test (see section 3.4.2). The advantage of micro-
Raman analysis is that no sample preparation is required enabling an accurate identification
of small amount of mineral phases. The calcarenite slabs (10 x 10 x 2 cm) were examined
with a Renishaw RM1000 dispersive spectrometer equipped with a Leica DMLM optical
microscope (Department of Geology, University of Jaén), a grating with 1200 grooves/mm
and a Peltier-cooled CCD detector. Raman spectra were obtained with the 785 nm emission
of a diode laser with 30 mW laser power and Leica 20 x and 50 x objectives were used. The
wavenumber accuracy was better than 1 cm ™' and the spectral resolution was about 2.5 cm™".
The system was operated in the confocal mode, resulting in an approximate lateral resolution

of ca. 3 um.

3.1.8. X-ray photoelectron spectroscopy (XPS)

A thin surface precipitate layer formed on dolomite crystals during dissolution at pH 3
was analyzed with X-ray photoelectron spectroscopy. Optical grade dolomite crystals (3 x 3

x 1 mm) were investigated under a Physical Electronic PHI 5701 spectrometer equipped with
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a multi-channel hemispherical electroanalyzer. Non-monochromatic Mg Ka X-ray radiation
(300 W, 158 kV, 1253.6 ¢V) was applied as the excitation source. The spectrometer energy
scale was calibrated using Cu 2p3/2, Ag 3d5/2, and Au 4f7/2 photoelectron lines at 932.7,
368.3 and 84.0 eV, respectively. The binding energy of photoelectron peaks was referenced
to C 1s core level for adventitious carbon at 284.8 eV. High resolution spectra were obtained
at a given take-off angle of 45° by a concentric hemispherical analyzer operating in the
constant pass energy mode at 29.35 eV and using a 400 um diameter aperture. The binding
energy of photoelectron peaks was referenced to C 1s core level for adventitious carbon at
284.8 eV. Acquisition and data analysis were performed by a PHI ACCESS ESCA-V8.0C
software package. Recorded spectra were fitted using Gauss-Lorentz curves in order to
accurately determine the binding energy of the different element core levels. After a Shirley-
type background subtraction, atomic concentration percentages of the dolomite elements
were determined from high-resolution spectra and the corresponding area sensitive factor for
every photoelectron line was taken into account (Moulder et al., 1992). Survey and
multiregion spectra were recorded for C 1s, O 1s, Ca 2p and Mg 2p photoelectron peaks. A
depth profiling (up to 6 nm deep) was carried out by 4 keV Ar" bombardment.

3.2. Determination of physical properties of carbonate stones

3.2.1. Mercury intrusion porosimetry (MIP)

This technique is used to measure the pore size distribution and the open porosity of a
solid material. The measurement is based on the non-wetting behavior of the mercury versus
the solid surface and its high surface tension. The required pressure to intrude increases as
the size of the pore decreases. Therefore, a plot of intruded volume of mercury as a function
of the external pressure gives an indication of the pore size distribution (Siegesmund &

Snethlage, 2011).

Blocks of ca. 2 cm® of fresh and aged stone samples (containing salts) were dried in an

oven during 24 h at 60 °C, and analyzed on a Micromeritics Autopore III model 9410
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porosimeter (Department of Mineralogy and Petrology, University of Granada). The
instrument consists of two low-pressure and one high-pressure port and works within the
pressure range from almost zero up to 60000 psia (414 MPa) that enables measuring pore

diameters from 0.003 to 360 um.

3.2.2. Argon adsorption

This technique was used to study the smallest pores between 1 and 100 nm (10-1000 A)
of fresh and aged samples after the sea-salt ageing test. The aged samples (rough and
polished surfaces) were washed in distilled water during one week prior to the measurements.
The purpose of this procedure was to discern the binding or cementing effect of the salts in
the stones. Different fluids can be used as adsorbates in this technique and the most common
is the nitrogen. In stone samples with surface area smaller than 5 m*/g is more realistic to use
argon (Ar) than nitrogen, which usually yield excessively high values (Sing et al., 1985). The
Ar adsorption isotherms were obtained at 196 °C on a Micromeritics Tristar 3000. Prior to
measurement, samples were heated to 250 °C for 8 h and outgassed to 10” Torr using a

Micromeritics Flowprep.

The gas adsorption analysis was used to determine the total specific surface area (Gregg
& Sing, 1982; Adamson & Gast, 1997), and the Barret—Joyner—Halenda (BJH) method to
obtain pore size distribution curves, the pore volume and the mean pore size of the stone
samples (Barret et. al., 1951). Additionally, the surface fractal dimension, Ds, was
determined from adsorption data and used to characterize the surface roughness. The analysis
of the gas adsorption isotherms using a modified Frenkel-Halsey—Hill (FHH) theory (Tang et
al., 2003) allows determination of surface fractal dimension from the slope (A) of the plot of
Ln(V) vs. Ln[Ln(P/Py)], where V is the adsorbed volume of gas, and P and P, are the actual
and condensation gas pressures. When surface tension (or capillary condensation) effects are
important, the relationship between A and Dg is A = Dg - 3. Capillary condensation is
significant if 8 = 3(1 + A) - 2 < 0. The pressure range and therefore the thickness range of the
adsorbed layer coverage revealed that samples were purely monolayer (since n = 1-2). This

thickness range ensures that the determination of Dy is reliable (Tang et al., 2003).
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3.2.3. Hydric tests

Diverse hydric tests (free water absorption, water saturation by the vacuum method,
hydrostatic weighting, desorption, capillary ascent and suction) were applied to characterize
the porous system and obtain information about the dynamics of fluids inside the quarried
stone materials. According to the standards UNE (1999, 2002) and RILEM (1980), cubes of
5 cm in size were prepared for absorption and desorption hydric tests, and blocks of 2x2x10
cm for capillary ascent and suction tests. The samples were dried in an oven during 24 h at

60 °C to remove the moisture they might contain.

3.2.4. Ultrasonic wave velocity measurements

Ultrasonic measurements were performed in fresh stone samples by Panametrics HV
Pulser/Receiver 5058 PR connected to Tektronix TDS 3012B osciloscope. P and S waves
were measured in cubes (5 x 5 x 5 cm) by transducers at 25°C and RH of 50% applying the
frequencies of 0.5 MHz (S waves) and 1 MHz (P waves). Afterwards, several parameters
were calculated: compression wave velocity (Vp), shear wave velocity (Vs), Young modulus
(E,), Poisson's ratio (v,) and total and relative anisotropy coefficients (AM and Am) of P and
S waves. The equations used to calculate the parameters mentioned above were the

following:

Young modulus (£,) in GPa,

1-2v )1 +v
E,= pbulkVP2 ( ot ) (D
(1 - Vd)

Poisson’s ratio (v,)

v, = (VP/VS)2_2
AW, IV -]

2
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Total and relative anisotropy for P and S waves in % (AMp, AMg, Amp and Ams,

respectively) according to Guydader & Denis (1986),

2V,

AM, =[1-— =P
(VPZ + VP})

1100 3)

mp — 2(VP2 - VP3)100
Vor +V3)

“4)
The velocities Vp1, Vpy and Vp; correspond to the minimum, maximum and intermediate
velocity measured along three orthogonal directions. Similar expressions are applied also for

S waves.

3.2.5. Colorimetry and spectrophotometry

The color of building stones used in the architectural heritage is one of the most
important characteristics that define their aesthetic properties. Many aesthetic decays are
produced by environmental conditions and urban pollution and therefore, the stone color

stability is an essential parameter that
= 100 must be understood and monitored
properly (Benavente et al., 2003). The
color depends on the mineral phases

present and the texture of the studied

materials. Due to atmospheric pollutants
the minerals can be replaced with others
and the texture can be modified (Garcia

Pascual et al., 1999).

In this investigation, the chromatic

Figure 1. 3D illustration of the CIELAB color
system (1976). L* = luminosity (0-100); a* = +a
(red), -a (green); b* = +b (yellow), -b (blue). samples before and after the sea-salt

parameters of rough and polished stone
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ageing test were determined using a Minolta CR 210 colorimeter, with 0° viewing angle and
50 mm diameter measuring area. The CIE illuminant C was applied with a color temperature
of 6774 K that simulates the daylight. On the other hand, color changes in calcarenite
samples after a long-term ageing test were measured more precisely by a Minolta CM-700d
spectrophotometer using a 8§ mm diameter. Both C and D65 (color temperature: 6504 K)

illuminants were used.

All obtained data were expressed by an alphanumeric code of CIE L*a*b* (Fig. 1) and
CIE L*C*H* color systems (Wyszecki & Stiles 1982) where L* represents the color
luminosity (brightness, lightness) varying from black with a value of 0 to white with a value
of 100; a* varies between +a* (red) and -a* (green), and b* varies between +b* (yellow) and

-b* (blue).

The total color difference is described as AE* and is calculated using the following

equation:

AE* = [(AL*)? +(Aa*)? +(Ab*)? (5)
In the CIELCH (L*C*H%*) system the same diagram is used as in the previous system

with some difference in coordinates. L* represents luminosity, C* color saturation or chroma

and H* the hue and are calculated as described below:

C* = /(a*)” +(0%)’ (6)

b*
He=tg™ — when a* > 0 and b* >0 (7a)
a
b %
H°=180°+tg™" — when a* <0 and b* >0 or a* <0and b* <0 (7b)
a
b
H°= 360"+tg‘l — when a* > 0 and b* <0 (7¢)
a
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3.3. Sampling and characterization of atmospheric aerosols

A detailed study of air quality was conducted inside and outside of the Monastery of San
Jeronimo that represents one of the main buildings of cultural interest in the city of Granada.
Indoor and outdoor concentrations of atmospheric particles and gaseous pollutants were

collected and characterized precisely as described in the following paragraphs.

3.3.1. Particulate matter (bulk and single particles)

The most common approach for determining the composition of bulk aerosol particles
involves the analysis of deposits collected on filter substrates. During the aerosol sampling in
San Jer6nimo monastery Nuclepore® filters of 0.4 um pore-size and 47 mm diameter were
used. The filters were fixed on a Millipore filter-unit (Figs. 2 and 3a & b) that was connected
to a low-volume vacuum pump. The average sampling time was 24 h and the flow rate
approximately 30 L min"'. Bulk elemental content of particles collected on the filters was
determined during my short research stay at the University of Antwerp, Belgium
(Department of Chemistry, Micro and Trace Analysis Center) by energy dispersive X-ray
fluorescence (EDXRF). The measurements were carried out on a Tracor Spectrace- 5000
instrument employing a low-power Rh-anode X-ray tube (17.5 W). For the determination of
high-Z elements (starting from K) a tube voltage of 35 kV, a current of 0.35 mA, and an
acquisition time of 10,000 s were applied. For low-Z elements (from Al to Cl), the tube
voltage was 10 kV, a current 0.35 mA, and an acquisition time 4,000 s. The detection limits
were between 5 and 10 ng cm™ on the filters. The measured intensities were converted into
elemental concentrations by the application of the AXIL program code (Van Espen et al.
1986). Additionally, the mineral composition of bulk particles was analyzed by means of

XRD (see section 3.1.2).

Single atmospheric particles were collected using a 7-stage May cascade impactor Fig.
3c. An impactor is a device that classifies particles present in the air into known size ranges.
The air is drawn into and through the impactor by a pump where encounters a cascade of

progressively finer jets. The jet velocity thus increases from stage to stage and each stage
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Figure 2. Field work during an aerosol sampling campaign in the Alhambra (Comares Tower).

collects finer particles than the previous one. The applied May cascade impactor contained
aerodynamic cut-off diameters of 8§, 4, 2, 1, and 0.5 pum that corresponded to stages 3, 4, 5, 6,
and 7 (Fig. 3¢). The particles were entrapped on silicon wafers and silver foils. Furthermore
the size-segregated particles were analyzed by a JEOL 733 electron probe microanalyzer
(EPMA) equipped with an ultra-thin window Si(Li) detector (Oxford). To avoid beam
damage of the analyzed particles, the sample holder was cooled of by liquid nitrogen, which
is especially important for low-Z elements, starting from C. Approximately 300 particles
were measured on each stage, so almost 1,500 individual aerosol particles were analyzed in
one sample set. The X-ray spectra were processed using the AXIL software (Van Espen et
al., 1986). Moreover, the particles were divided into three representative and main fractions:
nano fraction, which contains average results of particles smaller than 1.0 pum, micro
fraction, containing particles in the range between 2.0 to 10 pum, and macro fraction,
comprising the average results of particles bigger than 10 pm in size. Each fraction was
finally analyzed by suitable analytical techniques. The composition and morphology of nano

fraction were studied with a Philips CM20 transmission electron microscope (TEM) operated
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at 200 kV and equipped with an energy dispersive X-ray spectrometer (EDX). Prior to TEM
analysis, particles were dispersed in ethanol and placed on Formvar C-coated Cu grids. On
the contrary, micro and macro particles were analyzed by XRD and SEM-BSE (sections
3.1.2. and 3.1.4).

3.3.2. Gas pollutants

SO,, NO, and O; were collected by means of radiello® (Fondazione Salvatore Maugeri,
Padova, Italy) diffusive samplers, exposed in parallel for one week, both indoors and
outdoors (5 samplers indoors, 4 outdoors). The radiello® sampler comprised a

chemiadsorbing cartridge which is surrounded by a cylindrical microporous diffusive body,

coated with triethanolamine (TEA) and mounted on a supporting plate (Fig. 3d).

NO, and SO, were chemiadsorbed onto TEA respectively as nitrite (NO*) and sulfite
(SO,) or sulfate (SO,”). They were quantitatively recovered from the cartridges by means of
extraction in 5 ml of Milli-Q water (Millipore, Haverhill, USA) followed by two 1-min
manual stirring steps. Between them the extracts were left to settle one hour. The nitrite and
sulfite contents of the extracts were finally determined by means of ion chromatography (IC).
A dual-column Dionex DX-120 ion chromatograph equipped with a Dionex AS50 auto
sampler was applied. A 20 pL aliquot of the sample/standard solution was loaded into the
eluent-stream (11 mM H,SO,4 at 1.0 mL min" and 3.5 mM Na,CO; plus 1 mM NaHCOs; at
1.2 mL min™ for cations and anions, respectively). Background conductance was minimized
using ASRS-ULTRA and CSRS-ULTRA suppressors. Data acquisition, construction of
calibration curves and peak integration were achieved using the Peaknet® Dionex software

package, version 6.11.

The diffusion tube for O; sampling consisted of a polyethylene tube, filled up with 4,4’-
dipyridylethylene-coated silica gel and closed, at one end, by a PTFE cap. During exposure,
the 4,4’-dipyridylethylene is transformed into 4-pyridylaldehyde through ozonolysis. Silica
gel ensures the presence of H,O inside the pores, necessary to complete the ozonolysis

reaction. During sample preparation 4-pyridylaldehyde was recovered from the silica gel by
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Figure 3. Several devices used in this PhD research to collect aerosol particles and gases in the

90

Monastery of San Jeronimo. (a) Millipore filter-unit: Air sampler with Nuclepore® filters of
0.4 mm pore-size and 47 mm diameter, (b) Harvard-type impactor to collect aerosol fractions
with an equivalent aerodynamic diameter from 0 to 2.5 pm (PM2.5) and 0 to 10 um (PM10),
(c) 7-stage May cascade impactor to collect single atmospheric particles and (d) Radial

passive sampler (Radiello®) used for gas sampling.



Methodology: analytical techniques and ageing tests

adding 3-methyl-2-benzothiazolinone hydrazone (MBTH), followed by two 1-minute
mechanical stirring steps, between which the extracts were left to settle one hour.
Subsequently 4-pyridylaldehyde was converted into the corresponding yellow-colored azide,

analyzed on UVIKON 930 UV-VIS spectrophotometer at 430 nm.

3.4. Ageing tests

3.4.1. Sea-salt ageing test

A saline spray chamber (CCONS series,
INELTEC®) was used to investigate the
effect of marine aerosol deposition on rough
and polished stone surfaces (Figs. 4 and 5).
Stone tablets (5 x 5 x 1 cm) were hung on a

nylon thread from plastic bars inside the

chamber so that all sample faces were

exposed to the salt spray (Fig. 4). According

Figure 4. Saline spray chamber (CCONS series,

to international standards such as e.g. ASTM INELTEC®) used in the ageing tests.

(B-117), DIN (50021), ISO 9227 or UNE-

EN (14147) the standardized 5% solution of NaCl known as NSS (neutral salt spray) is
applied. However, in this study to reproduce more realistic conditions of building stone
decay in marine environment, seawater was collected from the Mediterranean Sea at the

Granada coast (Salobrefia, Southern Spain) and used in the ageing test instead of NaCl.
The use of a complex solution such as sea water modifies the solubility of NaCl, and

therefore the mobility of ions present in the seawater and consequently their deteriorating

effects (Rivas et al., 2003).
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Figure 5. Sample arrangement in the saline spray chamber. Samples
were hung to enhance a homogenous weathering (from left to righ,
Escuzar calcarenite; Sierra Elvira limestone, rough and polished
Olivillo travertine).

The composition of the seawater is shown in Table 1. Cations (Ca*", K*, Na” and Mg*")
were determined by means of inductively coupled plasma-atomic emission spectrometry
(ICP-AES, Leeman Labs PS series) and anions (CI,, SO4>, NO5") by ion chromatography (IC,
Dionex DX 300). The pH of the seawater was 7.84 at 20 °C (Eutech 1500).

Table 1. Chemical composition expressed in ppm of seawater used in this ageing test.

cr NO3 S04 ca® K* Na* Mg?*

12879 72 2772 330 348.4 10030 1069

The chamber was electronically set to produce 160 cycles corresponding to 60 days.
After this period the test was stopped since no significant further macroscopic changes were
observed in the stones. Each cycle consisted of 3 h of seawater spray followed by 6 h of
drying by forced air at 35 °C and relative humidity of 70 + 2%. The chamber remained closed
throughout the test, thus during the spray periods the relative humidity was higher (ca. 98%).
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3.4.2. Long-term natural ageing test

In order to unravel the initial stages of stone decay under the polluted environment of
the city of Granada, representative carbonate stone samples were placed in four sites for a
long-time monitoring. This type of approach has been demonstrated to be very useful in
understanding stone weathering under realistic conditions (e.g. Cardell et al., 2002; Delalieux
et al., 2002; Grossi et al., 2003). The chosen sites in the city of Granada (for site location see
Chapter 9) are believed to be representative of low and high pollution levels. The four
selected sites differs in terms of sun irradiation times, degree of surface rain-washing and
distance to heavy-traffic that ensures a wide spectrum of factors controlling the weathering.
Stone slabs (10 x 10 x 2 cm) were placed vertically at outdoor conditions for up to 2 years
and were analyzed at 12 and 24 months. The stone decay was characterized by analyzing in
depth the thin black crust developed on the stone surfaces by means of ESEM observations,
EDX analysis and EDX-mapping, micro-Raman and TEM. To monitor the color change

during this long-term experiment, chromatic measurements were also conducted.

3.5. Micro- and nanoscopic study of crystal surface topography

The most common techniques used for studying crystal surface topography are scanning
electron microscopy (SEM) and atomic force microscopy (AFM). More recently, vertical
scanning interferometry (VSI) has been developed as a new tool to distinguish and trace the
reactive parts of crystal surfaces. VSI and AFM are complementary techniques and
practically well suited to detect surface changes. However, each method has its own
limitations and the proper choice of suitable method depends on features of the analyzed
surface and primary goals of research. The main features and differences between SEM,

AFM and VSI are summarized in Table 2.
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Table 2. A comparison of SEM, AFM and VSI mean features (from Kurganskaya et al., 2009).

SEM (conventional) AFM VSI
Lateral resolution 0.5-1nm 1-5 nm 0.5-1.2 ym
Vertical resolution Only 2D images 0.05 nm (3D) 2 nm (3D)
Field of view 1-2 mm 100 x 100 ym 500500 um

(10x objective)
Vertical range of scan - 10 pm 1 mm
. Required coating of a
Sample preparation - -
conducted material

Required environment Vacuum Air, liquid Air

3.5.1. Scanning electron microscopy in secondary electron mode (SEM-SEI)

Scanning electron microscopy in secondary electron mode (SEM-SEI) was applied to
study the stone microtexture. Chips of fresh carbonate stones were investigated under a LEO
1430-VP variable pressure scanning electron microscope (VPSEM). The gold- and platinum-

coated samples were studied at 15 kV in a high vacuum.

In addition, an environmental scanning microscopy (ESEM) was applied to study the
crystal habits of precipitated salts without disturbing their hydration state on the stone
surfaces after the sea-salt ageing test (section 3.4.1). Moreover, the ESEM technique was
used also to analyze the black crusts formed on the calcarenites during the natural ageing test.
In contrast to the conventional SEM, no sample preparation is required for ESEM analysis.
Chips of aged stone samples were studied on a Phillips Quanta 400 instrument, applying 20

kV acceleration voltage, 1 nA probe current and working distance of 10 mm.

On the other hand, the study of mineral reaction mechanisms has been revolutionized
with the development of new techniques for the nanoscale imaging of mineral surfaces (e.g.
Liittge et al., 1999, 2003). Despite the considerable increase in our knowledge about mineral

replacement reaction gained with these new techniques, little has been done in its application
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to Cultural Heritage conservation field. In the following sections, two of these cutting-edge
techniques are described since both were applied to investigate dolomite dissolution in this

PhD Thesis.

3.5.2. Atomic force microscopy (AFM)

Atomic force microscopy is a powerful tool allowing a variety of surfaces to be imaged
and characterized at the atomic level (Fig. 6). The AFM technique was developed in 1986
and the first commercial devices were produced in 1989 (Blanchard, 1996). AFM provide a
number of advantages over conventional microscopy such as the direct representation of
three-dimensional images. The most outstanding feature of this technique is its vertical
resolution which is about 0.01-0.05 nm on both insulators and conductors and thus providing
the imaging of atomic surface variations like dissolution steps or island growth over a large
range of materials (Hall & Cullen, 1955; Jordan &
Rammensee, 1997; Shiraki et al., 2000; Shtukenberg
et al., 2005; Ruiz-Agudo et al., 2009, 2010, 2011). In

Photodetector

Laser Beam
contrast to conventional SEM, AFM does not require a

vacuum environment enabling the imaging at ambient Cantilever

conditions or even in liquid environment with minimal
Line Scan

- -

sample preparation.

Surface

AFM can work either under ‘contact mode’ or ( )
— Tip Atoms

‘TappingMode™’. In contact mode, a sharp tip (made

either of silicon or SizN,) is attached to a low spring t Force

constant cantilever. The tips have typically an end :::: . . . . .

radius of 2nm to 20nm, depending on tip type. Either s Surface Atoms P

the repulsive force (‘contact mode’) or the attractive
Figure 6. Schematic representation of
force (‘taping mode’) is recorded relative to spatial AFM principles. The repulsive
forces between the surface and tip
atoms deflect the cantilever which is
the sample surface. The deflection of the cantilever-tip monitoried by a laser beam and a
photodetector.

variations and then converted to an analogue image of

assemblage is detected by means of a laser beam and a
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split photodiode detector. TappingMode™ AFM consists of oscillating the cantilever at its
resonance frequency and lightly “tapping” the tip on the surface during scanning. Therefore
TappingMode™ is best suited for image soft, fragile, and adhesive surfaces without risk of
damaging. One of the principle drawbacks of the AFM is the relatively small area that can be
scanned at any given time. For instance, the maximum scan area for most AFMs is

approximately 100 pum* (Koyuncu et al., 2006).

In situ AFM observations and

measurements were performed in this PhD fluid out fluid in
. . . O-ring

research to study the dissolution of dolomite \ ) \

crystal surfaces. The analyses were carried / \

out during my short research stay at the w%\ 71 /“\%‘nj\ié.’

Institute fiir Mineralogie (University of

i cup mount T~

Miinster, Germany). A Digital Instruments saingle cantilever
Nanoscope III Multimode AFM working in

contact mode was applied under ambient

conditions (T=20°C). Freshly cleaved,
Figure 7. Arrangement of the O-ring sealed fluid

optically transparent dolomite crystals from cell used in the AFM experiments (courtesy of
Eugi (Navarra, Spain) were used as J-M. Astilleros)
substrates. The solutions flowed
continuously for 30 min at ca. 100 mL h™' from a syringe coupled to an O-ring sealed fluid
cell containing the sample crystal (Fig. 7). AFM images were collected using SizN4 tips
(Veeco Instruments, tip model NP-S20). The scanning frequency was 4 Hz, giving an
average time of 1.5 min per scan over 9 (3 x 3) um” dolomite surfaces. After flowing through
the fluid cell, aliquots of solutions were collected for cation analysis by inductively coupled
plasma optical emission spectrometry (ICP-OES, Auto Scan 25 Thermo Jarrell Ash).
Furthermore, AFM images were analyzed with the Nanoscope software (Version 5.12b48).
Measurements of step retreat velocity (or etch pit spreading rate) were made from sequential

images scanned in the same direction. The retreat velocity, vgm, was calculated by measuring

the length increase per unit time between opposite parallel steps in sequential images.
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3.5.3. Vertical scanning interferometry (VSI)

Optical interferometry is a type of microscopy where nanometer level characteristics of
a sample surface topography may be characterized through the interpretation of light
reflected from a surface (Fig. 8). With optical interferometry it is possible to obtain scan-
sizes of up to a square millimeter with a vertical resolution of approximately 2 nm (Koyuncu
et al., 2006). Depending on the roughness of the surface two working modes can be used,
namely phase shifting interferometry (PSI) and vertical scanning interferometry (VSI). The
PSI mode allows measurements on smooth surfaces at the angstrom level, while the VSI
mode enables to measure rough surfaces and steps at the nanometer level up to the

micrometer level.

In this PhD Thesis, dolomite dissolution rates obtained by AFM were further
constrained at different spatial scale with VSI measurements. VSI experiments were
conducted during my short research stay at the Department of Earth Science, Rice University
(Houston, Texas, USA). VSI was used to measure surface-normal retreat of single dolomite
crystal faces relative to a fixed (unreacted) reference surface. Optically transparent dolomite
crystals from Eugui (Navarra, Spain) were cleaved in air along {1014} planes with a knife
blade and then covered in few places on the surface with small spots of Pertex HI-T RTV, a
high-temperature silicone rubber. The rubber spots can be taken off easily at any later stage
of the experiment. The crystal with reference masks was left in the temperature-controlled,
flow-through cell system for a long period of time due to the extremely slow dissolution rate
of dolomite. The total run time of each experiment was up to 6 days, with measurements
taken after 72 h and 144 h. To perform the measurements, the sample was taken out of the
fluid cell and dried at ambient temperature. All measurements were taken ex situ on a
MicroXam MP-8 VSI (ADE Phase Shift Inc.) with 20x 40x 50x and 80x Mirau objectives
and a white light source. Measurements were acquired at constant time intervals before and

after the reaction of the crystal substrate with a fluid.
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CCD censor
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Plate beamsplittef

:‘ Sample Surface

Figure 8. (a) Interferometry principle as used in the Michelson interferometer. Interference fringes
are produced by splitting a beam of monochromatic light (red line) so that one beam strikes a
fixed mirror and the other a movable mirror. An interference pattern results when the reflected
beams (blue and green lines) are brought back together in the detector. (b) Schematic
representation of the Vertical scanning interferometry (VSI) system, where the Mireau objective
is based on a Michelson interferometer (Kurganskaya et al., 2009).

Vertical changes in the surface topography were quantified by taking images, which
were digitized with a CCD camera and converted into a topographic map with Mapvue
software, ADE Phase Shift Inc. (see Liittge et al., 1999, 2003 for more experimental methods
details). The resulting topographies were then compared to compute absolute dissolution
rates. A large number of data for a relatively large surface areas (e.g. 140 x 156 pum) was
recorded in very short acquisition times allowing robust statistical results. Therefore, VSI is
considerate as an invaluable tool linking the nanoscale observations from AFM with
traditional bulk solution chemistry. The change in height, /4, of a given point (x,y) on a

surface during the time interval from ¢, to 2 is:
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Ah hy—h

At ot -t
where v, is the velocity of surface retreat in units of e.g., cm-s”. Alternatively the change in
height can be also computed using data from height profiles and a reference surface. In this

case an average height difference can be calculated ( Az ). The intrinsic rate constant, Rys (in

mol cm™? s) is then calculated dividing the average velocity of the surface retreat by the

molar volume of the material dissolved (V,, ), as following:

Az
At-V,,

VSI

The preliminary results of VSI experiments at circumneutral pH solution are described

and compared with AFM data in Appendix II.
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ABSTRACT

We present a detailed characterization of two calcareous stones from Andalusia
(Southern Spain), namely Escuzar calcarenite and Olivillo travertine. Both materials can
replace two stones extensively used in the architectural heritage of Andalusia, i.e. La
Escribana calcarenite and Alfacar travertine. To establish the suitability of the replacement
of ancient materials, detailed examination was performed. X-ray diffraction, X-ray
fluorescence, optical and scanning electron microscopy, hydric tests, mercury intrusion
porosimetry, gas adsorption, ultrasounds and colourimetry were applied. The Esciizar
calcarenite has large pore cavities and higher open porosity than La Escribana calcarenite.
From a chromatic point of view both calcarenites are rather similar. The Olivillo travertine is
a massive well cemented and heterogeneously coloured rock. The ultrasounds velocities for
this material are very homogeneous and elevated, indicating excellent mechanical properties.
However the hydric and chromatic differences between both travertines point to reduced

adequacy of Olivillo travertine as substitutive material for Alfacar.
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4.1. Introduction

While in other regions of Spain most of the monumental heritage is based on plutonic
rock (primarily granite), the geological context of Eastern Andalusia favoured the frequent
use of carbonate rock throughout its architectural history (1, 2). Although the mineralogical
composition of carbonate rocks is relatively simple, a wide range of lithological varieties can
be identified as a result of differences in texture and sedimentary structure. This variability is
reflected in the dispersion of the values of the physical properties (3-10) that determine the
aptness of these materials for use in construction (9, 11, 12). Consequently, minor textural
variations may lead to significant changes in the physical properties of such stone, modifying
its usability as an architectural material (13). Since these textural variations are found
between quarries exploiting the same rock, the physical properties of each material extracted

must be assessed separately.

Replacement stone must be suitable for the monument to be restored and compatible
with the original stone, in terms of both its petrophysical characteristics and outer
appearance (13). Nonetheless, the stone used in restoration work should be chromatically
different from the stone replaced, although this contrast should be moderate only so as not to

detract from the aesthetics of the monument.

A number of factors render the use of natural stone as a replacement material in heritage
structures somewhat difficult. These include the shortage of quarrymen, a competitive
society that induces the use of lower cost materials (specifically, artificial materials that
imitate natural stone), the closure or non-usability of the original quarries due to their

location in urban areas or protected natural parks or their scant profitability (13).

The frequent decline in profitability as the extraction front advances prompts quarry
closure or relocation to nearby areas where the operating conditions are more advantageous.
This is the case of two quarries that supplied a large amount of stone widely used in the

architectural heritage of Eastern Andalusia: the La Escribana calcarenite and the Alfacar
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travertine quarries, both in the Spanish province of Granada, very close to the provincial

capital.

La Escribana constitutes a typical example of relocation to a more profitable extraction
area. Until its closure in 1994 it supplied one of the construction materials most commonly
used in monumental buildings in Granada. “Piedra Franca”, a calcarenite quarried at La
Escribana (on the Santa Pudia Estate), was used to build Granada’s Cathedral, the Palace of
Charles V, San Jeronimo Monastery, the Royal Hospital and the Royal Chancellery (3, 14-
16). After La Escribana closed, quarrying operations were initiated at the Escuzar site, also
known as Las Parideras and likewise located on the Santa Pudia Estate. The calcarenite
extracted from the new site has recently been used to restore the mosque at Cordoba and The

Five Wounds Palace at Seville (current headquarters of the Andalusian Parliament).

A second, scantly studied example is to be found in the travertine once quarried at
Alfacar and used to build San Jeréonimo Monastery, the Royal Hospital and three churches:
San Justo, San Justo y Pastor and El Salvador. In some restoration interventions, Alfacar
travertine has been replaced by Albox and Alhama, quarried at a number of sites in the

province of Almeria (Eastern Andalusia).

The present study aimed to characterize the aforementioned new stone varieties, Escuzar
calcarenite from Granada and Olivillo travertine from Almeria, to determine their suitability

as replacement stone in future restoration work on monuments in Eastern Andalusia.

4.2. Materials and methods

4.2.1. Materials

Santa Pudia calcarenite was widely used to build the most significant historic buildings
in the city of Granada. The characteristic that makes this rock particularly apt for

construction is its ready workability. Nonetheless, its high porosity limits its durability
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considerably (7, 14, 15, 19-22). Geologically speaking, Santa Pudia calcarenite is located in
the inter-mountain basin of the Granada depression. Lower Torteniense calcarenite materials
are quarried primarily on the southern rim of that basin. This is the site of the so-called Santa
Pudia Estate, home to two large calcarenite quarries, La Escribana and Escuzar. The
Escuzar quarry, located NW of La Escribana, comprises a series of calcarenite banks with
characteristic texture, bioclast size and macroscopic heterogeneity. La Escribana calcarenite,
by contrast, has a more homogeneous pore distribution and bioclast size than the calcarenite
that outcrops at Esciizar, which exhibits centimetre-scale pores and xenoclasts and variations
in macroscopic porosity from one 10-cm (approximately) layer to another (Figures la and
1b). This study focused on Escuizar calcarenite, supplied by the Los Linos factory (23)
located at Padul in SW Granada.

Olivillo travertine (Figure lc), quarried at Alhama in the province of Almeria, is
commonly used in modern architecture and a candidate for use in the restoration of historic
buildings (24). From a construction standpoint, travertine stone is a high-strength, abrasion-
resistant material. Moreover, thanks to its pore system, it responds well to water, preventing
capillary rise. Alfacar travertine (Figure 1d) has been used in Eastern Andalusia since
antiquity. This stone is quarried in the municipal district of that name NE of the city of
Granada (15, 18). It was deposited over materials in the intermountain basin on the NE rim
of the Granada depression during the Quaternary Period. The closure of the Alfacar quarries
led to more intensive exploitation of other travertine stones such as Albox and Alhama in
Almeria, as well as a rise in Roman travertine imports. A substantial number of fairly
extensive (> 5 km?) travertine Quaternary formations, appearing over Pleistocene, Pliocene
and Miocene materials, outcrop near the town of Alhama in Almeria, as well as at Aliciin.
Characterized by scant macroscopic porosity and weak compositional banding, they have
greater aesthetic appeal than Alfacar travertine (Figures lc and 1d). These travertine
formations were deposited during upwelling in fluvial-lacustrine environments and
subsequently underwent brecciation and, more recently, surface alteration (24-26).
Travertine, including the Olivillo variety, is extracted in several quarries. The object of the
present study was Olivillo travertine, purchased at the Mdarmoles Nevado factory (27) at
Atarfe in NW Granada.
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Figure 1. Macroscopic view of (a) Escuzar calcarenite; (b) La Escribana calcarenite; (c) Olivillo
travertine; and (d) Alfacar travertine.

4.2.2. Methods

The mineralogical composition of these stone materials was determined with X-ray
diffraction (XRD). Quarry sample fragments were ground in an agate mortar and the
resulting powder, with a particle size of under 50 pm, was analysed with a Philips PW-1710

diffractometer fitted with an automatic slit. The working conditions were: CuKa radiation (A:

110



Physical properties of carbonate rocks used as construction material in Eastern Andalusia, Spain

1.5405 A), 40 kV and 40 mA. The 20 scan angle ranged from 3° to 60°, while the goniometer
speed was 0.01° 26/s. Semi-quantitative analysis of the mineral phases was performed with

Xpowder software (28).

The major and the trace minor elements in the rocks studied were analysed with an S4
Pioneer-Bruker wavelength dispersive X-ray fluorescence spectrometer fitted with a (60 kV,
150 mA, Rh anode) tube, LIF200/PET/OVO-55 crystals, proportional gas detectors and
scintillation. Semi-quantitative spectra were obtained with Spectraplus® software. The
powder samples (~5 g) were homogenized with a 5100 Spex Mixer/Mill and then evenly
spread over a cellulose substrate on a 40-mm diameter aluminium container. The powder
sample was compacted under a 10-t load with a Nannetti Instrument Mignon-S press to

obtain 40-mm diameter wafers.

The petrographic and mineralogical study was conducted on thin sections under an
Olympus BX-60 transmitted light optical microscope fitted with an Olympus DP10 digital
camera. To distinguish calcite from dolomite, the samples were dyed with alizarin red, which

dyes calcite selectively.

Sample microtexture and composition were studied under a LEO 1430-VP variable
pressure scanning electron microscope (VPSEM) fitted with a wolfram filament and an
Oxford Instruments Inca 350 energy-dispersive X-ray (EDS) microanalysis system. The
results were processed with INCA® software. The gold- and platinum-coated samples were

studied at 15 kV in a high vacuum. The spectra were acquired in a range of 5 to 20 kV.

The pore system in the rock samples was characterized with mercury intrusion
porosimetry (MIP) and argon adsorption. Two-cm® samples were prepared for the mercury
porosimetry analyses, kiln-dried at 60 °C for 24 hours and subsequently analyzed with a
Micromeritics Autopore III 9410 porosimeter. Argon adsorption and desorption isotherms
were obtained at -196 °C with a Micromeritics TriStar 3000 analyzer. The most common of
the several fluids that can be used as adsorbates when studying stone materials is nitrogen.

Nonetheless, for surface areas of under 5 m*/g, the values delivered by nitrogen are higher
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than the actual quantities. Consequently, argon is more suitable in these cases (29). The
samples were heated at 250 °C for 7 hours and degassed at 10™ Torr in a Micromeritics Flow
Prep station before the measurements were taken. The surface area of each sample was
determined by BET linearization (30, 31) while the pore size distribution, pore volume and
mean pore size were found with the BJH method (32). The surface fractal dimension, Ds,
was used to characterize pore system surface roughness. The gas adsorption isotherms were
studied applying the modified Frenkel-Halsey-Hill (FHH) equation, which determines the
surface fractal dimension from the slope (A) of the Ln(V) vs the Ln[Ln(P/Py)] graph, where
V is the volume of the adsorbed gas and P and P, are the gas pressure measured and the
condensation pressure, respectively. When the surface tension (or capillary condensation)
has significant effects, the ratio between A and Dg is A = Dg - 3. The effects of capillary
condensation are significant when 6 <0 (5 =3 (1 + A) - 2). Given that in the cases studied
the value of & was consistently greater than one, the expression A = Dg — 3 could be used.
Single layer, or close to single layer, adsorption is required for the value of Dg found to be
comparable among different samples (33). Consequently, the range of pressures used to
calculate slope (A) in the Ln(V) vs Ln[Ln(P/Py)] graph was limited to values that ensured

that the number of layers adsorbed was close to one.

The following hydric trials were conducted to characterize the pore system and
determine the fluid dynamics inside the stones studied: free water absorption and desorption,
vacuum water saturation, hydrostatic weight, and capillary rise and suction. Pursuant to
Spanish and European standards UNE-EN 1925 (34) and UNE-EN 13755 (35) and RILEM
(36), 5 x 5 x 5 cm cubes were cut from quarry slabs to determine free water sorption, while 2
x 2 x 10 cm prismatic specimens were used for the capillary rise and suction trials. Before
conducting the trials, the samples were kiln-dried at 60 °C for 24 hours to remove any

moisture they might contain.

The ultrasound velocity analyses were conducted on a Panametrics 5058 PR HV
Pulser/Receiver operating in conjunction with a Tektronix TDS 3012B oscilloscope. Cubes
measuring 5 cm on each side were prepared and the P and S waves measured with 0.5 HMz

(S waves) and 1 MHz (P waves) transducers. The ultrasound velocity was determined at a
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temperature of 25 °C and relative humidity of 50%. The parameters calculated from a digital
analysis of the signals transmitted were: compression (Vp) and shear (Vs) wave velocity,
Poisson’s ratio (v4), Young’s modulus (E4) and the total (AM) and relative (Am) P and S

wave anisotropy indices, calculated from the indices proposed by Guydader and Denis (37).

The chromatic characteristics of the stone varieties were studied on a Minolta CR 210
colorimeter with a 0° view angle and a 50-mm diameter. A xenon arc lamp inside a mixer
compartment diffused the reflected light even when beamed on a 50-mm area. The
measurements were taken with C illuminant having a daylight simulating colour temperature
of 6774 K. The data obtained were expressed in a CIE L*a*b* and CIE L*C*H* (38) colour
system alphanumeric codes. The mean values of the L*a*b* coordinates were determined for
each 10 x 10 x 2 cm specimen, where L* is colour lightness, which varies from black with a
value of 0 to white with a value of 100; a*, which varies from +a* (red) to -a* (green) and
b*, ranging from +b* (yellow) to -b* (blue). The CIELCH (L*C*H*) system uses the same
diagram as above but with cylindrical instead of Cartesian coordinates, where L* is

lightness, C* is colour saturation or chroma and H* is hue.

4.3. Results and discussion

4.3.1. Mineralogical and chemical composition

Table 1 gives the chemical analysis of all major and certain minor elements (Cu, Zn, Sr
and Zr) obtained with XRF for Escuzar calcarenite and Olivillo travertine. It also shows the
analysis for the stones extracted from the historic quarries, namely the La Escribana

calcarenite and A/facar travertine traditionally used on monuments in the city of Granada.
According to the XRF data (Table 1), calcium was the main element in all the stones, an

indication that they consist primarily of calcium carbonate (calcite). This was confirmed by

the XRD findings. Escuzar calcarenite contained slightly less silicon, aluminium, iron,
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Table 1. Chemical analysis of major and minor elements in calcarenite and travertine

stone.
Calcarenites Travertines

Escuzar La Escribana* Olivillo Alfacar*
wt. % E1 E2 E3
SiO; 0.31 2.83 1.79 2.38 0.96 14
TiO2 ** 0.02 0.01 0.01 0.02 -
Al,O3 0.12 0.64 0.35 0.34 0.32 2.05
Fe203 0.12 0.14 0.27 0.49 0.12 0.86
MnO 0.01 0.02 0.04 0.07 > -
MgO 0.28 0.3 0.46 0.44 0.72 2.15
CaO 56.01 52.8 54.8 54.1 54.24 43.9
K20 0.02 0.09 0.06 0.07 0.06 0.38
P20s 0.05 0.09 0.07 0.1 0.01 0.08
SO3 0.03 - - - 0.19 -
Cl * - - - 0.01 -
ppm
Cu 43 4.2 3.4 4.9 40 6.4
Zn > 15.8 60.6 24.3 1000 30.2
Sr 185 318 457 358 1416 317
Zr 7 <10 <10 <10 55 27

The detection threshold is 0.005 %wt for major elements and 3 ppm for Zr, 2 ppm for
Srand 1 ppm for Cu and Zn.

* Extracted from (14) and (15). ** Below the detection threshold. - Not measured.

magnesium, zinc and strontium, and more copper and slightly more calcium than the La
Escribana stone. Olivillo travertine had higher values of CaO and lower values of SiO,,
ALOs, Fe,0;, MgO and K,O and higher concentrations of copper, zinc, strontium and
zirconium than the Alfacar material (Table 1). The high zinc and strontium concentrations
may be attributed to small amounts of detrital materials (possibly sphalerite and celestite)

trapped in the travertine formations at A/hama (Spanish province of Almeria) during genesis

(24).

The XRD findings confirmed that calcite was the main mineral phase in all the rocks.

The mineralogical composition proved to be similar, in the Escuzar rock and subtype E-1 La
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Escribana calcarenite (14, 15), which consists primarily of calcite (100-90%), quartz (~10%)
and clay (< 1%). This distinguishes it from the E-2 and E-3 varieties, which exhibit a higher
clay (> 2.5%) and feldspar (< 5% in E-3) content. Travertine was found to consist mostly of
calcite, although in lower proportions in the Alfacar stone (84-100%), which also contains

quartz (up to ~14%), dolomite (< 5%) and feldspar (< 1%).

4.3.2. Petrographic characteristics

Escuzar calcarenite was observed to comprise fossil fragments in a clast-supported
matrix, generated by the fragmentation of mineralized organic remains, primarily of
bivalves, echinoderms, foraminifers, serpulids, bryozoans and red algae. The bryozoan and
red alga clasts were found to be fairly well preserved, as shown in Figures 2a and 2b. Also
observed were extraclasts, whose origin can be traced to the erosion of metamorphic
materials from the nearby reliefs of Baetic Mountain Internal Units. The abundance of these
extraclasts formed by fragments of mica- and quartz-rich metamorphic rock, together with a
much higher proportion of red algae and bryozoans than serpulids and echinoderms, make
the material quarried here readily distinguishable from La Escribana calcarenite (14).
Another distinct characteristic of the Escuzar stone is the presence of vugs up to 2 cm in

diameter, as depicted in Figure 1a.

Historic La Escribana calcarenite has more foraminifers and serpulids and fewer
bioclasts than the Escuzar variety, as Figures 2c and 2d show. Two types of primary porosity
can be distinguished in both calcarenite stones studied: (a) intraclast porosity in foraminifers
and bryozoans, characterized by small, partially cemented pores; and (b) irregular interclast
porosity with larger, uncemented pores. Moreover, scant interconnection was observed

between intra- and interclast porosity.
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Escltzar

Alfacar

Figure 2. Microphotographs of thin sections. (a) and (b) Escuzar calcarenite (parallel Nicol
prisms) showing large-scale (3-4 cm) red alga (A) and bryozoan (B) bioclasts; (b) dyed with
alizarin red; (¢) and (d) La Escribana calcarenite (parallel Nicol prisms) showing (0.5-1 mm) red
alga (A), bryozoan (B), serpulid (S) and foraminifer (F) bioclasts; (e) Olivillo travertine showing
micritic calcite matrix and elongated (~2x1 mm) vugs lined with sparitic calcite crystals
(fenestral porosity = intersecting Nicol prisms); (f) Olivillo showing irregular distribution of the
proportions of micritic (M) and sparitic (E) calcite; (g) Alfacar travertine showing an exclusively
micritic matrix (M) (intersecting Nicol prisms) and large pores due to the presence of an
abundance of gastropod fossils (G); and (h) Alfacar showing a detail of irregular and
heterogeneous porosity (parallel Nicol prisms).
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The pore size in Olivillo travertine was fairly small and the pores generally well
cemented. The light and dark bands characteristic of the texture of this travertine were found
to be due to changes in the relative proportion of sparitic, microsparitic and micritic calcite.
The large (~2 x 1 mm), irregular and elongated vugs observed in Figures 2e and 2f resemble
the organic structures of plants that were partially or wholly filled with sparitic calcite grains
around 200 pum in size. The grains of carbonate material originally deposited between the

voids left by the vegetation were much smaller (~20 pum).

Petrographic studies show that the historic stone from Alfacar is a very porous calcitic
travertine. The texture is indicative of chemical precipitation on plant remains, in which
gastropod fossils can be identified (Figure 2g). The matrix consists essentially of micritic
calcite. Its porosity is very heterogeneous, with some centimetre-scale pores (vugs). Unlike
Olivillo travertine, the Alfacar variety exhibits fenestral porosity characterized by a scant or

nil sparitic calcite lining (Figures 2g and 2h).

4.3.3. Pore system characteristics

4.3.3.1. Mercury intrusion porosimetry

The distribution and volume of pores with access radii of 0.003 to 100 um were
measured with mercury intrusion porosimetry (MIP). The findings are set out in Table 2 and
Figure 3, along with the lithological data for historic La Escribana calcarenite and Alfacar

travertine.

The MIP findings given in Table 2 show that Escuzar calcarenite proved to be slightly
more porous than the La Escribana variety, with values of 29.3 + 7.6% and 24.50 + 6.75%,
respectively. The two rocks exhibited the same bulk density. As Figures 3a and 3b show, the

calcarenite stones studied had a clearly bimodal pore distribution. The curve for Escuzar
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Table 2. Pore system characteristics determined by mercury porosimetry (MIP) and Ar adsorption.

Calcarenites Travertines

_Hg porosimetry Escuzar La Escribana * Olivillo Alfacar*
Effective porosity (%) 29.30 + 7.60 2450 +6.75 8.16 + 1.21 20.8
Real density (g cm'3) 252+0.25 2.46 £ 0.21 2.65+0.04 2.57
Bulk density (g cm'3) 1.96 + 0.39 1.96 £ 0.25 243 +£0.04 2.04
Ar adsorption
Specific surface area
(m2/g) 0.7137 £ 0.1077 1.6506 + 0.0060 0.5601 £ 0.1042 0.6246 + 0.0022
Total pore volume
(cm3/g) 0.00049 + 0.00006 0.0013 0.00037 + 0.00007 0.00061
Pore diameter (A) 19.72 £ 1.54 19.04 20.53 +1.48 19.01
Sin%le layer volume
(cm®/g) 0.1667 + 0.0326 0.4165 + 0.0228 0.1468 + 0.0270 0.1637
Fractal surface
dimension (Ds) 2.6 27 2.52 2.64
Linear correlation
coefficient (r2) 0.9835 0.9912 0.9974 0.9923

The values shown are the mean of 3 measurements and the respective standard deviation.
- Values not available, * Historic rocks. Values extracted from (14).

calcarenite had an absolute peak at 0.3 pm and a fairly diffuse second peak between 3 and
100 pm. By contrast, the proportion of 3- to 100-um pores was larger in La Escribana

calcarenite, although this stone also exhibited a significant presence of 0.3-um pores (39).

The pore system accessible to mercury differed greatly between the Olivillo and Alfacar
travertine stones (Table 2). Olivillo travertine proved to be much less porous than the Alfacar
stone, with a value of 8.16 = 1.21% compared to 20.8%. Olivillo travertine was characterized
by a much higher bulk density, attributed to the higher actual density of its constituent
minerals and its smaller effective porosity, mentioned above. Figures 3¢ and 3d show that
the pore size distribution differed in the travertine and calcarenite rocks studied. In the

travertine materials it was unimodal. The Olivillo travertine peaked at 0.02 to 0.07 pm,
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whereas in the Alfacar travertine

around 1 um.
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Figure 3. Pore size distribution found with mercury intrusion porosimetry (MIP) for (a) Escuzar
calcarenite; (b) La Escribana calcarenite; (¢) Olivillo travertine; and (d) Alfacar travertine; (b)

taken from (39).
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4.3.3.2. Argon adsorption

The pore system with access radii ranging from 0.001 to 0.006 um (10-60 A) was
characterized in depth by argon adsorption. The findings in Table 2 show that Escuzar
calcarenite had a smaller surface area (0.7137 + 0.1077 m?/g) than the historic rock (1.6506
+ 0.0060 m?/g), as well as a smaller total volume of pores accessible to this technique (Table
2). Clear differences were found between the pore systems of the two calcarenite stones, as
reflected in their surface fractal dimension. The higher values of this index in the La
Escribana (2.70) than in the Escuzar stone (2.60) are indicative of a more complex

micropore system, more liable to deterioration in the former (40, 41).

The differences in the micropore systems in the two travertine rocks were found to be
smaller. The two materials have similar surface area and total pore volume values. The
Alfacar stone has a more complex pore system than the Olivillo variety, however. The
inference of the above findings is that the rocks potentially able to replace the historic
materials are less prone to chemically induced (i.e., dissolution of the carbonate cement by

salts or aqueous acid solutions) deterioration than the historic stone (40, 41).

4.3.4. Hydric parameters

Hydric parameters such as free water absorption and desorption and capillary rise and
suction determine the suitability of a given construction material as a replacement of another
in architectural structures (6, 13). Table 3 and Figure 4 show that, 168 hours into the trial,
mean free water absorption in the Esciizar calcarenite was 16.30 + 2.42%. This is higher
than the 12.75% reported for the historic La Escribana stone (14). Figures 4a and 4b show
that the two calcarenite rocks followed similar patterns, respectively reaching free water
absorption values of ~14 and 12% shortly after (~ 4 min) the trial began. Olivillo travertine,
in turn, exhibited slow water absorption in the first segment of the curve, which slowed
further throughout the trial, with a value of only 2-2.5% after 47 hours (Figure 4c). These

values were similar to the findings reported by Karaca (43) for Turkish travertine. The
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Table 3. Values determined by hydric trials.

Calcarenites Travertines
La
Escuzar Escribana* Olivillo Alfacar
Effective porosity (%) 31.86 £ 3.09 20.43 6.83+0.82 23.7+3.00
Real density (g/cm®) 2.48 +0.05 2.46 260+0.01 2.37+0.05
Bulk density (g/cm®) 1.69 + 0.06 1.96 243+0.02 1.81+0.11
Free water absorption (%) 16.30 £ 2.42 12.75 228+0.23 10.46 +1.62
Free water desorption (%) 14.80 + 1.37 - 253026 11.46+1.92
Saturation (%) 78.36 £ 1.72 73.98 82.31+217 72.96+4.23
Rate of capillary rise (cm/h'?) 3.24 +0.81 2.96 - -
Capillary suction (g/cm?*h"?) 0.76 + 0.26 0.68 0.03 + 0.01 0.12

Values determined by hydric trials.

- Values not available. * Historic rock. Values extracted from (14) and (42).

hydraulic behaviour of the Alfacar travertine differed considerably, reaching free water

absorption values of over 8% in the first hour of the trial (Figure 4d).

The free water desorption curves for the calcarenite stones (Figures 4a and 4b) differed
significantly. The curve for Escuzar calcarenite had an initial segment in which barely any
drying was detected (Figure 4a). The La Escribana calcarenite curve, by contrast, had a
single and higher desorption rate (Figure 4b). Historic La Escribana calcarenite dried after

49 hours, compared to the over 121 hours needed to dry the Escuzar stone.

The free water desorption curve for Olivillo travertine stabilized, and the rock was still
moist 196 hours after the trial started (Figure 4c). The Alfacar curve, in contrast, has two
distinct segments, with quicker drying taking place in the first 25 hours and total drying
recorded after 144 hours (Figure 4d). The hydraulic behaviour of Olivillo travertine would be
explained by the presence of many isolated micropores. The water reaching the micropores

during forced vacuum absorption would be retained in these pores, preventing complete
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Figure 4. Hydric parameters: free water absorption and desorption curves for (a) Escuzar
calcarenite; (b) La Escribana calcarenite; (¢) Olivillo travertine; and (d) Alfacar travertine; (b)
taken from (14).
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desorption. The larger pore size in the Alfacar travertine, by contrast, would favour total

drying.

As Table 3 shows, capillary rise could only be determined or the calcarenite stones. The

Esciizar variety had a value of 3.24 + 0.81 cm/h"?, which was slightly higher than the 2.96

cm/h'? found for the La Escribana stone. This finding revealed substantial differences in the

physical properties of the two materials extracted from the same lithological unit. The

capillary suction coefficient (Table 3) could be measured in all four rock varieties from the

slope of the first straight segment on the suction curve during the first hour of the trial

(Figure 5). Table 3 shows that the capillary suction coefficient in Escuizar calcarenite (0.76 +

0.26 g/cm®h"?) was, while higher, similar to the value for the La Escribana stone (0.68

g/em*h'?).
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Figure 5. Capillary water suction curves for (a) Escuzar calcarenite; (b) La Escribana calcarenite;
(¢) Olivillo travertine; and (d) Alfacar travertine; (b) taken from (14).
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4.3.5. Ultrasound parameters

The mechanical properties of a number of rocks have been determined by measuring the
propagation velocity of ultrasound waves, a technique for evaluating force resistance in
materials (6, 8, 37, 44, 45). These properties were determined in the rocks studied by
measuring the P and S wave velocity in the three spatial directions. The findings are given in
Table 4. The S wave velocity could not be measured in historic La Escribana calcarenite, for
want of samples of a size suitable for the trial. Nor were data on this material found in the

literature.

The P wave velocity in Escuzar calcarenite was grater than the velocity measured in the
La Escribana material, and the standard deviation in these measurements was higher than for
the S waves (Table 4). This high value can be attributed to the great textural heterogeneity of
this stone, visible to the naked eye. Both calcarenite rocks had moderate to low anisotropy,
and higher total than relative anisotropy, especially in the Escuzar variety. Total anisotropy
(AMp) was higher, in turn, in the Esciizar than in the La Escribana rock, with values of 9.2
and 5%, respectively. Higher total than relative anisotropy values are an indication that a
rock has greater anisotropy in one of the three spatial directions, attributable to a slightly
laminar orientation that may not be macroscopically detectable (37). The present results
showed that such laminar orientation was present in both calcarenite materials, although
textural orientation or grain classification was more accentuated in the Escuzar than the La

Escribana variety.

Similar total anisotropy values were obtained by Pardo et al. (46) in “Piedra Franca”
calcarenite quarried near Baeza in the Spanish province of Jaén (9.8% for P waves). Other
biocalcarenites quarried in the province of Granada, however (such as “Piedra Asperon”)
have extremely low anisotropy, with values of ~ 0.20% (47). Similarly low values (0.27-

0.61%) were reported by Cultrone et al. (48) in compact limestone in Eastern Sicily, Italy.

Olivillo travertine, in turn, had very homogeneous P and S values, with low standard

deviation and higher values than measured in the A/facar material. Moreover, the total
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Table 4. Ultrasound velocity (Vp, Vs), dynamic elasticity constants (Eq4, v4) and S and P wave total and
relative anisotropy coefficients along the three spatial axes.

Ed AMP Amp AMS Ams

Pou
om’ ve(mis) - Velmis)  VelVs  (gpa) ) (%) (%) (%)

(g/cm”)

Calcarenites t10 t10

3994 (692) 2028 (76) 1.97 203 0.33
Esctzar 186 y 4459 (613) 2083 (114) 2.14 220 036 92 27 24 05

z 4342 (454) 2072 (78) 210  21.6  0.35
3328 - - - - - -
La 1.85 50 36 - -
Escribana* : y 356 - - - - - - : '
z 3441 - - - - - -
Travertines
x 5627 (95) 3035 (29) 1.85 58.0 0.29
Olivillo 243 y 5787 (54) 3100 (61) 1.87 607 030 24 07 18 05
z 5746 (87) 3083 (3) 1.86  60.0 0.30
x 4571 - 2149 - 213 227 0.36
Alfacar* 1.81 y 4679 - 2253 - 2.08 248 035 15 16 32 29
z 4603 - 2188 - 210 235 0.35

The values shown are the mean of 3 measurements and the respective standard deviation. ppuk: bulk density;
Vp: compression wave velocity; Vs: shear wave velocity; E4: Young’s modulus; v4: Poisson’s ratio; AMp: total
anisotropy coefficient; Amp: relative anisotropy coefficient.

- Values not available. * Values extracted from (14) and (16).

Axes X, y and z are defined in terms of minimum, maximum and intermediate velocity, respectively.

anisotropy was higher than the relative anisotropy in Olivillo, contrasting in this respect with
the Alfacar travertine, in which the two indices are very similar (1.5 and 1.6%, respectively).
These findings are indicative of the existence of textural orientation in the Olivillo stone,
which is in fact macroscopically visible in the form of the colour banding induced by

differently sized calcite crystals.
Moreover, Olivillo rock exhibited homogeneous and very high Young’s modulus values

(Eq ~ 60 GPa), which were nearly triple the Alfacar values (Ed < 25 GPa). The deduction to

be drawn from the foregoing is that the physical-mechanical properties of Olivillo travertine
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make it a high quality construction material. Nonetheless, the presence of anisotropy

conditions its durability and onsite placement

4.3.6. Colourimetry

While the chromatic parameters of construction materials depend essentially on their
composition, such as the presence of small amounts of iron or manganese oxides, they are
also affected by textural variations such as pore size or the existence of banding (49). The
chromatic parameters of the rocks studied and the stone varieties from historic quarries are
given in Table 5. The table shows that while the lightness (L*) values in the calcarenite
stones were fairly similar, the datum for Escuzar (90.34 + 0.74) was lower than for La
Escribana (97.74 + 0.06) calcarenite. The former, moreover, was yellower, with a b* value
of 5.42 £ 0.07 compared to 1.90 £ 0.96, and greener (more negative a* values) than La
Escribana. Escuzar also exhibited greater colour saturation (C*= 5.45 £ 0.07) than La

Escribana calcarenite (2.00 £ 0.83).

The travertine stones showed more accentuated colour differences, particularly in terms
of saturation (C*) and hue (H*). The findings for the chromatic coordinates a* and b*
indicated that Olivillo is yellower and more reddish than Alfacar travertine, and has a higher
C* value (C*=7.54 £ 0.45 vs 2.02 + 1.08). The total chromatic difference (AE) between the
two travertine stones was highly significant, at 28.01. The contrast between the calcarenite
materials was much more moderate (8.20). According to these results, replacing Alfacar with
Olivillo travertine would entail undesirable visual effects and a concomitant deterioration of
monument aesthetics (13). In contrast, replacing historic calcarenite with the Escizar variety
would not involve such an intense visual impact. More than that, the chromatic contrast
would make the two readily distinguishable, which is a highly recommended feature of

replacement stone.
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Table 5. Chromatic parameters: luminosity (L*), chromatic coordinates (a* y b*), chroma (C*), hue
(H*) and differences in luminosity (AL*), chromatic coordinates (Aa* and Ab*), chroma (AC*) and total
colour (AE¥).

Type L* a* b* c*
Calcarenites

Escuzar 90.34 +0.74 -0.60 +0.01 5.42 +0.07 5.45 +0.07
La Escribana 97.74 +0.06 -0.47 +0.24 1.90 +0.96 2.00 +0.83
Travertines

Olivillo 69.78 +2.18 1.83 +0.30 7.31 +0.33 7.54 +0.45
Alfacar 97.16 +0.73 -0.58 +0.15 1.92 +1.11 2.02 +1.08
Type H* AL* Aa* Ab* AC* AE*
Calcarenites

Escuzar 96.29 +0.09

La Escribana 108.88 +17.76 -7.40 -0.13 3.52 3.45 8.20
Travertines

Olivillo 75.92 +0.56

Alfacar 111.89 +14.28 -27.39 2.41 5.39 552 28.01

a*: red-green components; b*: yellow-blue components. AE* = V(AL*)?+(Aa*)*+(Ab*)?

4.4, Conclusions

This study addressed the petrographic and physical-mechanical characterization of two
carbonate rocks commonly used in construction in Eastern Andalusia, Spain. The two
varieties, Escuzar calcarenite and Alhama (or Olivillo) travertine, quarried in the provinces
of Granada and Almeria, respectively, were examined to determine both their technical
quality and their suitability as replacement stone in future restoration work on the
architectural heritage. The data obtained were compared with the information on the historic
stone widely used in monuments in Granada, namely La Escribana calcarenite and Alfacar

travertine (both quarried in Granada).
Replacement stone must meet suitability requirements and be compatible with the

original material: the two rocks must exhibit similar hydraulic behaviour, mechanical

strength and visible features. Further criteria include durability (resistance to alteration) and
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sufficient colour contrast to ensure that the original and replacement stones can be

distinguished.

The outer appearance of the calcarenite stones compared differed visibly. The Escuzar
variety is characterized by vugs of up to 2 cm in diameter and centimetre-scale clasts, unlike
the historic material, which exhibits substantially smaller and more homogeneous pores and
bioclasts. The chromatic difference between the two is perceptible to the naked eye (AE =
8.20), but not overly accentuated. This is of particular interest, for it contributes to making
the replacement stone distinguishable from the original material in the monument with no

detriment to the overall aesthetics.

Escuzar also has higher effective porosity (31.86% vs 20.43%), free water absorption
(16.30% vs 10.96%) and saturation (78.36% vs 73.98%) than historic La Escribana
calcarenite, while capillary rise and suction are similar in the two materials. Escuzar
calcarenite exhibits greater textural heterogeneity than the historic La Escribana rock, and
higher total than relative anisotropy. This translates into the existence of textural orientation
that conditions its durability, depending on its position when laid. In other words, the hewing
and positioning of this rock with respect to the orientation of its stratification planes
determine the intensity and morphology of its deterioration. If Escuzar calcarenite is to be
used in future restorations as a replacement stone for the La Escribana variety, account

should be taken of its greater anisotropy and (minimally) different hydraulic behaviour.

The outer appearance of the two travertine stones compared differs substantially.
Olivillo is a massive travertine, with light and dark colour banding and smaller pore sizes
than in the Alfacar rock. The latter is characterized by significant and very heterogeneous
porosity and the presence of vugs. The chromatic contrast between these two materials is so
accentuated (AE ~ 28) that replacing the historic travertine with Olivillo would entail an

undesirable aesthetic effect.

The hydraulic behaviour of the two stones likewise differs substantially, with the

massive Olivillo exhibiting much lower free water absorption and desorption and effective
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porosity (6.83% vs 23.7%) values than the Alfacar variety. These findings, along with
greater real density, ultrasound velocity and a higher Young’s modulus in the Olivillo stone
than in the historic Alfacar travertine denote the higher quality of the former. Further to such
findings, the excellent mechanical properties of this rock make it a highly suitable
construction material. Nonetheless, the presence of more accentuated anisotropy in one
spatial direction (greater total than relative anisotropy), visible to the naked eye in the form
of banding, is indicative of the need to take special on-site measures when it is laid. The
foregoing suggests that the joint presence of the two travertine stones in restoration works is
not advisable, in light of both the differential deterioration this would entail and the
accentuated chromatic difference that would detract from the aesthetic value of the

monument as a whole.
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ABSTRACT

Indoor and outdoor concentrations of atmospheric gaseous pollutants as well as
composition, size, and morphology of particulate matter have been investigated at the
monastery of San Jeronimo in Granada (Southern Spain). Complementary micro- and nano-
analytical techniques were applied; elemental and mineralogical composition and
morphological characteristics of particulate matter were investigated combining electron
probe microanalysis at the single particle level, and bulk aerosol samples were analyzed
using energy-dispersive X-ray fluorescence, X-ray diffraction, scanning electron microscopy
with energy-dispersive X-ray analyzer and transmission electron microscopy (TEM).
Microclimatic conditions at the monastery were monitored, and gas concentrations were
assessed by means of diffusion tubes subsequently analyzed with ion chromatography.
Results revealed high abundances of soil dust particles (aluminosilicates, calcite, dolomite,
quartz), salt aerosols (chlorides, sulfates and ammonium-rich salts), and NO2 and SO2 both
outdoors and indoors. Amorphous black carbon particles had surprisingly high abundances
for Granada, a non-industrialized city. The composition of indoor particles corresponds to
severe weathering affecting the construction materials and artworks inside the church;
moreover their composition promotes a feedback process that intensifies the deterioration.
Chemical reactions between chloride-rich salts and pigments from paintings were confirmed
by TEM analyses. Indoors, blackening of surface decorative materials is fostered by particle
re-suspension due to cleaning habits in the monastery (i.e. dusting). This is the first air
quality study performed in a monument in the city of Granada with the aim of developing a

strategy for preventive conservation.

KEYWORDS
Atmospheric aerosols, Architectural monument, SEM—-EDX, EPMA, TEM, Preventive

conservation
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5.1. Introduction

Most buildings of cultural interest are located in urban environments, where pollution
caused by road traffic, residential heating systems, and industry has harmful consequences
for outdoor and indoor construction and decorative materials (Pérez-Rodriguez et al. 1998;
Van Grieken et al. 2000; Esbert et al. 2001; Moropoulou et al. 2001; Jordan et al. 2009). On
the exterior of buildings, black crusts are formed and dust is deposited due to impact of gases
and particles, leading to undesirable aesthetic effects and also compromising the integrity of
the materials (Pérez-Rodriguez et al. 1998; Esbert et al. 2001; Moropoulou et al. 2001;
Bonazza et al. 2005; Sanjurjo Sanchez et al. 2009; Xu et al. 2010). The aggressiveness of
particles depends on their composition, size, hygroscopicity, and solubility; for example,
deposition of acids such as sulfuric and nitric acid can lead to local corrosion processes on
certain stones, glass, paintings, and metals (Nazaroff et al. 1993; Sabbioni et al. 2003;
Tétreault 2003). On the other hand, indoor air pollution, a result of both indoor and outdoor
phenomena, can cause soiling and chemical weathering of decorative materials via
adsorption of gases or particulate matter (Sanchez-Moral et al. 1999; Gysels et al. 2004;
Worobiec et al. 2006; Spolnik et al. 2007; Kontozova-Deutsch 2007; Jordan et al. 2009).

Currently, preventive conservation measures are acknowledged as important for
safeguarding cultural heritage (CH), both in terms of preserving CH and also reducing the
cost of future conservation measures. Preventive conservation requires knowledge of a
variety of parameters connected to a specific CH site, including microclimatic conditions,
concentration, and character of caustic gases and particles in the surrounding air, as well as
management of the CH site (Cataldo et al. 2005; Kontozova-Deutsch et al. 2008a; Worobiec
et al. 2008; Brimblecombe et al. 2009). Hence, monitoring and sampling campaigns for air
pollutants and microclimatic parameters have to be performed to identify possible threats
and thereby remedies (Delalieux et al. 2001; Esbert et al. 2001; Camuffo et al. 2002; La
Gennusa et al. 2005; Corgnati et al. 2009; Garcia-Diego and Zarzo 2010).

There is a vast body of literature tackling the impact of outdoor and indoor air

composition and microclimate on damaging our CH, in which diverse analytical techniques
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are applied to characterize and quantify atmospheric aerosols, such as, e.g., electron probe
microanalysis (EPMA), X-ray fluorescence (EDXRF), scanning electron microscopy (SEM),
ion chromatography (IC), gas chromatography—mass spectrometry (GC-MS), transmission
electron microscopy (TEM), and X-ray diffraction (XRD), Fourier transform infrared
spectroscopy (FTIR) and recently Raman spectroscopy (RS) (Weinbruch et al. 1997; Van
Grieken et al. 2000; Delalieux et al. 2001; Ro et al. 2001; Murr and Bang 2003; Liu et al.
2005; De Hoog et al. 2005; Simao et al. 2006; Ivleva et al. 2007).

Most of these studies have been carried out in wellprotected buildings like museums
(Camuffo et al. 2002; Gysels et al. 2004; La Gennusa et al. 2005: Corgnati et al. 2009),
which differ from numerous churches that are required to be open for congregation and
which commonly use incense and candles in liturgical practices (Worobiec et al. 2006, 2008;
Spolnik et al. 2007; Kontozova-Deutsch et al. 2008b; Garcia-Diego and Zarzo 2010). This is
the case of the church of the monastery of San Jerénimo (Granada, Spain). The purpose of
this work was to characterize at micro and nano-scale, outdoor and indoor air composition at
the monastery of San Jerénimo in Granada (Southern Spain). To this end qualitative and
quantitative analyses of atmospheric particulates and gases were  performed by combining
complementary mineralogical and elemental analytical techniques to typify the levels,
composition, and also size and morphology of particulates. The origin of the outdoor and
indoor aerosols and their contribution to damaging the artworks exposed inside the church of

the monastery are assessed.

5.2. Experimental

5.2.1. Sampling location

The city of Granada in Southern Spain has a population of around 300,000
(agglomeration 600,000). It is about 50 km from the Mediterranean Sea and approximately
200 km from the African continent. The city is situated in a natural basin surrounded by

mountains with altitudes up to 3,500 m. Due to this topography and the prevailing low wind
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speeds, in combination with traffic emissions, pollution-derived particulate matter often
accumulates in the urban air of Granada (Lyamani et al. 2010). The city has a near-
continental climate with cool winters, hot summers, and high diurnal temperature variability.
Most rainfall occurs during winter and spring seasons, leading to re-suspension of dust

particles predominantly in the dry seasons.

The investigated monastery of San Jerénimo is located in the city center of Granada,
surrounded by busy streets. Its construction started in 1496 and was directed by two famous
architects: Jacobo Florentino until 1526 and later by Diego de Siloé, the most famous
Spanish architect at that moment. It is a splendid Renaissance temple with an extraordinary
church, one of the best representative works of the Spanish Baroque with a spectacular altar
piece and choir, considered one of the masterpieces of Spanish sculpture. The interior of the
temple is entirely covered with polychromes. The monastery was plundered during
Napoleon’s invasion and converted into cavalry barracks. Numerous restorations of the
remains have been undertaken, most recently in 1998. At present, the monastery of San
Jeronimo constitutes a historic building where numerous scientific investigations have been
realized, as for example salt weathering characterization and investigations on salt inhibitors
(Cardell 1998; Laiz et al. 2000; Cardell and Rodriguez-Gordillo 2003; Ruiz-Agudo 2007).
However, prior to this study no research on air quality in the framework of a CH study had

been carried out in this or other monuments in the city of Granada.

The sampling campaign was carried out in the period of February—March 2008.
Samples of gaseous (NO,, SO,, Os) and particulate pollutants (bulk and single particles)
were taken indoors and outside the monastery. The sampling locations are shown in Fig. 1.
Outdoor samples were taken at two different heights at the church and the major cloister.
Inside the church sampling sites were selected considering orientation and height in order to
establish possible differences in both quantity and composition of particles. The altar and
lateral rooms are the most distant from the entrance, which is situated in the NW of the
church connected to the major cloister. Hence, less deposition of outdoor-derived particulate
matter can be expected at those locations. The organ is found on the first floor above the

entrance at approximately 5 m above ground level (a.g.l.). Some of the stained glass
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Sample Sample location Type of sample
In1 Altar, h=1m gases
Lateral room, W altar
In2 gases
h=1m
gases, bulk and
In3 Organ, h~5m ) )
single particles
gases, bulk and
In4 Side chapel E, h=1m
single particles
In5 Side chapel W, h=1m | gases
Cloister, 1% floor gases, bulk and
Out1
h~5m single particles
Out 2 Apse, h~20m gases
gases, bulk
Out 3 Roof, h~20m
particles
Cloister, garden
Out 4 gases
h=1m

Fig. 1 Sampling locations and outline ground-plan of the monastery of San Jeronimo (Granada, Spain).
Map reproduced with permission (Cardell 1998)

windows of the church are broken and the main entrance remains open during visiting hours
(in winter from 10% to 18*° and in summer from 10 to 19°°). Hence, pigeons can fly inside
and the indoor—outdoor air exchange can be expected to be quite large. In addition, in this
work a PM10 sample (AER-GR) was taken at the roof of the Andalusian Centre for
Environmental Studies (CEAMA), located in Granada.

5.2.2. Analysis of gaseous pollutants

SO,, NO,, and O; were collected by means of radiello® (Fondazione Salvatore Maugeri,
Padova, Italy) diffusive samplers, exposed in parallel for 1 week, both indoors and outdoors.
The radiello® sampler consists of a chemically adsorbing cartridge, surrounded by a
cylindrical microporous diffusive body (5.8 mm diameter, 60 mm height) coated with

triethanolamine (TEA) and was mounted on a supporting plate.
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NO, and SO, were chemically adsorbed onto TEA, respectively, as nitrite (NO,") and
sulfite (SO5>), or sulfate (SO4”). They were quantitatively recovered from the cartridges by
means of extraction in 5 mL of Milli-Q water (Millipore, Haverhill, USA). Nitrite and sulfite
contents were determined by means of IC. Analysis of aqueous extracts was performed on a
dual-column Dionex DX-120 ion chromatograph (Dionex, Sunnyvale, USA) equipped with a
Dionex AS50 auto sampler. Suppression of background conductivity was achieved with a
Dionex self-regenerating suppressor model ASRS-ULTRA (anions) with neutralization of
the eluent by exchanging its counter ions with H" (generated by the electrolysis of H20).
The separation of the anions was attained on an AG14 guard column, preceded by an AS14
analytical column. The eluent was composed of 3.5 mM Na,CO;/1.0 mM NaHCO; at 1.2 mL
min-1 flow rate. Calibration was performed using certified standard multi-ion solutions
(Combined Seven Anion Standard II, Dionex, USA), diluted to obtain effective
concentrations of 20, 10, 5, 2.5, and 1 ppm standard solutions. Data acquisition, calibration

curve, and peak integration were done using the Peaknet software package, version 6.11.

The diffusion tubes for O; sampling consisted of a polyethylene tube, filled with 4,40-
dipyridylethylene-coated silica gel and closed, at one end, by a PTFE cap. During exposure,
the 4,40-dipyridylethylene was transformed into 4-pyridylaldehyde through ozonolysis. A
silica gel ensured the presence of H,O inside the pores, necessary to complete the ozonolysis
reaction. During sample preparation, 4-pyridylaldehyde was recovered from the silica gel by
adding 3-methyl-2-benzothiazolinone hydrazone (MBTH). Subsequently, 4-pyridylaldehyde
was converted into the corresponding yellow-colored azide, analyzed by means of UV—Vis

spectrophotometry (UVIKON 930, Kontron Instruments) at 430 nm.

5.2.3. Analysis of single particles

For the collection of size-segregated aerosol samples, a 9-stage May cascade impactor
was applied with aerodynamic cut-off diameters of 8, 4, 2, 1, and 0.5 pum for stages 3, 4, 5, 6,
and 7. As collection substrates Si wafers and Ag foils were chosen. The size-segregated
samples were analyzed by an electron probe microanalyser (EPMA, JEOL 733, Tokyo,
Japan) equipped with an ultra-thin window Si(Li) detector (Oxford). To avoid beam damage
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of the analyzed particles, cooling of the sample holder by liquid nitrogen was applied, which
is especially important for low-Z elements. Approximately 300 particles were measured on
each stage, so almost 1,500 individual aerosol particles were analyzed in one sample set. The
X-ray spectra were processed using the AXIL software for both EDXRF and EPMA (Van
Espen et al. 1986). For EPMA, quantitative calculations of the particle composition
(including light elements such as C, N and O) were performed using a method based on
iterative Monte Carlo simulations using the in-house program Elementary (Ro et al. 2003).
The large data set from the single-particle analysis was treated by statistical methods. To
compare the different aerosol sample sets, all particles were classified by non-hierarchical
clustering analysis based on the Forgy algorithm (Massart and Kaufmann 1983). The initial
centroids were selected by a sequence of hierarchical cluster analyses using the homemade
software IDAS (Bondarenko et al. 1996). The results for the five stages were divided into
three representative and main fractions: the fine fraction, which contains average results of
particles with cut-off diameter of 0.5 and 1 um (and thus suitable to be characterized at
nanoscale by TEM), the middle-sized fraction, which contains average results of particles
with cut-off diameter of 2 and 4 um, and the coarse fraction comprising the average results
of particles with cut-off diameter of 8 m. These last two fractions were suitable to be

analyzed by micro (SEM—EDX) and mineralogical (XRD) analytical techniques as well.

5.2.4. Bulk aerosol particles

For the collection of bulk aerosol samples from the monument, Nuclepore® filters of 0.4
pum pore-size and 47 mm diameter were used in a Millipore filter-unit connected to a low-
volume vacuum pump. The average sampling time was 24 h and the flow rate about 30 L
min-1. Bulk concentrations were analyzed for up to 20 elements by energydispersive X-ray
fluorescence (EDXRF) analysis. The measurements were carried out with a Tracor
Spectrace-5000 instrument employing a low-power Rh-anode X-ray tube (17.5 W). For the
determination of high-Z elements (starting from K) a tube voltage of 35 kV, a current of 0.35
mA, and an acquisition time of 10,000 s were selected. For low-Z elements (from Al to Cl),

the tube voltage was adjusted to 10 kV; a current of 0.35 mA, and an acquisition time of
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4,000 s were used. The detection limits were between 5 and 10 ng cm-2 on the filters. The
measured intensities were converted into elemental concentrations by the application of the

AXIL program code (Van Espen et al. 1986).

Conventional powder XRD was used to determine the mineral composition of the bulk
aerosol samples taken from the monastery (indoors and outdoors), as well as the PM10
(AER-GR) sample collected from the CEAMA. The PM10 (AER-GR) sample was collected
during 12 h by means of a high-volume sampler MCV-CAV with DIGITEL DH-80 and with
a flow rate of 30 m’ h”', using circular glass fiber filters (15 c¢m, QF20 Schleicher and
Schuell, Dassel, Germany). To perform the XRD analyses, a Philips PW-1710 diffractometer
was used with the Bragg—Brentano focusing geometry, a graphite secondary
monochromator, CuKa radiation (k = 1.5405), and automatic divergence 1° slit. The voltage
was 40 kV and the tube current 40 mA. Diffraction patterns for the total suspended aerosols
were obtained using continuous scan mode exploring an area over 3°—64° 20, with 0.05 scan
rate, and 0.80 integration time. XRD was applied directly to the Nuclepore® filter surface (no
sample preparation was required). Automatic acquisition, evaluation, and identification of

minerals were carried out with the Xpowder software (Martin-Ramos 2004).

To study the chemical composition and micro-morphology of the bulk aerosol samples
taken from the monastery and the PM10 sample (AER-GR), a scanning electron microscope
(SEM Leo 1430VP, VP-SEM) coupled with an EDX microanalyzer (Inca 350 version 17,
Oxford Instruments) was used. Analyses were carried out in secondary electron (SE) and
backscattered electron (BSE) mode. Both operating modes are complementary, as SE-mode
provides information on texture and structure and BSE-mode on elementary composition.
The SEM—-EDX working conditions were 500 pA filament current, 20 keV beam energy, 10
eV/ch resolution, and an acquisition time of 50 s for pinpoint analyses. Samples requiring no
preparation were mounted on a tee and coated with carbon for microanalysis purposes, and

with gold to better visualize the morphology.
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Transmission electron microscopy (Philips CM20) equipped with an EDAX solid-state
ultrathin-window energy dispersive X-ray (EDX) detector was used to investigate the
composition and morphology at nanoscale of the indoor and outdoor samples from the
monastery and the PM 10 sample (AER-GR). The acceleration voltage of the microscope was
200 kV, and a lens aperture of 40 um was used as a compromise between amplitude and
phase contrast for the images. The identification of phases was facilitated by collecting
selected area electron diffraction (SAED) patterns. Quantitative analytical electron
microscopy analyses were performed in scanning TEM mode using a 10-nm diameter beam
and a 20 x 100 nm scanning area. A low-background condenser aperture and an analytical
Be sample holder were employed to improve spectrum quality. Prior to TEM analysis
samples were dispersed in ethyl alcohol and deposited on Formvar® and carbon-film coated

Cu grids.

Microclimatic parameters, namely temperature (T) and relative humidity (RH) were
monitored during the sampling period by means of Signatrol SL502 (Signatrol Ltd,
Gloucestershire, UK) sensor. The data were collected every 20 min indoors (altar, In 1) and

outdoors (major cloister, Out 1).

5.3. Results and discussion

5.3.1. Microclimatic parameters

Figure 2 shows the trend of T and RH recorded outside and inside the monastery during
the sampling campaign. Outdoors, the means of T and RH were 10.5 = 6.6[1C and 44.3 +
22.6%, respectively. It should be recalled that the city of Granada has a near continental
climate with large day/night amplitudes of temperature and RH (Cardell 1998; Lyamani et
al. 2010). These fluctuations cause high thermal stress to stone materials accelerating their
deterioration (Rodriguez-Gordillo and Séaez-Pérez 2006). As result, particles are easily

generated and subsequently may enter the studied Dbuilding and cause
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Fig. 2 Temperature and relative humidity at the monastery of San Jerénimo (Granada, Spain)

soiling and deterioration of artworks exposed indoors. In the interior of the church the mean
T (13.9 = 0.3°C) and mean RH (47.5 + 1.5%) stayed almost constant due to the buffering
effect of the high volume of the building. This circumstance is certainly advantageous for the

preservation of the artworks in the church.

5.3.2. Gaseous pollutants

The results obtained for concentrations of NO,, SO,, and Os are shown in Fig. 3. Indoor
and outdoor mean concentrations of NO, were found to be similar. The average indoor value
of NO, was 29 pg m™, whereas a mean outdoor value of 32 pg m™ has been measured. NO,
is a gas with largely outdoor sources (via NO,, mainly from road traffic). The comparable
NO, values could be attributed to the considerable indoor—outdoor air exchange in the
church (due to circumstances mentioned above, see sampling location), and the lower
deposition velocity compared with that of Os;. However, indoor sources have to be

considered as well, such as burning candles and incense, the latter particularly during
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Fig. 3 Indoor and outdoor concentrations of NO,, SO, and O; at the monastery of San Jerénimo
(Granada, Spain).

weekends. Similar trends have been identified in other churches (Spolnik et al. 2005;

Worobiec et al. 2006; Kontozova-Deutsch et al. 2008b).

As expected, indoor SO, concentrations were lower than outdoors. The average SO,
value was 1.6 pg m> for indoors, and 3.6 pg m™ for outdoors. Surprisingly, the SO,
concentrations in the interior of the church were higher than others reported in the literature,
which were near the detection limit (Spolnik et al. 2005; Worobiec et al. 2006; Kontozova-
Deutsch et al. 2008b). Again, the considerable indoor—outdoor air exchange in the church

likely plays an important role as no significant indoor SO, sources have been identified.

The average outdoor O; concentrations were much higher than those indoors. The
calculated O; mean value for outdoors was 12 pg m™, versus only 0.6 pg m” indoors. This
result has to be attributed to the high-deposition velocity and reactivity of the O3, and the
absence of an indoor ozone sources. The obtained O; values (both indoors and outdoors) are
rather low in comparison with indoor Oz concentrations measured during winter in other
churches (Worobiec et al. 2006; Kontozova-Deutsch et al. 2008b). The location of the

monastery in the city center of Granada, near busy streets, should be responsible for these
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low Oj; concentrations since high NOy (mainly NO) emissions by traffic lead to substantial

ozone titration.

The literature reports that NO, causes formation of nitric acid (HNO;) leading to
decomposition of lime-containing materials, fading of pigments, and corrosion of metals
(Tétreault 2003). On the other hand, SO, oxidizes quickly to sulfur trioxide (SO;) and
sulfuric acid (H,SO,4), which leads to damage of basic construction and decorative materials
like limestone, plaster, and frescoes. The interior of the church of San Jeronimo is covered
with mural paintings and polychromes (on a substrate of gypsum based plaster), severely
damaged by salt crystallization at particular sites, thus exposing the limestone used to build
the church (Cardell 1998; Cardell and Rodriguez-Gordillo 2003). Hence, the high indoor
concentrations of NO, and SO, are a potential threat for the construction and artwork

materials contained in the monastery.

5.3.3. Single particles

The results of the size-segregated single particle analysis performed with EPMA are
shown in Fig. 4. The samples were divided into three fractions (fine, middle and coarse)
according to their aerodynamic cut-off diameters (8, 4, 2, 1 and 0.5 um for stages 3, 4, 5, 6
and 7). Soil dust particles, i.e., aluminosilicates (AlSi + Fe-oxid) were found in particles of
the middle size-fraction and in coarse particles. Aluminosilicates derive from the geological
materials present in the vicinity of the city, e.g., limestones and metamorphic rocks (Puga et
al. 2007). In addition, sources such as windblown soil dust, road traffic, and fly ash aerosols
have to be considered (Lyamani et al. 2010). Aluminosilicates showed higher abundances in
indoor versus outdoor samples. This fact has to be attributed to the intense sanding-off of
various construction materials used to build the monastery, such as renders, mortars and, to a
smaller extent, bricks, all severely altered as described elsewhere (Cardell 1998) (Fig. 5).
Additionally, transport of these particles by the shoes of visitors and monastery nuns may
also contribute to the observed high indoor abundances. Inside the building, re-suspension of

particles plays an important role as inferred from the cleaning habits (dusting instead of
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Fig. 4 Relative abundances of particle types in indoor and outdoor samples of the fine, middle-
sized, and coarse size fraction in the monastery of San Jerénimo (Granada, Spain).

vacuum cleaning or moist wiping) and the high amounts of dust deposited at unreachable
places. The high abundance of soil dust particle type certainly represents a threat to the
indoor environment, since these particles can accelerate the soiling of material surfaces,
although they are not considered to be chemically aggressive. Dust accumulation is an
important management and conservation problem in monuments (Brimblecombe et al.

2009).

Calcite (CaCOs;) was the most abundant mineral found in particles of the fine and
middle size-fractions, while dolomite (CaMg(CO;),) was detected only in the fine size
fraction. Calcite particles of the fine and coarse fractions showed slightly higher abundances
indoors. Limestone (calcite-bearing rock) and dolostone (dolomite-bearing rock) are
abundant near the city of Granada and have been used profusely as construction materials in
ancient and modern buildings such as the monastery of San Jeronimo (Cardell 1998).
However, the high abundance of these minerals inside the church suggests a source from

deterioration of construction materials (limestone and mortars; already visible to the naked
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Fig. 5 a Photograph of a weathered, polychromed ornament covered with a thin layer of dust. b
Photograph of polychromed sculpture intensively deteriorated showing massive formation of
sulfate-rich salts (epsomite and gypsum) and detachment of the paintings. Both ornaments are
placed in the church of San Jer6onimo at ~15 ma.g.1

eye), in addition to mineral particles originating from outdoor sources entering by the

indoor—outdoor air exchange.

Ammonium sulfate ((NH4),SO,) particles clustered with carbon (C) were found only in
the fine fraction and predominantly in the smallest particles. Abundances were slightly
higher for outdoor versus indoor samples. This particle type is potentially threatening for the
decorative materials of the monastery due to its hygroscopicity. Aged sea salt (a mixture of
sodium chloride, sodium nitrate and sodium sulfate) had rather higher abundances in the
middle and coarse-sized fractions, being slightly more predominant in outdoor samples.
Clusters of calcium sulfate with potassium and sodium chloride were also found in most of
the samples. In the middle- and coarse-sized fractions abundances were comparable indoors
and outdoors, though in the fine fraction this cluster was only found in the indoor samples.
Indoor sources for these sulfate/nitrate/chloride containing particles also must be considered.

This is supported by the results of previous studies in the church of San Jerénimo (Cardell
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1998; Ruiz-Agudo 2007) showing intense weathering of the limestone used in walls,
windowsills, vaults, and carved figures as a result of the massive presence of salts. Gypsum
(CaSO4H,0), halite (NaCl), Mg/Na-rich sulfate efflorescences (mostly epsomite), and minor
amounts of nitrates (niter, KNOs, and nitratine, NaNO3) were found in the building in these
studies, mainly in the outer layer of the walls (Fig. 5b). As Mg-sulfates were not detected in
outdoor aerosol samples, they most probably originate from indoor sources, such as
infiltration of ground water and subsequent interaction with building materials in the walls
(joining mortars, stone and paintings), which contain significant amounts of Mg. Regarding
other sulfates, nitrates, and chlorides, both aerosols and indoor sources may contribute to

their presence inside the church.

Finally, a cluster containing particles comprised of iron (Fe), manganese (Mn), sulfur
(S), and chlorine (Cl) was found predominantly in the outdoor samples of the middlesized
and coarse fraction. The origin of this particle type can be attributed to soil dust sources

(aluminosilicates), and a marine source for CL

5.3.4. Bulk particles

The bulk aerosol concentrations obtained indoors and outdoors at the monastery of San
Jeronimo by EDXRF analysis are presented in Table 1. The concentrations of all elements,
except for S and Pb, were observed to be significantly higher outside the building. This
suggests that these two elements have an indoor source. As stated above, the higher level of
S indoors can be attributed to the high amount of sulfate-rich salts such as epsomite,
hexahydrite, and gypsum present in the interior of the church, as found in earlier studies
(Cardell 1998; Ruiz-Agudo 2007), while the higher amount of Pb should be due to the
intense deterioration of the paintings (totally covering the interior of the church) containing

Pb-based pigments (Cardell and Rodriguez-Gordillo 2003).

The highest outdoor and indoor concentrations were found for Ca and Si, followed by S,
K, and Al. The origin of the outdoor particles can be attributed to geological materials from

the vicinity of the city as limestones and metamorphic rocks (Puga et al. 2007).
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Table 1. Elemental concentrations of bulk particles at the monastery of San Jerénimo
(Granada, Spain)

In 1 Out 1 In2 Out 2

ng m? ng m? ng m? ng m?

Al 166 304 111 231
Si 400 742 271 578
Si 469 339 352 179
Cl 4.1 241 1.8 82
K 233 358 311 335
Ca 388 1790 310 2004
Ti 15 30 9.1 24
\Y 5.1 7.7 8.3 4.2
Mn 2.2 5.7 1.9 5.2
Fe 108 283 92 215
Ni 29 26 5.1 1.5
Cu 3.1 7.2 28 4.8
Zn 8.5 18 6.7 8.2
Pb 4.0 2.1 5.3 1.8

Indoors, lower concentrations of these elements were detected. The sampling period was
characterized by dry weather conditions leading to rather high outdoor particulate matter
concentrations. The results suggest that there was considerable indoor—outdoor air exchange
rate leading to transport of ambient particles into the monastery. However, indoor sources
cannot be excluded for these particle types. In fact, the severe weathering of the construction
(stone and mortars) and decorative materials (paintings), and the related efflorescence
affecting the interior of the church should be one of the major (indoor) sources for S, Ca, Si,
and K (Cardell 1998). In addition, K and S can also be connected to the burning candles and
incense inside the church (Kontozova-Deutsch et al. 2008b). From a preventive conservation
perspective, the high concentration of sulfates in indoor aerosols is a threatening factor for
pigments, metals, and other acid-sensitive artworks. Thus, the results obtained in this work
confirm a feedback process inside the church that enhances further weathering of the indoor

construction and decorative materials.

The analysis of the samples with XRD revealed a broad hump in the diffractograms due

to the presence of amorphous black carbon particles (~9%), in agreement with previous
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studies (Rodriguez-Navarro and Sebastian 1996; Lyamani et al. 2010). The basin-like
geography of the Granada basin favors weak wind speeds that, in combination with pollutant
emissions, mainly from traffic, lead to heavy accumulations of particles. Moreover, the
monastery of San Jeronimo and the CEAMA are located in the southern part of the city near
the highway that rings it. Considering that Granada is a non-industrialized city, local aerosol
sources are mainly heavy traffic (mostly diesel vehicles) together with re-suspension of
material available on the ground. In addition, during winter domestic heating (typically oil
burning central heating) represents an additional important source of anthropogenic aerosols.
These aerosols contain significant amounts of carbonaceous particles, in agreement with our
results of XRD analysis. As a consequence a dark haze can be observed frequently above the
city, especially during morning hours, indicating the presence of soot particles as important

pollutant in the basin.

The identified crystalline phase consists largely of calcite (CaCOs, ~28%), muscovite
(~27%), 1i.e., a phyllosilicate mineral known as common mica with formula
KA, (AISi3040)(F,OH),, and dolomite (CaMg(CO;),, ~12%). Minor phases include Na
feldspar (Na(AlSi;Og, ~9%), gypsum (CaSO42H,0, ~8%), paragonite (~5%) which is a
phyllosilicate with empirical formula NaAl, (Si;Al)O;¢(OH),, and quartz (SiO,, ~3%). This
composition is consistent with the results obtained elsewhere (Rodriguez-Navarro and
Sebastian 1996), as well as with the mineralogy of the geological materials in the vicinity of
Granada, namely limestones, dolostones, gypsum, and metamorphic rocks (e.g. micaschists)

proceeding from the Sierra Nevada mountains and the surrounding basins (Puga et al. 2007).

The microanalysis of the samples (with particle size above 2 pm) performed with SEM—
EDX showed that the major constituents were O, Si, Ca, Mg, and Al; the K content was also
noteworthy. Minor constituents were Na, S, CI, and Fe in decreasing order of abundance, and
more rarely Br and P in sample AER-GR (Fig. 6). The spectra suggest the presence of clay
minerals (phyllosilicates) accompanied by calcite, dolomite, and gypsum in a lower amount,
in agreement with the mineralogical results obtained with XRD. In addition, minor amounts
of chlorine-based salts such as KCl and NaCl, Fe oxides, K-based sulfates and Fe-rich, and

aluminosilicate-rich (Si and Al) particles can be inferred from the spectra, in accordance
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with the EPMA results. This composition is consistent with results published elsewhere for
the city of Granada (Rodriguez-Navarro and Sebastian 1996) and results of airborne
particulate matter deposited on the exterior of other monuments (Esbert et al. 2001). Iron
(Fe) can be related to diesel exhaust, mainly composed of soot and metallic particles bearing
Fe and Fe-S as major elements, while Br can be ascribed to emissions from gasoline engines
composed of minor amounts of soot and Br-rich particles (Simao et al. 2006). Figure 7
shows several SEM images of the outdoor samples. In the outdoor samples taken at the
monastery (Fig. 7a, b), soil erosion particles were observed, composed of calcite, dolomite,
and quartz, as well as minor amount of Fe-rich particles and salts made of NaCl, KCI, and
gypsum. Figure 7c, d corresponds to AER-GR sample revealing the presence of Fe-rich
spherical particles, clay minerals, calcite, quartz, gypsum, chlorine, and sulfate-based salts as
well as the so-called iberulite particle. This is a new type of spherical aerosol particle with a
vortex, detected in Southern Spain, made of a complex mineral assemblage that also contains
biological remains (Diaz-Hernandez and Parraga 2008). The most likely source areas based
on inherent mineral components are the Sahara and Sahel, while other minerals are the
results of atmospheric neoformation. The appearance of iberulites is a discontinuous
phenomenon, occurring mainly during summer and in dry periods corresponding to the
highest total suspended particle (TSP) contents. Thus a correlation between amounts of dust
and iberulites can be established; indeed, often their presence coincides with red dust rains
and periods with no heavy rains. The sampling period of our study was characterized by dry

weather conditions that lead to high outdoor particulate matter concentration.

Outdoor and indoor particles below 1 um in size from the monument and the PM10
sample (AER-GR) were studied by TEM (Fig. 8). The main particles found in the aerosols
sampled outside the church were salts, in particular chlorides and sulfate-rich salts. Also
ammonium chloride (i.e. sal-ammoniac) was a common component; its origin may be related
to the existence of guano deposits in the upper part of the church (Cardell 1998).
Ammonium-rich salts were also identified by EPMA in the smallest particles of the fine
fraction inside and outside the church. It should be noted that pigeon feathers and excrement
are abundant not only in the exterior of the church in the upper parts at around 15 m a.g.l.,

but also in the interior due to open doors and broken stained-glass windows.
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Fig. 7 SEM images of outdoor samples showing different particles. Sample Out-3 (a, b, outside
the monastery) and sample AER-GR (¢, d). Clay mineral (CM), calcite (C), dolomite (DO),
quartz (Q), gypsum (G), Fe-rich particle (Fe); iberulite (/b), chloride-based salts (KC/) and K-
based sulfates (KS)
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Fig. 8 Representative TEM images of particles found in aerosols. Sample AER-GR: a phyllosilicate particle
and aggregate of amorphous carbon particles and b calcite; sample Out-3: ¢ rutile, d iron oxide; sample In-4:
e NaCl and f calcium—potassium double sulfate particles
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Particles of Ca—K—S and Ca—Na-K-S were also frequently detected, in agreement with the
aged salts analyzed with EPMA inside and outside the monastery, as well as in the AER-GR
sample. Their presence may be attributed to transport of marine aerosols to the city, although
in-cloud processes cannot be neglected as a possible source (Liu et al. 2005). Oxidation of
atmospheric SO, in the presence of water leads ultimately to the formation of sulfates.
Aluminosilicates were also found in the fine fraction of these samples as revealed by EPMA,
XRD, and SEM-EDX in the coarser fractions. In particular, fibrous paragonite was detected
with TEM which corroborated the XRD results. The presence of calcite, as well as the
detected silicates could originate from windblown dust released during natural erosion of
limestone rocks and clay formations surrounding the city of Granada. Aggregates of
amorphous carbon particles and particles of amorphous SiO, were also identified with TEM
in outdoors samples. These aggregates, randomly oriented and poorly crystalline, are
composed of graphite particles, typically present in particulate matter from diesel motor

vehicles exhaust emissions (Simao et al. 2006).

Regarding the indoor particles, again the main particles found were chlorides and
sulfates, essentially ammonium chloride and Ca—K-S-rich particles (Fig. 8e, f). The
composition of the indoor samples obtained with TEM can be related to that of the outdoor
aerosols, in accordance with the EPMA results. However, as stated above, indoors sources
such as the sanding-off of salt-containing building stone may also contribute to some extent
to the presence of these particles in indoors aerosols. The identification of iron chloride
particles inside the church reveals interaction between chloride-based particles (e.g. salt-rich
particles) and Fe-rich pigments and clay-based pigments present in the wall paintings
(Cardell and Rodriguez-Gordillo 2003). However, interaction with iron-rich particles from
diesel motor vehicle exhaust emissions present in outdoor aerosols (entering the church by
air exchange) cannot be neglected, although it is highly unlikely as these particles were not
observed in outdoor samples, which also contain Cl-rich particles. Finally, silicates such as
talc (H,Mg;(Si0;)4), carbonates like calcite and dolomite, and rutile (TiO,) were also found
(Fig. 9). As mentioned earlier, the indoor origin of these minerals can be attributed to the
debris released during the sanding-off process that affects the construction materials

(limestone, renders and mortars).
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Fig. 9 SEM image of indoor samples showing dolomite (D), clay minerals (CM), gypsum (G), and KCI
salt (KCI)

5.4. Conclusions

An outdoor and indoor air quality study was carried out at the monastery of San
Jerénimo (Southern Spain) allowing characterization of atmospheric aerosols at nano- and
microscale. Detected outdoor atmospheric aerosols are related to the geographical
characteristics and climate of the city. Severe day/night temperature fluctuations contribute
to soil dust generation. In addition, the basin-like shape of Granada surrounded by high
mountains, in combination with heavy traffic, enhances the accumulation of soot particles.
Also, an influx of marine particles can be expected when the wind direction is southerly (S

and SW are the prevailing wind patterns).

In accordance with these characteristics, abundant soil dust particles (aluminosilicates,
calcite, dolomite, quartz and clay minerals) and ca. 9% of black carbon particles (soot
particles) were detected outside the monument. Other abundant particle types such as

(NH4),SOy clustered with C, and Fe/Mn oxides plus S—Cl rich particles were identified, as
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well as minor amounts of Br and Fe-rich rounded particles (related to traffic) and iberulites
(a new type of spherical aerosol particle identified in Southern Spain). TEM analyses
identified salt aerosols (chloride, sulfate and ammonium-rich salts) and aggregates of both

amorphous C and SiO, particles.

Inside the church of San Jerénimo, high NO, and SO, concentrations were detected,
implying both indoor sources and an indoor—outdoor air exchange. The impact of both gases
in the murals of the church is particularly aggressive. Abundances of C and soil dust
particles, and ammonium and calcium sulfate and chloride-rich aerosols were found to be
similarly high indoors and outdoors. In addition, high levels of S, Pb, and chloride- and
sulfate-rich aerosols further showed that the source of these particles was related to the
intense weathering of the construction and decorative materials, and to the copious
efflorescences inside the church. Chemical reactions between Fe-rich pigments from
paintings and chloride-rich salts were identified through the recognition of iron chloride
particles. All of these particles promote a feedback process that triggers further weathering
of the mentioned indoor materials. In addition, although stable indoor microclimatic
conditions were registered, the inappropriate cleaning habits foster the re-suspension of
particles which play a key role in the darkening of distant and isolated places inside the

church.
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ABSTRACT

Tablets of rough and polished travertine were aged in a sea-salt spray corrosion chamber
to explore potentially contrasting stone decay behaviour due to different surface finishing
processes. This paper presents a multianalytical approach to characterise the chemical,
mineralogical, textural, porosimetric and colourimetric features of quarried and weathered
travertine after the test. Rough and polished stone surfaces behave differently according to
salt-spray absorption, newly formed pore networks, composition and habits of salts, and
chromatic changes. Roughness and irregularities of the unpolished travertine favour salt
inputs that in turn increase the open porosity. By contrast, the smooth finish of the polished
travertine helps to protect it against salt decay, since this finishing blocks the pore system in
the near surface stone. This information is crucial to establish maintenance and conservation

construction practices.

KEYWORDS
Travertine, stone finishing processes, marine aerosol, ageing test, pore system, colourimetric

features.
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6.1. Introduction

For the goal of detecting and preventing salt deterioration on construction materials
placed in architectural heritage, civil constructions and in present-day buildings, it is crucial
to improve knowledge concerning weathering mechanisms involved in salt damage. Salt
induced deterioration of natural and artificial building materials (e.g. stones, mortars, bricks
and ceramics) is drastically accelerated in coastal areas due to the action of marine aerosols,
with significant cultural and economic implications [1—4]. In fact, the sizeable investment to
preserve the architectural heritage, as well as to repair damage on ornamental and building
materials used in modern constructions, makes necessary application of scientific knowledge
due to salt weathering processes. Despite the abundant literature concerning this topic [5,6],
little attention has been paid to ascertain the effect of different stone surface finishing

processes to mitigate stone decay caused by marine aerosols.

In this regard great advances have been achieved as result of investigations conducted in
the field of Heritage Science. In particular, laboratory tests have helped to shed light on
causes and mechanisms involved in salt weathering of construction materials, as well as to
allow easier recognition of key factors that trigger or mitigate their damage [1,7-12]. Though
there are diverse international standard salt crystallisation tests (ASTM B-117 [13], DIN
50021 [14], ISO 9227 [15] and UNE-EN 14147 [16]), researchers have frequently designed
ad hoc salt corrosion tests in an attempt to reproduce more realistic environmental conditions
for better understanding the synergistic action of factors causing salt decay in construction
materials. Thus different environmental conditions and solutions, as pure NaCl solutions
[11,17], mixed solutions [9,17-19] or seawater spray [8,11] have been tested. In order to
create a more realistic atmosphere for building stone decay in marine environments, a
modified standard sea-salt spray test has been used in the present study to investigate the
susceptibility of polished and rough surfaces of travertine stone samples due to the impact of

marine aerosols.

Travertine has been an important building material for monuments and civil

constructions from Roman times until present throughout Europe and near east [20-22]. It
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has been used as structural stone (ashlars and plane surfaces) and also in ornamental
elements such as sculptures. In fact, travertine is one of the most frequently used stones in
modern architecture worldwide, and is commonly seen in tile sizes as fagade material, wall
cladding, and flooring (for instance modern buildings such as the Getty Center in Los
Angeles and Barcelona’s Prat airport are cladded with travertine). Despite its widespread
use, travertine has been investigated less than other carbonate stones like marbles and
limestones, particularly in Andalusia (Southern Spain) where local travertines have been

used in numerous monuments [17,23], and in public buildings at present times.

Travertine stone is a natural chemical precipitate of carbonate minerals deposited from
the water of mineral springs saturated with dissolved calcium bicarbonate [24]. As a
consequence, the stone is characterised in general by pitted holes in its surface. However
various types of travertine exist due to variation in depositional environment and
components. Two broad lithotypes are porous travertine with large irregular pores, and the
less porous massive travertine. In this work the studied Olivillo travertine belongs to this
latter group. Since travertine can have many nooks and crannies, it can be effectively
polished to a smooth, shiny finish (honed travertine) or unpolished, as well as unfilled or

filled with different polymer and cement-based materials [25].

Physical properties and compositional characteristics of travertine have been studied in
naturally weathered travertine buildings to investigate their response to diverse atmospheric
conditions [26,27]. However laboratory analyses and tests of physical and chemical
weathering of travertine remain scarce. Thus, there are still interesting open questions to be
investigated, such as the effects of different finishing processes in travertine stone buildings

on marine aerosols absorption.

This paper presents a laboratory ageing test using marine spray in a controlled-
atmosphere chamber to examine the implications of rough and polished travertine stone
surfaces on their salt decay. The degree of salt damage was estimated by comparing changes
in mineralogical and chemical composition, petrophysical characteristics and chromatic

variations between freshly quarried and aged samples. The results obtained have significance
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for the design of proper processing, protection, maintenance and intervention protocols for

civil and historic buildings.

6.2. Materials and methods

6.2.1. Stone material

This research focuses on a travertine type currently used as building stone extracted in
Andalusia (Almeria province, Southern Spain). Relatively large travertine formations
outcrop (>5 km?) near the villages Alhama de Almeria and Aliciin [28]. This formation was
deposited in perched springline and fluvio-lacustrine environments and later affected locally
by subaerial exposure process [29,30]. Travertines are exploited in several quarries and
commercialised as Olivillo travertine (hereafter referred as AL travertine), commonly used
as building stone in modern architecture as well as stone restoration in the Granada

(Southern Spain) cultural heritage [17,23].

The sawing direction of the selected material was perpendicular to the layering (vein
cut). Two finishing surface types of AL travertine are commercialised, namely as rough
surface and polished surface. Polished travertine is treated before the polishing process in
order to increase its strength. This treatment consists of a two-step process where large pores
are first filled with a beige coloured gypsum-based plaster, and then the surface is dressed
with an epoxy silicone mixed resin. After the strengthening, the surface of the travertine tiles

is finally polished.

In this work, two sets of travertine samples with rough and polished surfaces were cut as
tablet samples (50 x 50 x 10 mm) for the sea-salt spray ageing test. Later on, stone samples
were prepared according to the requirement of each analytical technique applied, as specified

in Section 6.2.3.
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6.2.2. Sea-salt spray ageing test

A saline spray chamber (CCONS series, INELTEC[]) was used to investigate the effect
of marine aerosol deposition on rough and polished travertine surfaces. To reproduce more
realistic conditions of building stone decay in marine environment, seawater was collected
from the Mediterranean Sea at Granada coast (Salobrefia, Southern Spain), instead of using
the standardised 5% solution of NaCl known as NSS (neutral salt spray) advised by
international standards such as e.g. ASTM (B-117) [13], DIN (50021) [14], ISO 9227 [15] or
UNE-EN (14147) [16]. However the NaCl concentration of these tests can differ (e.g. 10%
or 20% NaCl) upon laboratory request.

Standard salt spray tests are widely used in the industrial sector including automotive,
construction and aerospace industries to evaluate the corrosion resistance of finished surfaces
or parts (coatings, metals, alloys, stones, etc.). These standards describe the essential
procedures to perform each test specifying temperature, relative humidity, concentration and
pH of the solution, air pressure of the sprayed solution, sample dimension, testing hours in
NSS (e.g. 100 h in [13], 96 h in [15]), etc., which differ among the tests. The basic principle
of long-term salt spray (fog) ageing tests consists of a continuous salt solution pulverisation
(ASTM (B-117) [13]), although cycle tests are preferred to simulate ageing due to the cyclic
nature of real environmental conditions. For example, the UNE-EN (14147) test [16]
requires 60 cycles, each consisting of 4 h = 15 min of salt spray (pH = 6.5-7.2) followed by
8 h £ 15 min of drying at 35 £ 5 °C.

Test requirements should be agreed between customer and laboratories or manufacturer.
Test duration depends on the corrosion resistance of the studied material (e.g. construction
stones); the more corrosion resistant the material, the longer the period needed to show signs
of deterioration. Thus, testing periods range from a few hours (e.g. 8 or 24 h) to more than a
month. Results can be represented as mass loss [16], although the usual ageing test criteria is
the visual estimation of degradation, as salts precipitation, stone colour changes or other

types of damages such as creation of fissures, cracks, pits, etc. Therefore at first it is difficult
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to predict the number of hours or cycles needed for a salt spray test, so generally a high

number is chosen to ensure material degradation.

In this work, the travertine tablets were subjected to a modified UNE-EN (14147)
ageing test [16] to re-create more realistic environmental conditions of coastal areas. Stone
tablets were hung on a nylon thread from plastic bars inside the chamber so that all sample
faces were exposed to the salt spray. Care was taken to avoid direct exposure of the samples
to the salt spray atomizer. The chamber was electronically programmed to produce 160
cycles corresponding to 60 d. After this period the test was judged to have finalised since no
significant further macroscopic changes were observed in the stones. Each cycle consisted of
3 h of seawater spray followed by 6 h of drying by forced air at 35 °C and relative humidity
of 70 + 2%. The chamber remained closed throughout the test, thus during the spray periods
the relative humidity was higher (c.a. 98%). The composition of the seawater is shown in
Table 1. Cations (Ca*", K, Na" and Mg”") were determined by means of inductively coupled
plasma-atomic emission spectrometry (ICP-AES, Leeman Labs PS series) and anions (CI,
SO,* and NO;) by ion chromatography (IC, Dionex DX 300). The pH of the seawater was
7.84 at 20 °C (Eutech 1500). Water composition used in the present ageing test is relatively
lower in chlorine, potassium and sodium compared to those used elsewhere whereas nitrate,
sulphate and magnesium content is slightly higher [8,11]. Upon conclusion, travertine

samples were removed from the chamber and analysed using various techniques.

Table 1. Sea-salt water composition (expressed in ppm) used in the artificial ageing test of the
present study and from [8].

This study [8]

cr 12,879 22050
NOs" 72 50
S0~ 2772 2713
ca® 330 345
K* 348 1020
Na* 10,030 19920
Mg 1069 945
HPO,> - 28

- not measured
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6.2.3. Analytical techniques

The following methods and analytical techniques were used to characterise the pore
filling in the polished stone, the freshly quarried travertine and to evaluate modifications
induced by the test. Before and after the test the blocks were weighed. Throughout the test,
macroscale observations and photographic records were made to assess the presence of
efflorescences, evolution of crystalline habits, drying and decay of stone samples, as

presented in Sections 6.3.3.1 and 6.3.3.2.

The mineralogical composition of the travertine, the stone pore filling and the
crystallised efflorescences were determined by powder X-ray diffraction (XRD) using a
Philips PW-1710 diffractometer equipped with an automatic slit window. For this aim, the
samples were milled in an agate mortar to less than 50 pm particle size. Analysis conditions
were: radiation Cu Ko (A: 1.5405 A), 40 kV voltage, 40 mA current intensity, explored area
between 3° and 60° 20 and goniometer speed of 0.01° 26/s. Automatic acquisition, evaluation
and identification of minerals were performed by Xpowder software [31]. To identify the
epoxy silicone resin composition, transmittance Fourier transform-infrared spectroscopy (T-
FTIR) was applied. The T-FTIR spectrum registered from 3999 to 400 cm ' with a resolution
of 2 em™' and 200 scans, were collected using a NICOLET spectrometer 20SXB. The T-
FTIR spectrum was obtained from KBr pellet prepared by uniformly mixing 5 mg of
powdered sample with KBr (3 wt.%).

Major and trace elements of fresh travertine were analysed using a Bruker S4 Pioneer X-
ray fluorescence spectrometer (XRF) with wavelength dispersion equipped with a
goniometer that held analysing crystals (LIF200/PET/OVO-55) and Rh X-ray tube (60 kV,
150 mA). Semiquantitative scanning spectra were obtained using the software Spectraplus.
Stone powder (~5 g) was blended with wax (Hoestch wax C micropowder Merck) using a
5100 SPEX Mixer/Mill. After that each sample was uniformly deposited on a cellulose
substrate contained in a 40 mm aluminium cup. Finally, the product was pressed at 10 ton

(Mignon-S de Nannetti) to produce a pressed pellet (40 mm sample disc).
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Petrographic characteristics of fresh and aged travertines presenting rough and polished
surfaces were examined under optical microscopy (OM) using an Olympus BX-60 equipped
with digital camera (Olympus DP10). To this aim polished thin sections were prepared with
ethanol to avoid salt dissolution, and stained with red alizarin to differentiate calcite from
dolomite (calcite tints to red while dolomite remains unstained). Chips of these stone
samples were also analysed with an environmental scanning microscope (ESEM) to study
the stone microtexture, as well as crystal habits and chemical composition of precipitated
salts without disturbing their hydration state. No sample preparation is required for ESEM
analysis [12]. A Phillips Quanta 400 was used applying 20 kV acceleration voltage, 1 nA

probe current and working distance of 10 mm.

The travertine pore system was characterised by means of mercury intrusion
porosimetry (MIP) and gas sorption isotherms (BET). Blocks c.a. 2 cm® of fresh and aged
samples (containing salts) were dried in an oven during 24 h at 60 °C, and analysed on a
Micromeritics Autopore 11l model 9410 porosimeter. In addition, aged samples (rough and
polished surfaces) were washed in distilled water during one week after the ageing test, and
studied by means of gas Ar sorption. The purpose of this procedure was to discern the
binding or cementing effect of salts in the stone. In samples with less than 5 m* g™ surface
area, Ar sorption measurements are more realistic than using N2, which usually yield
excessively high values [32]. The Ar sorption isotherms were obtained at ~196 °C on a
Micromeritics Tristar 3000 under continuous adsorption conditions. Prior to measurement,
samples were heated to 250 °C for 8 h and outgassed to 10~ Torr using a Micromeritics
Flowprep. The BET analysis was used to determine the total specific surface area [33,34].
The Barret—Joyner—Halenda (BJH) method was used to obtain pore size distribution curves,
the pore volume and the mean pore size of the travertine samples [35]. The surface fractal
dimension, Dgs, was determined from adsorption data and used to characterise the surface
roughness. The analysis of the gas sorption isotherm using a modified Frenkel-Halsey—Hill
(FHH) theory [36] allows determination of surface fractal dimension from the slope (A) of
the plot of Ln(V) vs. Ln[Ln(P/P,)], where V is the adsorbed volume of gas, and P and P, are
the actual and condensation gas pressures. When surface tension (or capillary condensation)

effects are important, the relationship between A and Dg is A = Dg — 3. Capillary
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condensation is significant if 6 = 3(1 + A)-2 < 0. The pressure range and therefore the
thickness range of the adsorbed layer coverage revealed that we were dealing only with
monolayer (since n = 1-2). This thickness range ensures that the determination of DS is

reliable [36].

Chromatic characteristics of rough and polished surface samples before and after the
ageing test were determined using a Minolta CR 210 colorimeter, with 0° viewing angle and
50 mm diameter measuring area. The CIE 1976 chromatic scale was used to measure the

parameters L*, a* and b* [37].

6.3. Results and discussion

The results of the pore filling analysis in the polished travertine are presented first.
Then, to facilitate the comprehension of this work, the results of freshly quarried samples
that display both surface finishing (i.e. polished and rough samples) are presented first,
followed by the results for the corresponding surfaces of the aged travertine samples.
However, all the results (from rough and polished stones) are shown together in the figures

and tables to avoid unnecessary repetitions and to facilitate understanding of the text.

6.3.1. Surface finishing treatment

The XRD analysis revealed that the beige coloured gypsum based plaster was composed
of ~67% quartz (Si0,), ~31% calcite (CaCO;) and <2% illite (a type of phyllosilicate or
layered alumino-silicate). T-FTIR analysis of polymeric materials provides highly precise
measurements that are widely interpretable in terms of chemical structure. Most common
epoxy resins are produced from a reaction between epichlorohydrin and bisphenol-A to
obtain a polymer. The T-FTIR spectrum of the epoxy silicone resin analysed in this work
(Fig. 1) is comparable to other epoxy silicone resins reported elsewhere [38]. Fig. 1 shows

the carbonyl band at 1730 cm™', the C—H stretch at 2930 cm ' and the C—H scissoring and
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Fig. 1. T-FTIR spectrum of the epoxy silicone resin and its structure used in the finishing
treatment of the polished travertine.

bending at 1460 cm™'. The characteristic band of hydroxyl group was identified at 3479 cm™

and the presence of C—O bands was observed in the region between 1030 and 1295 cm .

6.3.2. Fresh stone

6.3.2.1. Macroscale observations

The AL travertine is a massive travertine, mostly well cemented and heterogeneously
coloured, varying from pale yellow to brown. It shows relatively small pores of c.a. 2-3 mm
in size and larger ones at c.a. 20 mm. Also, a laminated structure is distinguished particularly

when the material is polished, and the colour contrast of layers is enhanced (Fig. 2).
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Fig. 2. Polished (a) and rough (b) surface of fresh Olivillo travertine. Note the porous laminated
structure in (a). Bars = 10 mm.

6.3.2.2. Bulk stone composition

The AL travertine bulk stone major composition and trace elements determined by XRF
are presented in Table 2. Also for the purpose of comparison, chemical results from others
travertine lithotypes from Southern Spain and Italy are provided. AL travertine is low in
siliciclastic components (i.e. SiO, and Al,0;) compared to other travertines (Table 2), being
composed of almost pure calcite. Whereas the zirconium (Zr) value content is in the range of
other travertines from Granada [17] and Italy [39,40], AL travertine is significantly enriched
in copper (Cu) and zinc (Zn) and slightly in strontium (Sr). In the same locality (Alhama de
Almeria) iron (Fe) and manganese (Mn) oxides have been reported in another type of
travertine displaying an intense red colour, known as Red Alhama travertine. However in
this study MnO concentration was below detection limit of XRF. Contrasting depositional
environment and different degrees of subaerial exposition (brecciation and karstification)
have been noted in the same travertine formation exploited in several quarries [29].
Therefore the differences in MnO content and other minor elements measured can be

ascribed to this heterogeneous distribution of facies and alterations.
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Table 2. Representative major bulk stone composition and trace elements of Olivillo and Alfacar
travertine (Granada, Southern Spain; [17]) and mean values of some ltalian travertines [39,40].

Roman
travertine Santa Orvieto

wt. % Olivillo Alfacar chiaro Sabina district  Cetona Saturnia
SiO; 0.96 1.93 0.68 1.75 8.69 5.23 0.05
TiO2 0.02 - - 0.02 0.10 0.08 *
Al,O3 0.32 0.44 0.54 0.54 2.52 1.94 0.08
Fe203 0.12 0.21 0.06 0.17 1.12 0.67 0.05
MnO * - - 0.04 0.04 0.03 0.04
MgO 0.72 1.16 0.18 0.38 0.77 0.47 0.42
CaO 54.24 51.40 54.77 52.99 46.48 50.25 55.07
K20 0.06 0.10 - 0.11 0.59 0.27 *
P20s 0.01 0.59 0.01 0.57 0.26 0.11 0.50
SO3 0.19 - 0.45 - - - -
Cl 0.01 - - - - - -
ppm

Cu 40 9 - 6 22 17 14
Zn 1000 49 - 11 31 34 6
Sr 1416 343 - 478 1546 826 749
Zr 55 <10 - 17 83 38 13

Detection limit is 0.005 wt.% for major elements and for trace elements 3 ppm for Zr, 2 ppm for Sr
and 1 ppm for Cu, Zn, Zr. * below detection limit, - not measured.

6.3.2.3. Mineralogical and textural characteristics

The XRD data showed that calcite was the most abundant mineral in AL travertine (95—
100%) with trace amounts (less than 5%) of quartz and phyllosilicates (illite-type). Detailed
OM observations revealed that the lamination of AL travertine was related to changes in the
ratio of sparitic (>10 um in size) and microsparitic (4—10 pwm)/micritic (<4 um) calcite (Fig.
3). Higher proportion of the sparitic calcite leads to lighter band colour, vs. darker bands for
higher proportion of the micritic calcite. Furthermore, the lamination can be a consequence
of seasonal rhythmic growth; the spring bands are darker and thinner [24]. Some large

irregular cavities (2 x 1 mm in size) appear as organic structures of plants that were
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Fig. 3. Optical microphotographs showing the representative textures of freshly quarried travertine
stained with red alizarin: (a) colour layering due to contrasting sparitic and micritic calcite
content (parallel polarised light), (b) same as (a) under crossed polarised light where sparitic
calcite (right) is clearly observed, (¢) detail of irregular and elongated pores (2 x 1 mm in size)
under parallel polarised light, (d) pores are incompletely filled by coarse grain sparitic calcite
(>150 pm)(crossed polarised light).

associated to travertine deposition. Large cavities may be filled by mosaic calcite of

secondary origin [26,41].

These cavities were observed also by means of ESEM allowing discernment of pore
gradation (pores from 4 um up to 700 pm) and irregular abrasion of calcite crystals in the
polished surface. The abrasion can be interpreted as a result of mechanical polishing of the
stone, where calcite crystals were unpinned from the stone surface thus favouring the
differential erosion of the stone surface. Moreover, the uneven abrasion could be enhanced
by the different crystals sizes, as well as by their different crystallographic orientation — on

the stone surface — that could generate asymmetrical decay [42].
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6.3.2.4. Pore system

Table 3 shows the porosimetric parameters of fresh rough and polished travertine
samples determined by MIP. The mean open porosity for rough fresh samples was ~8.16%
characterising AL travertine as a medium porous stone. After the polishing process this value
slightly decreased to ~7.26%, a fact attributed to the filling process with the resin used in the
polishing process. Fig. 4a and b shows the pore size distribution obtained by means of MIP
for rough and polished freshly quarried samples. Both curves are bimodal and strongly
asymmetric. The main pore size range for the rough surface is comprised between 0.02 and
0.07 pm (radius size) with a secondary peak centered at 100 um (Fig. 4a). By contrast the
polished travertine displays a pore size distribution where the main peak is centered at 100
Im and the secondary peak appears in the range of 0.02—0.05 pm (Fig. 4b). The decrease of
the main pore size range could be assigned to the sealing effect of the resin used to improve
the stone endurance during polishing. Moreover, the increase of pores centered at ~100 pm
could be related to the induced stone damage during the polishing process (small detached
crystal grains can scratch the stone surface) as well as to small bubbles or defects inherent to

the resin used to fill travertine voids.

Table 3. Mercury intrusion porosimetry farameters no = open porosity (%); pa = apparent (skeletal)
density (g cm™); pg = bulk density (g cm

Surface Type No pA Ps

rough fresh 8.16 + 1.21 2.65+0.04 243 +£0.04
aged 10.65 + 0.57 2.70 £ 0.06 2.48 + 0.06

polished fresh 7.26 £ 0.25 2.66 + 0.04 242 +0.01
aged 8.34 £ 0.93 2.70 £ 0.03 249+ 0.01
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Fig. 4. Pore size distribution measured by MIP of freshly quarried travertine with rough (a) and
polished (b) surface. Note that the main pore size range for (a) is comprised between 0.02 and
0.07 pm (radius) whereas in (b) is centred at 100 pm. Pore size distribution after the sea-salt

spray test for the aged travertine with rough (c) and polished (d) surface.

Ar sorption was applied to investigate the smallest pore sizes of fresh polished and non-
polished samples (Fig. 5 and Table 4). Representative Ar sorption isotherms of these samples
are shown in Fig. 5a and b. Both isotherms are of type Il [32] and indicate the non-
microporous nature of these samples; this is further confirmed by the very low surface area,
i.e. 0.5601 £ 0.1042 m*/g vs. 0.2387 + 0.0853 m*/g respectively for rough and polished

travertine samples (Table 4). Table 4 also shows that the porosity of both travertine types is
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Fig. 5. Ar (~196 °C) physisorption isotherms for fresh (empty dots) and aged (filled dots)
travertine with rough (a) and polished (b) surface. BJH pore size distribution plot of Ar
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(¢) rough and (d) polished surface.
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Table 4

Pore system characteristics determined by Ar-sorption (BET) of samples with rough and polished
surface before and after the ageing test.

Fresh samples Aged samples

Rough surface Polished surface Rough surface Polished surface

Surface area

2 0.5601 + 0.1042 0.2387 + 0.0853 0.9133 £ 0.2789 0.2245 + 0.0193
(BET), m“/g

Total pore

3 0.00037 £ 0.00007 0.00022 £ 0.00007 0.00076 £ 0.00007 0.00022 £ 0.00007
volume, cm™/g

Average pore

. 20.53 + 1.48 20.60 + 0.75 20.64 + 0.74 21.07 +1.42
diameter, A
\')"O?Sr‘::yer 0.1468 £ 0.0270  0.0624 + 0.0363 0.2394 + 0.0739 0.0589 + 0.0050

Surface fractal

dimension, Ds 2.52 2.51 2.54 2.51
Linear
correlation 0.9974 0.9912 0.9978 0.9934

coefficient, r?

Reported values are the mean and standard deviation of 3 measurements.

concentrated in the mesopore range, with an average pore diameter of 20.53 + 1.48 A for the

rough surface and 20.60 + 0.75 A for the polished surface.

Finally, the BJH plots (pore size distribution curves named after Barret—Joyner—
Halenda) are almost equivalent (Fig. 5S¢ and d). Total pore volume is lower in polished
samples than in rough ones (due to filling with resin as explained above), although the
complexity of the pore system expressed as the surface fractal dimension (Dg = 2.52 vs. Dg =

2.51 for rough and polished samples respectively) is virtually similar (Table 4).
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6.3.2.5. Colourimetry

The study of the chromatic characteristics presented in Table 5 showed that the
polishing process of the travertine caused a decrease of the brightness parameter L* (69.78
vs. 62.00) and an increase of the chromatic parameters a* (1.83 vs. 5.52) and b* (7.31
vs.15.69). This means that after polishing the travertine becomes more reddish and

yellowish.

6.3.3. Aged samples

6.3.3.1. Macroscale observations

During the sea-salt ageing test no stone detachments were observed. The first
efflorescences crystallised as crusts after 48 h exposure into the test chamber in all samples,
most profusely in the rough ones. Salt crusts started to grow at the upper borders of each
tablet and afterwards extended and covered the tablets completely (Fig. 6). The weight of all
samples increased slightly after the test (0.65% for rough travertine and 0.60% for polished

travertine). The salt crusts were thicker in the polished travertines.

Fig. 6. Macroscopic features of the aged travertine with rough (a) and polished (b) surface after the
sea-salt ageing test.
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6.3.3.2. Mineralogical and textural characteristics

Halite (NaCl) was the only salt detected by means of XRD. No other minority phases
(detectable at 5% or more) as for example sulphates — detected in the seawater used in the

test, see Table 1 — were found by XRD.

Detailed OM observations of the aged samples revealed no important microtextural
differences, neither between fresh and aged travertine nor between rough and polished
surfaces. In some parts of the aged rough samples a slight reduction of the sparitic calcite
that covered the cavities was observed. In addition it was confirmed that the marine aerosol

affected only the most superficial part (first 200 um) of the stone samples.

By ESEM small unconnected and discontinuous salt crusts of xenomorphic or anhedral
halite crystals (no crystal faces present) formed in the rough travertine were observed (Fig.
7a). These crusts partially covered original coarse-grained calcite crystals. Crystalline habits
formed in polished travertine surfaces were more diverse since homogeneous and continuous
halite crusts developed (Fig. 7b). In fact, four crystalline habits of halite could be recognised
(Fig. 7¢): (1) small subhedral crystals (some faces present); (2) dendritic crystals (with a
typical multi-branching tree-like form) with a hole in the centre (hopper crystals); (3)
transition into oblong (column) crystals with scarce holes and (4) crystals that tend to form
cubes (50-100 pm in size) in the upper part of the crust, where desiccation fissures were
observed. This sequence suggests a change in the supersaturation of the saline solution
which promotes the halite crystallisation. While the presence of abundant small subhedral
and dentritic crystals are indicative of high growth rates and supersaturation values, the
development of hopper and cubic crystals in this test suggests stable growth at medium/low

supersaturation in last crystallisation stages [17,43—45].

Furthermore, pseudo-hexagonal tabular crystals of gypsum were locally identified in the
polished stone surface (Fig. 7d). It should be recalled that gypsum was present in the plaster
used in the polishing process, thus it is possible that gypsum crystals appear after the salt

ageing test on the polished travertine. However the observed morphology is not typical of
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Calcite

Fig. 7. Electron backscattered images of the aged travertine with (a) rough surface where coarse
sparitic calcite is covered by thin xenomorphic halite crust (arrow), (b) polished surface where
halite crystals form a thick (>2 mm) homogeneous crust with dendritic textures indicating
medium to high supersaturation, (c) detail of these crusts where up to four different halite
textures can be distinguished (see text for the explanation) and (d) pseudo-hexagonal gypsum
crystals on the polished surface of travertine.

gypsum which crystallized in the monoclinic system. It has been reported that pedogenic
gypsum can exhibit diverse crystal morphologies that may be controlled by a variety of
environmental conditions including pH, temperature, salinity, organic matter and clays. In
particular, tabular pseudo-hexagonal gypsum crystals (like those observed in this study) have
been associated with organic matter and microorganisms [46]. Already these specific
conditions can be attained in this work via the organic matter and microorganisms present

during the travertine formation and those possibly contained in the seawater used in the test.
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6.3.3.3. Pore system

The modification of the pore system due to the salt ageing test differs for rough and
polished samples (Table 3). In rough samples the increase of the open porosity was higher
(from ~8.16% toward ~10.65%) compared to the polished samples (from ~7.26% towards
~8.34%). Nonetheless no important modifications of the pore size distribution occurred as
shown in Fig. 4, although a slight increase of the pore volume for all pore sizes was observed

compared to the fresh travertine samples.

In other carbonate stones as for instance limestone several authors have observed a
decrease of the open porosity after diverse salt crystallisation tests, which was attributed to
pores infilling by salts [9,17,19]. In the samples of this work, the slight increase in the open
porosity could be related either to the textural heterogeneity of this type of travertine or to
(chemical) dissolution processes. In fact, the small increase in pores around 100 pm (Fig. 4c)
could be justified by dissolution of the calcite that refills pores of such size, as confirmed by
OM and ESEM. Calcite cement dissolution due to the action of marine aerosols on
limestones placed in monuments has already been reported elsewhere [2]. Additionally, the
open fabric of the studied travertine could have enhanced the salt spray attack stimulate by

the surface roughness.

On the contrary the small increase in the open porosity of the polished samples (~7.26%
vs. ~8.34%, Table 3) falls within the measurement error, and suggests that these stones were
less deteriorated by the marine spray than the non-polished stones. When comparing Fig. 4b
and 4d it is observed that after the test, pores around 100 Im almost disappeared, which is
attributed to infilling with salts, while pores between 0.001 and 1 um remained essentially
unaffected (see Fig. 4b vs. Fig. 4d). The study of the aged polished travertine with ESEM
and the Ar sorption analysis (regarding the pore system modification explained below)
already confirmed the minor alterations that took place in the polished samples after the salt

spray test.
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The different behaviour of both surface finishings in response to the sea-salt spray
action was particularly highlighted by the modification of pores (1-100 nm) analysed with
Ar sorption. As shown in Fig. 5a a significant increase of the isotherm slope for the rough
samples after the test occurred. It is known that roughness and complexity of the surface
define the isotherm slope, which can be further related to the surface fractal dimension [47—
49]. Salt crystallisation inside stones causes an increase of both roughness and surface
complexity, which leads to an increase in the fractal dimension (Ds) values. Conversely,
crack opening and widening produce a decrease of DS [49]. In this work the significant
increase of the isotherm slope of the aged travertine (Fig. 5a) gives rise to an increase of the
fractal dimension compared to that of the fresh travertine (Ds™" = 2.52 vs. Dg*®*! = 2.54,
Table 4). Calcite dissolution induced by salt crystallisation may account the increase of the
fractal dimension [50]. Increase of fractal dimension can be used to estimate damage degrees
of a material [51]. In this work, this damage degree was also confirmed by the large increase
of the total pore volume for the rough travertine samples after the test as shown in Table 4
(i.e. ~0.00037 vs. ~0.00076 cm’/g before and after the test respectively). The total pore
volume increase can be related to the crack opening and chemical attack produced during the

salt ageing test.

In contrast to rough samples, no changes of the isotherm adsorption slope were observed
for polished aged samples (Fig. 5b). Therefore, the fractal dimension remained constant after
the ageing test owing to the protecting effect of the resin (Dg™" = Dg"¢*! = 2.51, Table 4).
Similarly, total pore volume and surface area did not change (Table 4) and values were
below those of rough samples, showing that the resin also filled pores with radius below than
50 nm. All these results indicate that the pore system characteristics measured by Ar sorption

were not modified after the sea-salt ageing test.

6.3.3.4. Colourimetry

Chromatic parameters of the rough and polished aged travertine surfaces were
determined using the following approach: (1) measurements on surfaces covered by salt

crusts, (2) measurements on surfaces where efflorescences were mechanically removed and
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(3) measurements on aged stone surfaces washed in distillate water during one week. The
second and third approach can be useful to evaluate the efficiency of cleaning interventions
to recuperate the original stone chromatic characteristics. Table 5 shows the chromatic
parameters of all the studied samples (these are average values of three measurements).
Perceptible visual changes are achieved only when AE* (total colour difference = V(AL*)* +
(Aa*)* + (Ab*)?) exceeds three units. Thus colour alterations were observed for all aged
samples, particularly in the polished samples and more precisely in those where salts were

mechanically removed, i.e. AE* = 17.67 (Table 5).

Table 5
Mean values of chromatic parameters and their variations in travertine samples before and after the
test, and after mechanical and distillate water cleaning of salts from the stone surface.

Surface Type L* a* b* Cc* H* AL* Aa* Ab* AC* AE*

rough fresh 69.78 1.83 7.31 7.54 75.9
aged 77.04 131 317 3.43 676 726 -053 -414 -4.11 8.38
rasped 80.13 1.16 2.96 3.18 68.6 1035 -067 -435 -436 11.25
washed 79.78 124 289 3.15 66.7 10.00 -059 -442 -439 10.95
polished fresh 62.00 552 15.69 16.63 70.6
aged 71.20 269 847 8.89 724 920 -283 -722 -7.75 12.03
rasped 78.31 2.64 9.54 9.90 745 1631 -288 -6.15 -6.73 17.67
washed 79.35 2.07 9.07 9.30 7115 1735 -345 -6.62 -7.33 18.89

L* brightness; a* red-green comzponents; b* yellow-blue components; C* chroma, C*=\/(a*)2+(b*)2; H*
hue; AE*=V(AL*)%+(Aa*)*+ (Ab*)°.

Furthermore, after the ageing test and elimination of salt crusts the AL* (brightness
difference) was higher in polished samples than in rough ones (10.35 vs. 16.31, Table 5)
(Fig. 8a). Moreover, the alteration caused all samples to become more green and blue (cold

tones) as parameters a* and b* decreased (Table 5).

Chromatic parameter variations related to the fresh travertine can be quantified together
by means of chroma differences. Fig. 8b shows the decrease of chroma after the ageing test
which remained nearly constant after mechanical cleaning of the surface. Interestingly the
development of salt cleavage planes during the surface rasping caused a luminosity increase

in both rough and polished samples (Fig. 8a). Moreover chroma and brightness differences
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Fig. 8. Changes in the chromatic parameters of the travertine with rough (empty dots) and polished
surface (filled dots) between fresh samples, aged ones and aged samples after salt cleaning: (a)
variation of brightness (AL*) and (b) variation of chroma (AC¥*).

remained constant after surface cleaning with distillate water indicating that the chromatic

effect of the salt damage is irreversible (Fig. 8a and b).

6.4. Conclusions

Results from a realistic sea-salt spray test on the massive Olivillo travertine (Southern
Spain) have revealed that stone damage due to the impact of marine aerosols is strongly
related to the stone surface finishing (i.e. rough or polished surface stone). In fact, the
polished finishing — combined with a gypsum-based plaster and an epoxy silicone resin
infilling — protects the travertine against marine salt corrosion. On the basis of surface fractal
dimension analyses, it is clear that this finishing process effectively blocks the pore system
in the near-surface zone of the travertine, thus preventing penetration of the saline spray into
the stone. By contrast, on the irregular rough travertine surface, salt crystallization is more
abundant and induces larger open porosity and also greater surface fractal dimension than in

the polished stones, which in turn make it more vulnerable to further salt spray attack.
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Apart from this, in terms of chromatic alteration, on rough surfaces chromatic changes
are less intense than on polished stones. In fact, the latter become brighter and lose their
valued warm tonality, since chromatic parameters were found to be displaced toward more
blue and green values. Therefore, salt cleaning interventions based on mechanical removal of

efflorescences are not advisable.

This study emphasises that prior to establishing conservation or maintenance practices,
it is advisable to characterise the materials used in filled travertines (as well as in other stone
types), since undesirable products such as gypsum salt can activate weathering mechanisms.
Also, in coastal areas it is recommended to apply ad hoc, long-term salt-spray ageing tests on
construction and decorative materials to optimise conservation interventions for buildings

exposed to marine aerosols.

6.5. References

[1] Anwar Hossain KM, Easa SM, Lachemi M. Evaluation of the effect of marine salts on

urban built infrastructure. Build Environ 2009;44:713-22.

[2] Cardell C, Delalieux F, Roumpopoulos K, Moropoulou A, Auger F, Van Grieken R. Salt-
induced decay in calcareous stone monuments and buildings in a marine environment in

SW France. Constr Build Mater 2003;17:165-79.

[3] Mottershead D, Gorbushina A, Lucas G, Wright J. The influence of marine salts, aspect
and microbes in the weathering of sandstone in two historic structures. Build Environ

2003;38:1193-204.

[4] Stefanis N-A, Theoulakis P, Pilinis C. Dry deposition effect of marine aerosol to the
building stone of the medieval city of Rhodes, Greece. Build Environ 2009;44:260-70.

[5] Charola AE. Salts in the deterioration of porous materials: an overview. J Am Inst

Conserv 2000;39:327-43.

194



Rough and polished travertine building stone decay evaluated by a marine aerosol ageing test

[6] Doehne E. Salt weathering: A selective review. In: Siegesmund GS, Vollbrecht A, Weiss
T, editors. Natural stone, weathering phenomena, conservation strategies and case

studies. London: Geological Society; 2003. p. 205-19.

[7] Benavente D, Garcia del Cura MA, Bernabeu A, Ordonez S. Quantification of salt
weathering in porous stones using an experimental continuous partial immersion

method. Eng Geol 2001;59:313-25.

[8] Cardell C, Rivas T, Mosquera MJ, Birginie JM, Moropoulou A, Prieto B, et al. Patterns
of damage in igneous and sedimentary stones under conditions simulating sea-salt

weathering. Earth Surf Process Land 2003;28:1-14.

[9] Cardell C, Benavente D, Rodriguez Gordillo J. Weathering of limestone building
material by mixed sulfate solutions. Characterization of stone microstructure, reaction

products and decay forms. Mater Charact 2008;59(10):1371-85.

[10] Rivas T, Prieto B, Silva B, Birgine JM, Auger F. Comparison between traditional and
chamber accelerated ageing tests on granitic stones. In: Proceedings of 9" international

congress on deterioration and conservation of Stone, Venice, 2000. p. 171-80.

[11] Rivas T, Prieto B, Silva B, Birginie JM. Weathering of granitic stones by chlorides:
effects of the nature of the solution on weathering morphology. Earth Surf Process Land

2003;28:425-36.

[12] Rodriguez-Navarro C, Doehne E. Salt weathering: influence of evaporite rate,

supersaturation and crystallisation pattern. Earth Surf Process Land 1999;23(3):191-2009.

[13] ASTM B-117: Standard practice for operating salt spray (fog) apparatus. Philadelphia:
Am Soc Testing Mater; 1997.

[14] DIN 50021: spray tests with different sodium chloride solutions. In: Normung EV,
editor. Deutsches Institut fiir. German National Standard; 1988.

[15] ISO International Organization for Standardization. ISO 9227, Corrosion tests in
artificial atmospheres — salt spray tests; 2006.

195



Physico-chemical decay of carbonate stones: the role of atmospheric aerosols and dissolution processes

[16] UNE-EN 14147: natural stone test methods. Determination of resistance to ageing by
salt mist. Madrid: Spanish Association for Standardisation and Certification (AENOR);
1994.

[17] Cardell C. Cristalizacion de sales en calcarenitas. Aplicacion al Monasterio de San
Jerénimo, Tesis Doctoral. Granada: University of Granada, Faculty of Science,

Department of Mineralogy and Petrology; 1998.

[18] Steiger M, Zeunert K. Crystallisation properties of salt mixtures: comparison of
experimental results and models calculations. In: Proceedings of 8" international

congress on deterioration and conservation of stone, Berlin, 1996. p. 53544,

[19] Ruiz-Agudo E, Mees F, Jacobs P, Rodriguez-Navarro C. The role of saline solution
properties on porous limestone salt weathering by magnesium and sodium sulfates.

Environ Geol 2007;52:269-81.

[20] Pentecost A. The quaternary travertine deposits of Europe and Asia Minor. Quater Sci
Rev 1995;14:1005-28.

[21] Ford TD, Pedley HM. A review of tufa and travertine deposits of the world. Earth Sci
Rev 1996;41:117-75.

[22] Torok A. Influence of fabric on the physical properties of limestones. In: Kourkoulis
SK, editor. Fracture failure of natural building stones. Applications in the restoration of

ancient monuments. Dordrecht: Springer-Verlag; 2006. p. 487-97.

[23] Duran-Suarez JA, Garcia-Casco A, Sanchez-Navas A, Rodriguez-Gordillo J.
Caracterizacion de las alteraciones en pilares de travertino de la Iglesia del Salvador

(Granada). Propuestas restauradoras. Bol Soc Esp Miner 1993;16:1-12.

[24] Gauri K, Bandyopadhyay JK. Carbonate stone chemical behavior durability and
conservation. New York: J. Wiley & Sons; 1999. [25] Demirdag S. The effect of using
different polymer and cement based materials in pore filling applications on technical

parameters of travertine stone. Constr Build Mater 2009;23:522-30.

[26] Torok A. Surface strength and mineralogy of weathering crusts on limestone buildings

in Budapest. Build Environ 2003;38:1185-92.

196



Rough and polished travertine building stone decay evaluated by a marine aerosol ageing test

[27] Torok A. Black crusts on travertine: factors controlling development and stability.

Environ Geol 2008;56:583-94.

[28] Voersman F, Baena J. Mapa geologico de Espafia escala 1:50.000. Hoja 1.044 Alhama
de Almeria. Mapa y memoria. Madrid: Geological and Mining Institute of Spain

(IGME); 1983.

[29] Garcia del Cura MA, Sanz-Montero E, Benavente D, Martinez-Martinez J, Bernabéu A,
Cueto N. Sistemas travertinicos de Alhama de Almeria: caracteristicas petrograficas y

petrofisicas. Geotemas 2008;10:456-9.

[30] Garcia del Cura MA, La Iglesia A, Ordoéiiez S, Sanz-Montero E, Benavente D. Oxidos

de hierro y manganeso en travetinos de Alhama de Almeria. Macla 2008;9:107.

[31] Martin Ramos JD. XPowder: a software package for powder X-ray diffraction analysis.
Granada: Lgl. Dep. GR 1001/04; 2004.

[32] Sing KSW, Everett DH, Haul RAW, Moscou L, Pierotti RA, Rouquérol J, et al.
Reporting physisorption data for gas/solid systems with special reference to the
determination of surface area and porosity (recommendations 1984). Pure Appl Chem

1985;57:603-19.

[33] Gregg SJ, Sing KSW. Adsorption surface area and porosity. London: Academic Press;
1982.

[34] Adamson AW, Gast AP. Physical chemistry of surfaces. New York: J. Wiley & Sons;
1997.

[35] Barret EP, Joyner LG, Halenda PP. The determination of pore volume and area
distributions in porous substances I. Computations from nitrogen isotherms. J Am Chem

Soc 1951;73:373-80.

[36] Tang P, Chew NJK, Chan H-K, Raper JA. Limitation of determination of surface fractal
dimension using N, adsorption isotherms and modified Frenkel-Halsey—Hill theory.

Langmuir 2003;19:2632-8.

197



Physico-chemical decay of carbonate stones: the role of atmospheric aerosols and dissolution processes

[37] Wyszecki G, Stiles WS. Colour science. Concepts and methods, quantitative data and
formulae. 2nd ed. New York: J. Wiley & Sons; 1982. [38] Andersson J, Hillborg H,
Gubanski SM. Deterioration of internal interfaces between silicone and epoxy resin. In:
Conference record of the 2006 IEEE international symposium on electrical insulation;

2006. p. 527-30.

[39] Crnkovic B, Poggi F. Travertine the restoration stone for the Zagreb Cathedral. Mining
Geol Petrol Eng Bull 1995;7(1):77-85.

[40] Petrelli M, Perugini D, Moroni B, Poli G. Determination of travertine provenance from
ancient buildings using self-organizing maps and fuzzy logic. Appl Artif Intell

2003;17:885-900.
[41] Pentecost A. Travertine. Berlin Heidelberg: Springer-Verlag; 2005.

[42] Rodriguez-Navarro C, Rodriguez-Navarro A, Elert K, Sebastian E. Role of marble
microstructure in near-infrared laser-induced damage during laser cleaning. J Appl Phys

2004;95:3350-7.

[43] Sunagawa 1. Characteristics of crystal growth in nature as seen from the morphology of

mineral crystals. Bull Minéral 1981;104:81-7.

[44] Rodriguez-Navarro C, Doehne E, Sebastian E. How does sodium sulfate crystallize?
Implications for the decay and testing of building materials. Cem Concr Res

2000;30:1527-34.

[45] Markov 1. Crystal growth for beginners. Fundamentals of nucleation, crystal growth and

epitaxy. 2nd ed. Singapore: World Scientific Publishing Company; 2003.

[46] Buck BJ, Van Hoesen JG. Snowball morphology and SEM analysis of pedogenic
gypsum, Southern New Mexico, USA. J Arid Environ 2002;51:469-87.

[47] Avnir D, Jaroniec M. An isotherm equation for adsorption on fractal surfaces of

heterogeneous porous materials. Langmuir 1989;5(6):1431-3.

[48] Lefebvre Y, Lacelle S, Jolicoeur C. Surface fractal dimensions of some industrial

minerals from gas-phase adsorption isotherms. J Mater Res 1992;7:1888-91.

198



Rough and polished travertine building stone decay evaluated by a marine aerosol ageing test

[49] Ruiz-Agudo E, Luque A, Sebastian EM, Rodriguez-Navarro C. Changes in the pore
structure of marble after salt decay tests. In: Proceedings of 9" international congress on

heritage and building conservation, Seville, 2008. p. 153-8.

[50] Ruiz-Agudo E, Putnis CV, Jiménez-Lopez C, Rodriguez-Navarro C. An atomic force
microscopy study of calcite dissolution in saline solutions: The role of magnesium ions.

Geochim Cosmochim 2009;73:3201-17.

[51] Xie H, Wang J, Qan P. Fractal characters of micropore evolution in marbles. Phys Lett

A 1996;218:275-80.

199



Physico-chemical decay of carbonate stones: the role of atmospheric aerosols and dissolution processes

200



Chapter 7

Submitted to Construction and Building Materials

An experimental study on sea spray-
induced decay in rough and polished
low-porous limestone

Maja Urosevic*, Eduardo Sebastidn-Pardo, Carolina Cardell

Department of Mineralogy and Petrology, Faculty of Science, University of Granada, Campus

Fuentenueva s/n, 18071 Granada, Spain

201



Physico-chemical decay of carbonate stones: the role of atmospheric aerosols and dissolution processes

Article history:
Submitted 22 February 2011

202



An experimental study on sea spray-induced decay in rough and polished low-porous limestone

ABSTRACT

Tablets of rough and polished compact dolomite-bearing limestones and a glass
crystallizer were aged in a sea-salt spray chamber to explore potentially contrasting
weathering response. Salts of diverse composition and habits crystallized as crusts in all
substrates. No detachments occurred in stones, though a binding effect and coeval micro-
fissure opening were identified in the smallest pores. Also chemical weathering was
observed in calcite (unlike dolomite) crystals - mainly in polished samples - revealing that
dolomite-rich carbonate stones are less prone to salt decay in coastal areas. Chromatic
alterations (bluing) occurred in all limestones, but was more pronounced in polished

samples.
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Salt-spray damage, low-porous limestone, marine environment, ageing test, dolomite.
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7.1. Introduction

It has long been recognized that limestones (carbonate rocks composed largely of the
mineral calcite, CaCOs) exposed at outdoor environments are more prone to weathering than
other stone lithotypes such as sandstones or granites [1]. This is mainly due to water
deposition at the limestone surface that acts as a solvent for a series of gaseous substances
present in the atmosphere, as well as air pollutants that are very reactive in contact with
carbonate minerals [2]. Among other regimes, marine environments are especially
aggressive because carbonate dissolution is accelerated by the presence of marine aerosols
that can include very reactive sulfate solutions [3-7]. Although in low quantities, marine
aerosols may also be transported by winds to inland areas relatively far from the coast [3,8-
10] making this issue an important research area to engage future conservation strategies in

inland areas.

Pioneering works on the morphological variations of limestone surface under marine
environment have stressed a limited weathering effect of condensed water [11,12]. Natural
observations, however, suggest that other wet deposition mechanisms must prevail as a large
variety of weathering forms in limestone have been described in coastal environments
[1,3,5,6,13]. More likely wet surface deposition is produced directly by sea-spray [5,6,14]
instead of direct water condensation, as the latter is formed only near 100% relative
humidity. Nevertheless, direct condensation of moisture onto cold surfaces (i.e. when the
monument temperature is below the dew point) is also very common in coastal areas, where
sea-spray causes condensation at RH = 75%, as reported by [15]. Additionally marine

aerosol dry deposition must be considered [16].

Recently it has been shown that different surface finishing processes may potentially
control contrasting stone decay behavior in porous materials [17]. Moreover, different
hydrophilicities at the surface may induce changes in the system evaporation rate and hence
modify the precipitation/dissolution cycles of soluble salts [11]. Therefore the surface
roughness should also be considered as an important factor as it contributes to different

degrees of weathering by promoting long-term interaction with reactive species, or by
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changing morphological features of condensed mineral phases. Nevertheless the implications
of the surface finishing for the weathering of limestones under marine environments have not

been considered so far.

This paper presents a laboratory ageing test using marine spray in a controlled
atmosphere chamber to examine the weathering decay in low-porous rough and polished
limestone samples. This work is aimed to characterize the condensed phases and their
morphological variations, and to explore different deterioration behaviors due to contrasting

finishing of stone surfaces.

7.2. Materials and methods

7.2.1. Stone material

This research is focused on a low-porous Jurassic limestone type known as Sierra Elvira
stone (SE). This limestone is currently used as a building stone extracted in Andalusia
(Granada province, Southern Spain). A similar stone variety in age and geological
depositional environment is found in many other Alpine realms and is extensively used
throughout Europe. The sawing direction of the selected material is perpendicular to the
layering (vein cut). This layering is due to a thin alternation of parallel- to cross-laminated
beds that has been interpreted as storm sand layers [18]. Two finishing surface types of the
SE limestone are commercialized, namely as rough surface and polished surface. The latter
finishing type requires no treatment before the polishing process because of its high strength.
In this work, limestone samples with rough and polished surfaces were cut as tablet samples
(50 x 50 x 10 mm) for the sea-salt spray ageing test. Later on, the stone samples were
prepared according to the requirement of each analytical technique applied, as specified in

Section 7.2.3 (Fig. 1a and b).

The SE limestone is a medium-grain limestone mainly composed of well cemented

carbonate bioclastic fragments of crinoids (equinoderms). It is by far the most exploited
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Figure 1. Sierra Elvira limestone: (a) rough and (b) polished fresh surface before the test, (¢) rough
and (d) polished aged surface after the test. Tablets are 5 cm in width.

stone variety in the Granada area and widely used for ornamental purposes in historical
monuments and in modern buildings in Andalusia [19]. The SE limestone is classified by
means of optical microscopy as a biopelsparite (Ibp) according to Folk’s scheme [20], and is
comprised chiefly of allochemical constituents (pellets and fragments of fossil equinoderms,
molluscs, brachiopods and minor foraminifera) cemented by sparry calcite cement (10-100
pm in size) as shown in Fig. 2. Crinoids (equinoderms) are the main allochemical
constituents (50-70%), showing a diameter of 1-2 mm. Stylolites (fine lines, usually
brownish in color, formed by pressure-solution) are not rare. A key feature of this limestone
is the occurrence of variable amounts of dolomite (CaMg(COs),) crystals which have
important implications for the development of weathering patterns (see below). The presence

of dolomite produces a relatively high MgO content in the bulk composition (ca. 4 wt.%)
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Table 1. Representative major bulk rock
composition and trace elements of SE
limestone (this study) together with mean
values of Campanile limestone [21].

wt. % Sierra Elvira Campanile
SiO; 0.52 0.51
TiO2 0.01 b.d.l.
Al203 0.21 0.10
Fe»03 0.18 0.09
MnO 0.01 0.10
MgO 4.22 0.86
CaO 50.66 54.54
Na,O 0.03 0.15
K20 0.06 0.02
P20s 0.02 0.03
SO3 0.03 n.m.
Cl 0.02 n.m.
ppm

Cu 41 n.m.
Zn n.m. n.m.
Sr 132 n.m.
Zr 7 n.m.

Detection limit is 0.005 wt.% for major
elements and for trace elements 3 ppm for Zr,
2 ppm for Sr, 1 ppm for Cu, Zn, Zr. b.d.l:
below detection limit, n.m.: not measured.
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Figure 2. Optical microphotograph
showing a representative texture
of fresh quarried Sierra Elvira
low-porous limestone: fragments
of equinoderms (e), pellets (p),
and foraminera (f) cemented by
sparry calcite (s). Transmitted
light, parallel nicols.

when is compared to other common
limestones [21]. The amount of dolomite
in studied limestone is ca. 18 wt.%, based

on XRF data (Table 1).

7.2.2. Sea-salt spray ageing test

Limestone tablets were subjected to a
modified UNE-EN (14147) ageing test
[22] in a saline spray chamber (CCONS
series, INELTEC®) to investigate the
effect of marine aerosol deposition on the
rough and polished stone surfaces. In
order to re-create more realistic
environmental conditions of coastal areas,
seawater was collected from the
Mediterranean Sea at Granada coast
(Salobrefia, Southern Spain). Stone
tablets were hung on a nylon thread from

plastic bars inside the chamber. The
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applied sea-salt ageing test is described in detail by [17]. Each cycle consisted of 3 h of
seawater spray followed by 6 h of drying by forced air at 35 °C and relative humidity of 70 +
2%. The chamber remained closed throughout the test, thus during spray periods the relative
humidity was higher (ca. 98%). The composition of the seawater is shown in Table 2.
Cations (Ca®", K", Na" and Mg*") were determined by means of inductively coupled plasma-
atomic emission spectrometry (ICP-AES, Leeman Labs PS series) and anions (CI, SO,> and
NOj™ ) by ion chromatography (IC, Dionex DX 300). The pH of the seawater was 7.84 at 20
°C (Eutech 1500). Macroscale observations and photographic records were made throughout
the test to determine the presence of efflorescences, evolution of crystalline habits on the
stone surfaces, drying and decay of the samples. Moreover, before and after the test the
tablets were weighed.

Table 2. Sea-salt water composition (expressed in ppm) used in the artificial ageing test of the
present study and from [6].

This study [6]
cr 12,879 22050
NO3 72 50
SO~ 2772 2713
ca® 330 345
K* 348 1020
Na* 10,030 19920
Mg?* 1069 945
HPO,* - 28

- not measured

7.2.3. Analytical techniques

The mineralogical composition of the SE limestone and the crystallized efflorescences
were determined by X-ray powder diffraction (XRD) on a Philips PW-1710 diffractometer
equipped with an automatic slit window. Samples were previously milled in an agate mortar
to less than 50 pm particle size. Analysis conditions were: radiation Cu Ka (A: 1.5405 A), 40

kV voltage, 40 mA current intensity, explored area between 3° and 60° 20 and goniometer
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speed of 0.01° 20 s'. Automatic acquisition, evaluation and identification of minerals were
performed by the Xpowder software [23]. Major and trace elements of fresh limestone were
analyzed using a Bruker S4 Pioneer X-ray fluorescence spectrometer (XRF) with wavelength
dispersion equipped with a goniometer that held analyzing crystals (LIF200/PET/OVO-55)
and Rh X-ray tube (60 kV, 150 mA).

Petrographic characteristics of fresh and aged limestones presenting rough and polished
surfaces were examined under optical microscopy (OM) using an Olympus BX-60 equipped
with digital camera (Olympus DP10). To this aim, polished thin sections were prepared with
ethanol to avoid salt dissolution, and stained with red alizarin to differentiate calcite from
dolomite (calcite tints to red while dolomite remains unstained). Chips of these stone
samples were also analyzed with an environmental scanning microscope (ESEM). A Phillips
Quanta 400 was used applying 20 kV acceleration voltage, 1 nA probe current and working

distance of 10 mm.

The limestone pore system was characterized by means of mercury intrusion
porosimetry (MIP) and argon adsorption. Blocks of ca. 2 cm® of fresh and aged samples
(containing salts) were dried in an oven during 24 h at 60 °C, and analyzed on a
Micromeritics Autopore III model 9410 porosimeter. In addition, aged samples were washed
in distilled water during one week after the ageing test, and studied by means of argon
adsorption. The Barret—Joyner—Halenda (BJH) method was used to obtain the pore size
distribution curves, the pore volume and the mean pore size of the limestone samples [24].
The surface fractal dimension, Ds, was determined from adsorption data and used to
characterize the surface roughness. Analysis of the gas adsorption isotherms using a
modified Frenkel-Halsey—Hill (FHH) theory [25] allows determination of surface fractal
dimension from the slope (A) of the plot of Ln(V) vs. Ln[Ln(P/Py)], where V is the adsorbed
volume of gas, and P and P, are the actual and condensation gas pressures. When surface
tension (or capillary condensation) effects are important, the relationship between A and Dg
is A = Dy - 3. Capillary condensation is significant if & = 3(1 + A)-2 < 0. The pressure range

and therefore the thickness range of the adsorbed layer coverage revealed that samples were
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purely monolayer (since n = 1-2). This thickness range ensures that the determination of DS

is reliable [25].

Chromatic characteristics of rough and polished surface samples before and after the
ageing test were determined using a Minolta CR 210 colorimeter, with 0° viewing angle and
50 mm diameter measuring area. The CIE 1976 chromatic scale was used to measure the

parameters L*, a* and b* [26].

7.3. Results and discussion

7.3.1. Macroscopic changes

During the sea-salt ageing test no stone detachments were observed. The first
efflorescences crystallized as crusts after 48 h of exposure in the test chamber in all samples,
most profusely in the rough ones. Salt crusts started to grow at the upper borders of each
tablet and afterwards extended and covered the tablets completely (Fig. 1). The weight of all
samples slightly increased after the test (+ 0.25% for rough limestone and + 0.40% for
polished limestone). This is in agreement with experimental results from [5] and [14] that
suggest only very small and gradual change in weight for compact microcrystalline
limestone. The salt crust was thicker in the polished limestones (ca. 0.5-1 mm). Furthermore,
thin sections prepared perpendicular to the limestone surfaces did not reveal the presence of

subefflorescences.

7.3.2. Nature and morphology of crystallized mineral phases

A key finding of this study is the contrasting nature and morphology of the salt crust
precipitated onto the rough versus polished aged limestone surfaces observed with ESEM.
Crystal morphology reveals the phenomena controlling the process of crystal growth

[4,27,28]. These morphologies are described separately in the following paragraphs.
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7.3.2.1. Rough surface

A semi continuous, homogeneous and thin halite (NaCl) crust was developed onto the
rough limestone surface (Fig. 3a and b). The crust was 50-100 um thick, relatively flat and
with a smooth surface. The only mineral phase identified was halite showing anhedral crystal
shapes (no crystal face development). Under ESEM inspection some discontinuities were
seen in the crust as shown in Fig. 3b. Here subhedral (poor crystal face development) and
small (5-10 um) halite crystals together with small amount of ferruginous clays usually
occur. As stated by [4] and [29], rounded external surfaces of halite crystals are usually
formed when ion diffusion controls the growth process suggesting that moderate to low

humidity prevailed during crystallization.

In other areas of the rough limestone, where a continuous crust is lacking, evidence of
corrosion and alteration of the carbonate phases has been observed. Fig. 3¢ shows a detail of
one of these areas without salt crust formation where micritic calcite (1-4 um crystal size,
centre of the image) shows signs of powdering or sanding. Moreover sparitic calcite
cleavage surfaces are profusely affected by micropitting (Fig. 3c). In clear contrast, dolomite
cleavage surfaces (dark grey in Fig. 3c) are significantly less damaged. Other salts (e.g.
gypsum) expected to crystallize considering the chemistry of the sea water used in the test
(Table 2) were not found, but their occurrence under or inside the continuous halite crust is

not discarded based on the observations on the polished surface samples (see below).

7.3.2.2. Polished surface

Aged polished surfaces are characterized by higher diversity of crystalline habits and
salt species. In contrast with the rough surface samples, the crust is thick and discontinuous;
it mostly consists of clusters of large halite single crystals up to 100 um in size, as observed

in Fig. 3d and e. Halite occurs as subhedral to euhedral crystals (well developed crystal
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Rough Surface Polished Surface
g 7 B 9 j': 3

Figure 3. Electron backscattered images taken with ESEM of the aged Sierra Elvira limestone: (a)
rough surface with massive and homogeneous halite crust, (b) detail of halite crust where
irregularities on the rough surface inhibited the continuity of the crust, (¢) micritic calcite
(centre) showing signs of powdering or sanding where sparitic calcite cleavage surfaces are
profusely affected by micropitting. Note that dolomite cleavage surfaces (in dark grey) are
significantly less damaged, (d) polished surface covered by tabular euhedric halite and acicular
gypsum crystals, (e) detail of the crust showing different degree of weathering damage of calcite
and dolomite grains, (f) detail of radial aggregates of multiple aciculae gypsum crystals partially
overgrown by tabular halite crystals. Cal: calcite; Dol: dolomite; HI: halite; Gp: gypsum.
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faces) growing with no crystallographic preferred orientation on the limestone surface. The
{100} crystal forms are commonly parallel to the polished surface (Fig. 3d and e). Isometric
halite crystals show their specific equilibrium form which indicates that crystal growth was

controlled by surface reactions, thus suggesting relatively high humidity values [4,27-29].

Although halite is again the main salt forming the crust, calcium sulfate is also
conspicuously present. While in this work the precise composition of the calcium sulfate
could not be established with the applied analytical techniques, the experimental conditions
of the test (98% RH and T = 35 °C) imply that gypsum (CaSQO42H,0) should be the stable
phase [30,31], since at room temperature and relative humidity lower than 70% gypsum
dehydrates to bassanite (CaSO4-0.5H,0) and anhydrite (CaSO,4). Moreover, considering that
the kinetics of these dehydration reactions are very slow [30,31] in the following discussion
only gypsum will be considered. Gypsum distinctively occurs as radial aggregates of
multiple aciculae (slender or needle-like crystals) as can be observed in Fig. 3f. Textural
relationships between crystallized salts indicate that gypsum precipitated first and afterwards
was overgrown by larger halite crystals. This morphological feature of gypsum crystals on
the aged stone samples after a sea salt ageing has not been described so far. It is known that
gypsum crystallizing from polluted fog droplets usually occurs as clusters of “rosette” habits

[15,32].

As in the aged rough limestones, calcite crystals are more strongly chemically altered
than are dolomite crystals. This feature is even enhanced by polishing and can be precisely
observed in the ESEM images (Fig. 3d and e¢) where darker colors of the substrate, which
correspond to dolomite, are almost free of dissolution pits. Instead, calcite develops a porous
network due to dissolution which is conspicuous even at the observation scale of the ESEM.
The modification of the limestone porous system after the ageing test is further confirmed by
means of other techniques, as explained below. Extreme corrosion morphologies like deep

V-in-V etching or grain boundary widening reported by [2], were not observed however.

214



An experimental study on sea spray-induced decay in rough and polished low-porous limestone

7.3.2.3 An ad hoc salt crystallization test onto a glass crystallizer

All the studied limestone samples were aged in the same salt-spray test, so they were
subjected to similar experimental conditions (number of cycles, distance from the spray
source, temperature, humidity, etc.). Therefore, considering that the stone mineralogy is
similar, the above described contrasting salt morphologies observed in the rough and
polished surfaces must be related to their surface finishing. In fact, the different surface
micro-textures of the limestone samples involve different evaporating and water absorption
conditions. Physical interaction between marine aerosol and rock substrates is complex, and
the control that these interactions exert on the kinetics of salt crystallization is not fully
understood, especially in large heterogeneous systems like porous stones [4,33].
Consequently the relation between surface roughness and salt crust morphologies (that
eventually determine stone decay) is not straightforward. For this reason, to further explore
the influence of substrates on precipitated salt composition and habits, an ad hoc
crystallization test was conducted using a glass crystallizer as substrate. The glass was
sprayed (inside the test chamber) with the same sea water employed to age the limestone
samples, and allowed to completely vaporize. Afterwards the nature and morphology of the

crystallized efflorescences were analyzed by means of ESEM.

In the ad hoc crystallization test the composition of the salts was more complex.
Minerals found with ESEM/EDS analysis included halite, gypsum, silvine (KCIl) and
epsomite (MgSO,4 7H,0). As mentioned above, this technique does not permit identification
of the sulfate species, however considering the experimental test conditions we infer that in
fact gypsum and epsomite are the mineral phases present [27]. Regarding the observed salt
morphologies, these were rather different from those previously described for rough and
polished limestone surfaces. Thus, gypsum twinned on {100} crystal planes was the most
conspicuous morphology encountered. The twins were composed of two or four crystals with
simple habit (tabular on {010} planes with edges bevelled by {120} planes) resulting in
swallowtail morphologies (Fig. 4a). Gypsum twins were usually overgrown by halite. Large
subhedral halite crystals (ca. 1 mm in size) with typical hopper morphologies (crystal

displaying an hourglass shape) were common. The morphology of NaCl crystals grown from
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Figure 4. Electron backscattered images of the ad hoc salt crystallization test onto glass
crystallizer. (a) twinned gypsum (Gp) crystals partially overgrown by euhedral halite (HI), (b)
large halite crystal (ca. 800 um) with hopper morphology, (¢) enlarged area from (b) showing the
occurrence of silvine-rich aggregate (1), epsomite (2) and gypsum (3) in to the hopper halite
crystal, (d) detail of one xenomorphic epsomite (Eps) growing in halite boundary grains.

aqueous solutions in a closed system is mainly controlled by different temperature gradients
where both {100} and {111} hopper cubes forms can be developed [34]. In our
crystallization test small euhedral {100} forms (< 40 um in length, Fig. 4a) and large {100}
hopper cubes (> 500 um in length, Fig. 4a) were observed. Small, non-twinned gypsum (20-
30 um in size) usually occurred on the halite surface together with more soluble salts like
epsomite and silvine (Fig. 4c and d). Epsomite showed xenomorphic shapes filling open

spaces (Fig. 4d).
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All these observations clearly indicate that even subtle changes in the nature, roughness
and composition of the substrate may induce important changes in the morphology and
composition of the crystallized salts. According to [15] hygroscopic and deliquescent salts
like epsomite and silvine tend to disappear after numerous spray cycles, thus explaining their
lack on the surface of salt-tested rocks due to surface washing. Moreover, according to [15],
dissolution of other soluble phases like ammonium, sulfate and nitrate after numerous fog

water deposition events are characteristic for more polluted environments.

7.3.3. Modification of the limestone pore system

Comparison of the pore systems before and after the ageing test in the studied
limestones enabled evaluation of changes to the pore network due to the salt crystallization
only in pores near the stone surface. Moreover, our results revealed that the porosity for both
the rough and polished limestones was similar, in contrast with findings obtained in other
materials like rough and polished travertines [17]. This suggests that in our compact
limestones the surface roughness does not produce a modification of the pore system, which
clearly should be attributed to the low porosity of our tested limestone. In the following
sections the modification of the pore system for rough and polished samples is described for

the pore system range accessible to the MIP and gas adsorption techniques.

7.3.3.1. Mercury intrusion porosimetry (MIP)

Fig. 5 shows the pore size distribution obtained by means of MIP for fresh and all aged
samples. The SE limestone is a low porous material [19] and the variation of its pore size
distribution is expected to be rather low. The average and the standard deviation (1c) for four
measurements (including rough and polished surface samples) are reported for the fresh
samples in order to evaluate the representativeness of changes to the pore systems after the
ageing test (Fig. 5 and Table 3). The pore size distribution curve for fresh samples is bimodal
and slightly symmetric (Fig. 5). Two groups of pore size ranges have been observed for these

samples. The first is comprised of radii between 20 and 110 um and the second between
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Figure 5. Pore size distribution measured by mercury intrusion porosimetry (MIP) of fresh quarry
(continuous line) and aged (dashed line) SE limestone.

0.001 and 0.02 um. It is important to note that the pore size of the first group is highly
variable (high standard deviation, Fig. 5) and is lacking in some samples. By contrast the
second group of pore sizes has been detected in all samples and thus is believed to be

representative of this limestone.

After the ageing test this pore size distribution is modified. The distribution is still
bimodal but is more asymmetric (Fig. 5). The range of the first group of pore sizes is
expanded and comprises sizes between 3 and 100 pum, some of them (those comprised
between 3 and 20 um) created after the test and interpreted as due to salt damage. Moreover
the proportion of the second group is more important after the ageing test. Salt crystallization
induces a substantial increase in the open porosity from 1.64 + 0.67% to 4.26 = 0.64% and a

slight reduction of the bulk density as shown in Table 3. Modification of the pore system
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Table 3. Pore system characteristics determined by mercury intrusion porosimetry (MIP) and Ar
adsorption for fresh and aged samples of SE limestone.

Mercury intrusion porosimetry fresh aged
Open porosity (%) 1.64 £ 0.67 4.26 + 0.64
Apparent density (g/cm®) 2.71£0.04 2.71£0.01
Bulk density (g/cm®) 2.67 £0.02 2.60 £ 0.01
Ar adsorption

Surface area (m’/g) 0.4102 + 0.0627 0.2655 + 0.0433
Total pore volume (cm?/g) 0.00042 + 0.00005 0.00036 + 0.00007
Average pore diameter (A) 52.45 + 3.58 53.61+1.07
Monolayer volume (cm/g) 0.1004 + 0.0064 0.1062 + 0.0019
Surface fractal dimension (Ds) 2674 +0.015 2664 +0.010
Linear correlation coefficient (r°) 0.9921 0.9927

Reported values are the mean and standard deviation of four measurements.

induced by salt crystallization is a well known process in porous materials [35] and is
especially relevant for calcarenites, porous limestones and sandstones, but is less constrained
for low porous material like cemented limestones [6,36,37]. Our results show that this
process is also significant in the SE limestone where development of new porous sizes and
an increase of open porosity were observed. This observation has important implications, as
this damage is not associated with rising moisture (where the ground is the source of
humidity and salt solutions). It is relevant to the case when stone surfaces are prone to salt-

decay via sea-salt deposition by fog in coastal areas.

7.3.3.2. Argon adsorption

Argon adsorption was applied to investigate the pore sizes between 20 and 100 A (2-10
nm) of fresh and aged samples (Fig. 6 and Table 3). Representative Ar adsorption isotherms
of these samples are shown in Fig. 6a. Both isotherms are of type II [38] and indicate the
non-microporous nature of these samples; this is further confirmed by the very low surface

area, i.e. 0.4102 + 0.0627 m*/g vs. 0.2655 + 0.0433 m?/g respectively for fresh and aged
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Figure 6. (a) Ar (-196°C) physisorption and (b) BJH pore size distribution plot of Ar physisorption
curve isotherms for fresh (empty dots) and aged (filled dots) SE limestone.

samples. Table 3 also shows that the porosity is concentrated in the mesopore range (pore
width 20-500 A, [38]), with an average pore diameter of 52.45 + 3.58 A for the fresh
samples and 53.61 + 1.07 A for the aged samples.

Finally, the BJH plots (pore size distribution curves named after Barret—Joyner—
Halenda) are almost equivalent in shape, although the aged samples are displaced to lower
values, in agreement with lower surface area and total pore volume (Fig. 6b and Table 3).
The reduction of the pore volume is attributed to precipitation of the less soluble salts in the
smallest pores. However, the potential inefficiency of salt removal to which this technique is
prone (samples must be washed in distilled water during 24 h), can not be excluded. The
complexity of the pore system, expressed as the surface fractal dimension (Dy), is slightly
reduced after the ageing test (Ds = 2.674 vs. Dsg = 2.664 for fresh and aged samples
respectively) in agreement with lower surface area of aged samples (Table 3). The reduction
in pore system complexity is most likely related to the opening of new microcracks that
could also explain the increased proportion of pores between 0.001 and 0.02 um as measured
by MIP (Fig. 5). Therefore salt precipitation in the porous network has flip-side effects: (1)
to produce binding and cementing by filling the smallest pores (20-100 A) and (2) to disrupt
the stones by opening microcracks [6,39,40].
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7.3.4. Color modification

Chromatic parameters of the rough and polished aged SE limestone surfaces were
determined using the following approach: (1) measurements on surfaces covered by salt
crusts and (2) measurements on surfaces where efflorescences were mechanically removed.
The second approach can be useful to evaluate the efficiency of cleaning interventions to
recuperate original stone chromatic characteristics. Table 4 shows the chromatic parameters
of all studied samples (these are average values of three measurements for each sample).
Perceptible visual changes are achieved only when AE* (total color difference = \ (AL*)* +
(Aa*)* + (Ab*)? exceeds three units. Thus color alterations were observed in all aged samples
with exception of the rough ones. Nevertheless, when salts were mechanically removed
visual changes were perceptible in both rough and polished samples (Table 4). Furthermore,
after the ageing test and mechanical elimination of the salt crusts, the AL* (brightness
difference) was higher in the polished samples than in the rough ones (15.44 vs. 5.11, Table
4), as can be observed in Fig. 7a. Luminosity increased in both rough and polished samples
after mechanical cleaning (Fig. 7a), which can be attributed to the development of salt

cleavage planes during surface rasping.

Table 5. Mean values of chromatic parameters and their variations in tested SE limestones, before
and after mechanical cleaning of salts on their surfaces.

Surface Type L* a* b* c* H* AL* Aa* Ab* AC* AE*

rough fresh 7267 -024 147 149 99.13
aged 6990 053 1.04 117 6292 -2.77 077 -043 -032 290
rasped 77.78 041 118 125 70.89 5.11 065 -029 -024 516
polished fresh 53.12 124 861 870 81.83
aged 6352 096 342 356 7428 1039 -027 -519 -514 11.62
rasped 68.57 1.04 587 596 7998 1544 -020 -2.74 -274 15.69

L* brightness; a* red-green components; b* yellow-blue components; C* chroma, C*=v(a*)?+(b*)%; H*
hue; AE*=V(AL*)%+(Aa*)%+ (Ab*)°.
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Figure 7. Changes in the chromatic parameters of the limestone with rough (empty dots) and
polished surface (filled dots) between fresh samples, aged ones and aged samples after
mechanical salt cleaning: (a) variation of brightness (AL*) and (b) variation of chroma (AC*).

On the other hand, chromatic parameter variations related to the fresh limestones can be
quantified together by means of chroma differences. Fig. 7b shows an important decrease of
chroma after the ageing test only for the polished surface limestones, but not for the rough
surface samples which remained constant. Moreover, rough and polished samples became
more blue after the test as the b* (yellow-blue) component decreased in both cases. On the
contrary, the a* (red-green) component decreased only in the polished aged samples that
became more green, while it increased in the rough aged samples towards more red values

(Table 4).

7.4. Conclusions

A practical sea-salt spray test has been conducted in rough and polished surface tablets
of a low-porous dolomite-bearing limestone (Sierra Elvira, SE, limestone) widely used as a
building and decorative stone in Andalusia (Southern Spain). Macroscopic observation
revealed that no stone detachments occurred during the test in any of the samples,

irrespective of their surface finishing. This is attributed to the fact that SE limestone is a
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compact, low-porous and homogeneous rock with an interlocking crystalline texture that
prevents intensive salt weathering. However salts precipitated as crusts in both rough and
polished limestones, though with contrasting compositions and morphologies. These results
indicate that stone surface finishing strongly controlled salt-spray absorption and salt
crystallization onto the stone surfaces. Thus, while a thin and continuous crust made of halite
(as anhedral crystals) covered the rough samples, in polished samples a thick and
discontinuous crust composed of halite (isometric crystals) and minor amounts of gypsum

(needle-like crystals) was formed.

Although macroscopic evidences suggested that development of efflorescences only had
an aesthetic impact — since no other alteration forms were observed — at the microscopic
level dissolution patterns (e.g. micropitting) were detected mainly in calcite crystals
compared to dolomite crystals, particularly in polished samples. Thus, it is inferred that the
presence of dolomite in carbonate rocks has a crucial influence on their chemical weathering
response when subjected to saline solutions. Moreover, results clearly indicate that

dissolution processes are modified by polishing treatments of limestone surfaces.

On the other hand, the stone porous system analysis before and after the salt test
revealed development of new pore sizes and increased open porosity. Moreover, a binding
effect and coeval opening of micro-fissures were identified in the smallest pores (20-100 A)

thanks to the gas adsorption technique.

To further explore the influence of substrates on the nature and habits of precipitated
salts due to a sea-salt spray, a salt crystallization test onto a glass crystallizer was conducted.
Results showed that salt composition was more complex and habits were different. Thus, this
work shows that different surface finishing treatments in commercial stones not only lead to
contrasting decay responses in coastal environments, but also have implications in surface
color modifications attained after salt precipitation and subsequent cleaning. In this regard,
after the salt test all of our studied samples became more blue (cold tone), and luminosity
and chroma strongly decreased specifically in the polished SE limestone. Thus, the valued

warm tonality was lost, which is a non desirable aesthetic side-effect.
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ABSTRACT

Knowledge of the kinetics and mechanisms of carbonate dissolution is essential, for
instance, to determine the contribution of carbonate-fluid reactions to the global carbon cycle
and CO, sequestration strategies, as well as to design new methods that mitigate the effects
of weathering processes on carbonate stones. There is a significant lack of understanding of
the molecular-scale reaction mechanisms of dolomite (CaMg(COs),), particularly in
comparison to other common carbonates such as calcite (CaCO;). Here we present a
systematic in situ Atomic Force Microscopy (AFM) study of dolomite dissolution in the pH
range 3-10 aimed at improving our understanding of the nanoscale processes governing
dolomite-fluid interactions. The results of this study indicate that the overall dolomite
dissolution rate is controlled by the removal of dolomite layers by spreading and coalescence
of shallow etch pits, nucleated at point defects and/or in defect-free areas. Our results also
suggest that at all pH (and particularly at pH < 5) and under conditions of relatively slow
solution flow, dolomite dissolves via a dissolution-precipitation reaction with the formation
of an Mg-rich surface precipitate. As a consequence, the effluent solution shows Ca/Mg
ratios > 1. This explains why in the past the dolomite dissolution was considered to be
“incongruent”. In situ, direct observations of the reacting mineral surfaces are important to
unambiguously ascertain the kinetics and mechanism of mineral dissolution. In fact, direct
observations allow quantification of the kinetics of the process from the measurement of etch
pit spreading rates, which are unaffected by the formation of a secondary precipitate whose

existence has been neglected in the past.

KEYWORDS
Dolomite, incongruent dissolution, AFM, pH dependence, dissolution kinetics, dissolution-

precipitation.
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8.1. Introduction

Dissolution of carbonate minerals is one of the main chemical reactions occurring at
shallow levels in the crust of the Earth and has a paramount importance for a wide range of
geological and biological processes. In particular, carbonate dissolution plays a key role in a
large spectrum of scenarios such as landscape modelling and carbonate aquifer development
(i.e. Karst geomorphology, e.g. Ford and Williams, 2007), the chemistry of marine waters
and global carbon cycle (Oelkers and Schott, 2005; Millero, 2007), in engineering science
(e.g. carbonate dissolution enhances permeability and increases oil reservoir productivity,
Lund et al., 1973), cultural heritage and building stone preservation (Bell, 1993; Charola and
Ware, 2002; Cardell-Fernandez et al., 2002; Hoke and Turcotte, 2004), and
biomineralization (Mann, 2001). Calcite (CaCO;), and to a lesser extent dolomite
(CaMg(CO:s),), are the major carbonate minerals in sedimentary rocks. The dissolution of
calcite has been thoroughly investigated over a range of conditions and solution
compositions (see Morse et al., 2007 for a comprehensive review). In contrast, dolomite
dissolution studies have been traditionally hampered by its low reaction rates compared to
calcite and its poorly constrained relationship between cation ordering and reactivity (e.g.

Morse and Arvidson, 2002; Liittge et al., 2003).

Dolomite dissolution rate is a complex function of saturation state, pH, temperature,
ionic strength, total dissolved carbonate, aqueous calcium and magnesium activities, organic
and inorganic ligand concentration and hydrodynamic conditions (Busenberg and Plummer,
1982; Herman and White, 1985; Chou et al., 1989; Orton and Unwin, 1993; Pokrovsky and
Schott, 2001; Pokrovsky et al., 2005; Gautelier et al., 2007). Most of these relationships have
been derived experimentally by monitoring the evolution of the composition of the bulk
solution using macroscopic flow-through or batch reaction devices. Direct observations of
mineral growth and dissolution by real-time nanometer-resolution imaging techniques such
as in situ Atomic Force Microscopy (AFM), Lateral Force Microscopy (LFM) and Vertical
Scanning Interferometry (VSI) have proven to be critical for determining the mechanism and
kinetics of mineral dissolution, as they facilitate a precise and representative analysis of

mineral-water interactions (see for example Ruiz-Agudo et al., 2009 and refs. therein).
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Despite the existence of several macroscopic studies dealing with dolomite dissolution, very
little work has been done towards the understanding of the reactivity of dolomite interfaces
at the molecular scale (Liittge et al., 2003; Higgins and Hu, 2005; Hu et al., 2005;
Kaczmarek and Sibley, 2007; Fenter et al., 2007; Higgins et al., 2007; Ruiz-Agudo et al.,
2011). Although these nanoscale resolution studies have provided new insights into the
kinetics and mechanisms of dolomite dissolution there is still a significant lack of
understanding of the molecular-scale reaction mechanisms of dolomite, particularly in

comparison to other common carbonates such as calcite (Fenter et al., 2007).

All previous nanoscale studies of dolomite dissolution rates have been conducted at
fixed pH conditions and, to date, there is not a systematic study of the dependence of
dissolution rates on pH as in the case of macroscopic flow-through or batch reaction
experiments (e.g. Chou et al., 1989; Gautelier et al., 1999; Pokrovsky et al., 1999; Pokrovsky
and Schott, 2001). Moreover, there is a significant scattering on the published data of
macroscopic dolomite dissolution rates as a function of pH, in many cases due to the fact that
these studies are performed under different hydrodynamic conditions, ionic strength and/or
pCO,. Nevertheless, all these works agree that the dolomite dissolution reaction is complex
compared to other common carbonates such as calcite, aragonite or magnesite, as reflected
for example in the determined fractional-order dependence of the dolomite dissolution rate
on H" activity (at low pH and in the absence of CO,) (c.f. Busenberg and Plummer, 1982;
Chou et al., 1989; Orton and Unwin, 1993).

The aim of this paper is to present a systematic in situ AFM study of dolomite
dissolution in the pH range 3-10 in order to improve our knowledge of the nanoscale
processes governing dolomite-fluid interactions. Experiments were carried out far from
equilibrium (no calcium, magnesium, bicarbonate or carbonate in the inlet solutions) and at
low ionic strength. A better understanding of the kinetics and mechanisms of dolomite
dissolution at different pH is essential, for instance, to determine the contribution of
dolomite-fluid reactions to the global carbon cycle and CO, sequestration strategies (c.f.
Oelkers and Schott, 2005; Gautelier et al., 2007), as well as to design new methods that

mitigate the effects of acid rain on carbonate stone.

234



In situ nanoscale observations of the dissolution of {10-14} dolomite cleavage surfaces

8.2. Methodology

8.2.1. Atomic force microscopy (AFM)

High purity, optical grade dolomite crystals from Eugui, Navarra (Spain) were cleaved
with a knife blade to obtain mm-size (ca. 3 x 3 x 1 mm) fragments. Crystallinity of the
sample was checked previously by powder X-ray diffraction (XRD) that showed the
presence of strong cation ordering (or superstructure) reflections (i.e., those with indexes
(h0l) and (0kl), with odd-numbered 1, such as (101), (015), and (107); Lipmann, 1973)
confirming its crystalline perfection. Due to its chemical purity and crystalline perfection
dolomite single crystals from this locality in Navarra have been used in several studies of
dolomite dissolution (e.g., Busenberg and Plummer, 1982; Orton and Unwin, 1993; Liittge et
al., 2003). AFM in situ dissolution experiments were carried out by passing solutions of
fixed pH over dolomite {1014} cleavage surfaces. Solutions used in the experiments were
prepared using double-deionized water (resistivity > 18 mQ™") and the solution pH was
adjusted from 3 to 10 using HCI or NaOH. Each solution was prepared immediately before
the experiment to avoid equilibration with the ambient air, especially at higher pH values.
Therefore, the amount of carbonate and bicarbonate ions in solution is considered to be
negligible. The absence of calcium and magnesium in the input solutions ensured constant
far-from-equilibrium conditions with respect to dolomite. In situ observations and
measurements were performed using an AFM equipped with a fluid cell of a Digital
Instruments Nanoscope III Multimode AFM working in contact mode under ambient
conditions (T = 20 °C). The solutions flowed continuously for 30 min at ca. 100 mL h™ 120
from a syringe coupled to an O-ring-sealed fluid cell containing the sample crystal. The
scanned areas were typically 9 (3 x 3) um”>. AFM images were collected using SisN, tips
(Veeco Instruments, tip model NP-S20) and analyzed with the Nanoscope software (Version
5.12b48). Measurements of step retreat velocity (or etch pit spreading rate, vg,,) were made
from sequential images scanned in the same direction. The retreat velocity given by vy, =
(v+ + v.), where v, and v. represent the retreat velocities of + and - steps, respectively (see
Paquette and Reeder (1995) for a comprehensive description of the morphology and

nomenclature of rhombohedral carbonate etch pits). ven values were calculated by
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measuring the length increase per unit time between opposite parallel steps in sequential
images. Overall dissolution rates, Rapy (in mol cm’™ s"), were calculated as follows: if there
are Ny etch pits per square centimeter of surface, then for a shallow rhombohedral etch pit,
the volume loss (AV) after the time between two sequential images t,-t;, can be
approximated by

AV =W, -u, —w,-u,)-h (1)

where w, u and & are the etch pit width, length and depth, respectively, in sequential images
after that time duration, , — #,. Therefore, the overall dissolution rate (mol cm™ s) can be
calculated as

AV -N

N ()
Vdu[ '(tz _tl)

RAFM =

where V,,; is the molar volume of dolomite (64.34 cm’ mol'l). Noit used in the calculation of

the overall dissolution rates is the average observed for each experiment.

Additionally, after flowing through the fluid cell 10 mL aliquots of effluent solution
were collected for calcium and magnesium analysis by inductively coupled plasma optical
emission spectrometry, ICP-OES (Varian Vista proaxial). In flow through experiments
performed in AFM, variations and uncertainties related to the reacting surface area
contribute to significant error in macroscopic rate determinations, leading to an
overestimation of macroscopic dissolution rates (Duckworth and Martin, 2004; Ruiz-Agudo
et al., 2010, 2011). The very low amount of calcium and magnesium in the outlet solution (a
few mmol L) precludes obtaining reliable concentration values (Arvidson et al., 2006).
Nevertheless, here we present a few selected measured values of macroscopic dissolution
rates only for comparison purposes. Macroscopic dissolution rates of dolomite, Ryac (mol

em”s™) were calculated as follows:

Ca,Q
RMAC: 1; 3)
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where Car is the total calcium in the effluent solution (mol L), Q is the solution flow rate

(L s™) and A is the geometric surface area of dolomite exposed to the solution (cm?).

8.2.2. Analysis of surface precipitates

AFM flow-through experiments were reproduced at macroscale and after flowing
deionized water (pH 2.84) over the crystal for 30 minutes (flow rate of ca. 100 mL h™) the
crystals were analyzed by X-ray diffraction (XRD), using a Philips PW XPERT-PRO
diffractometer (Department of Mineralogy and Petrology, University of Granada). In order to
maximize the signal from the thin surface layer of the precipitate and minimize the
penetration depth of the X-rays into the dolomite substrate, data were obtained in grazing
incident angle mode (GIAXRD), by carrying out 26 scans at a fixed small incident angle of
the X-ray beam on the substrate surface. Analysis conditions were: radiation Cu Ka (A:
1.5405 A), 45 kV voltage, 40 mA current intensity, and goniometer speed of 0.01° 20/s using
Si-detector X’Celerator. The grazing angle () was 2° and the investigated area between 5°
and 60° 20. The study of diffractograms was performed using the computer program X’Pert
Plus V.1.0 (1999, PANalytical). The crystals were also analyzed by X-ray photoelectron
spectroscopy (XPS). We used a Physical Electronic PHI 5701 spectrometer equipped with a
multi-channel hemispherical electroanalyzer. Non-monochromatic Mg Ko X-ray radiation
(300 W, 15 kV, 1253.6 eV) was 173 used as the excitation source. The spectrometer energy
scale was calibrated using Cu 2p3/2, Ag 3d5/2, and Au 4f7/2 photoelectron lines at 932.7,
368.3 and 84.0 eV, respectively. The binding energy of photoelectron peaks was referenced
to C 1s core level for adventitious carbon at 284.8 eV. High resolution spectra were recorded
at a given take-off angle of 45° by a concentric hemispherical analyzer operating in the
constant pass energy mode at 29.35 eV and using a 400 um diameter aperture. The residual
pressure in the analysis chamber was maintained below 1.33 x 107 Pa during spectra
acquisition. The PHI ACCESS ESCA-V8.0C software package was used for acquisition and
data analysis. Recorded spectra were fitted using Gauss-Lorentz curves in order to accurately
determine the binding energy of the different element core levels. After a Shirley-type
background subtraction, atomic concentration percentages of the dolomite elements were

determined from high-resolution spectra and the corresponding area sensitive factor for
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every photoelectron line was taken into account (Moulder et al., 1992). Survey and
multiregion spectra were recorded for C 1s, O 1s, Ca 2p and Mg 2p photoelectron peaks. A
depth profiling (up to 6 nm deep) was carried out by 4 keV Ar" bombardment. The at-depth
scale of 3 nm min™ is assumed to be equivalent to the sputter rate of Ta,0Os under the same
sputter conditions. Differences in sputtering yield between the sample under study and Ta,0Os
were not considered. Additionally, the microscopic surface features of dolomite crystals
subjected to dissolution were observed using an optical microscope (Olympus BX60)
equipped with a digital microphotography unit (Olympus DP10). Observations were
performed both under transmitted and reflected (polarized) light.

8.3. Results and discussion

8.3.1. General features of dolomite dissolution

Dolomite dissolved on {1014 } cleavage surfaces by the formation and spreading of etch
pits after the injection of highly undersaturated solutions into the fluid cell. Immediately
after injection, the dolomite surface developed shallow (~ 0.3 nm height) rhombohedral pits
at all values of pH tested (Fig. 1). This etch pit morphology is typically observed in other
carbonates such as calcite during dissolution studies. Angles between steps delimiting etch
pits were found to be ~77° and ~103°. The length ratio of the rhombus diagonals was found

to be 0.92 + 0.05, which differs from the value (~0.72) observed in the regular rhombohedral

etch pits formed at all pH values on cleavage surfaces of single-cation R 3 ¢ carbonates such
as calcite and rhodochrosite (MnCO;) (e.g. Pérez-Garrido et al., 2007). These distorted
rhombohedral etch pits were typically less than 200 nm wide before they coalesced and a one
unit-cell layer was removed. Then new etch pits nucleated and spread, repeating the process
(Fig. 2). The measured etch pit density was approximately constant from pH 3 to pH 10 and
equal to 1.94-10° (£ 0.25:10%) cm™ , which is ca. 4 orders of magnitude higher than that
observed by Liittge et al. (2003) at acidic pH (~ 3) conditions using VSI. However, their
study focused on deep etch pits (depth up to 2 um), most probably nucleated at dislocations
(MclInnis and Brantley, 1992). The observed average values of nucleation density were
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Figure 1. AFM deflection (a) and
topographic (b) images showing shallow,
rhombohedral etch pits developed on
{101 4} dolomite surface at pH 8. (c)
Depth profile in section AA’ of the
corresponding topographic image.

roughly one order of magnitude higher
than those generally reported for calcite
during dissolution in pure, deionized
water (Teng, 2004; Ruiz-Agudo et al.,
2009). Shallow etch pits, such as those
observed here during dolomite
dissolution, nucleate at point defects
(McInnis and Brantley, 1992) as well as
on defect-free surfaces, provided a
sufficiently high undersaturation is
reached (Teng, 2004; Ruiz-Agudo et
al., 2009). Examination under the
optical microscope of Eugui dolomite
single crystals subjected to dissolution
(pH 3) showed the formation of scarce
(~ 0.5:10" cm?) deep rhombohedral
etch pits (Fig. 3). However, such deep
etch pits were not present after flowing
the acid solution for 30 min, but only
visible after long term (> 48 h)
dissolution (pH 3) in a batch reactor.
The measured low density of deep etch
pits is consistent with the low density of
dislocations in Eugui dolomite (Barber
et al., 1981). The lower density of line
defects in Fugui dolomite compared
with calcite (ca. 10° cm™; Bisschop et
al., 2006) may explain why deep etch
pits are rarely observed here as well as
in other dissolution studies where Eugui

dolomite crystals have been used (e.g.,
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Figure 2. AFM deflection images of a dolomite (10-14) surface exposed to deionized

water for increasing periods of time. Average etch pit depth ~ 0.3 nm. Note the

complete removal of an atomic layer after 35 min. and the nucleation and
spreading of new shallow pits in the newly exposed layer after 44 min.

Ruiz-Agudo et al., 2011). In contrast, shallow etch pits were highly abundant and their

nucleation and spreading appeared to control the dissolution of dolomite.

Overall, dolomite dissolution shows characteristics of both Type I (Ca, Mn) and Type II
(Fe, Mg) carbonates, according to the classification of Duckworth and Martin (2004). Flat
surfaces with well-formed shallow etch pits such as those observed in our dissolution
experiments are typically reported during dissolution of stoichiometric and well-ordered
dolomite (Kaczmarek and Sibley, 2007). The observation of aspect ratios different from that

of the perfect rhombohedrom can be explained considering the lower symmetry of dolomite
structure if compared with that of calcite. Dolomite crystallizes in the space group R3 ,

which differs from the R3 ¢ space group of calcite-type carbonates in the lack of the c-glide
and diad axes (Reeder, 1983). Thus, the two obtuse steps are structurally different, as well as
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Figure 3. Reflected light optical microscopy image of the dolomite (10-14)
surface exposed to pH 3 solution for 48 h. Deep rhombohedral etch pits are
observed (the acute — and obtuse + step edges are indicated).

the acute steps (Fig. 4). Therefore, the etch pits may show non-regular rhombohedral
geometries (Higgins and Hu, 2005). Due to the lower symmetry of dolomite if compared
with calcite, four distinct step velocities are needed to define the spreading of the etch pits
formed on dolomite cleavage surfaces (Higgins and Hu, 2005). However, differences found
between etch pit spreading rates along [441] and [481] directions (Fig. 4) were within the
experimental error of the measurements and thus the etch pit spreading rate values, vgum,
reported in this work refer on average to the rate of change in etch 247 pit length along either

[2141 ] or [481] directions.
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Figure 4. (a) Normal view of the atomic arrangements in the cleavage plane of dolomite.
(b) Sketch showing a cross-section of an etch pit, with the obtuse and acute step edges
indicated. Color code: calcium (blue), magnesium (yellow), oxide (red), carbon (purple).
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8.3.2. Dissolution kinetics: comparison with previous dissolution studies

Table 1 shows etch pit spreading rates (vy,m) as well as overall dissolution rates (Rapm)
calculated from AFM measurements according to equations (1) and (2) for the different pH
values tested. Ca and Mg concentrations in the outflow solutions are also shown in Table 1.
Non-stoichiometric Ca/Mg ratios were found (i.e. Ca/Mg in the effluent solution was
different from that of the solid). This observation will be further discussed in Section 8.3.3.
To compare with Rapy, macroscopic dissolution rates (Ryac) were calculated according to

equation (3) using Ca concentrations in the outlet solutions (Table 1).

Table 1. Etch pit spreading rates (vsum), density of etch pits and overall dissolution rates (Rarm) on
dolomite cleavage surface as a function of pH, and concentrations of Ca?* and Mg2+ in the outlet
solutions and bulk dissolution rates (Ruac)

Density ca® Mg** Rwmac
pH Vsum (NM 3"1) (nm"z) Rarm (Mol cm? s'1) (mg L'1) (mg L"1) (mol cm? s'1)
3 0.0885+0.0012 17.26 16.8010™+3.0510™ 2455 0.018 3.420 10°
4 0.0615+0.0017 17.61 10.4010™+1.9510™ 0475 0.002 0.658 10
5 0.0538+0.0021 1596 92110"+23210" 0.170 0.000 0.237 10°
7 0.0581+0.0036 2251 7.4210"+1.6210™  0.195 0.001 0.272 10°
8 0.0473+0.0016 1848 9.2810™+26610™  0.145 0.000 0.202 10
9 0.0441+0.0014 2204 84310™£21910™  0.160 0.000 0.223 10
10  0.0448 +0.0014  18.98  8.8110"+24710™  0.010 0.000 0.014 10

Figure 5a summarizes some of the dolomite dissolution rate data published in the
literature. In the present study, Rapv of dolomite in deionized water (neutral pH) was found
to be 7.42:10"° (+ 1.62:10"%) mol cm™ s™. As can be seen in Fig. 5a, Rapy values were
nearly pH-independent in the range 5 to 10, while a slight increase in Rapy values was
observed at pH < 5. The spreading rate showed a similar trend, with a tendency to increase

for pH < 5 (Fig. 5b).

To our knowledge only three previous studies have explored the kinetics of dolomite
dissolution at the micro- and nanoscale. Ruiz-Agudo et al. (2011) carried out a systematic

study of ion-specific effects on dolomite dissolution using in situ AFM, showing that
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gure 5. (a) Comparison of AFM-derived (Rapm) and
macroscopic (Ryac) dolomite dissolution rates of the
present work with those obtained from previous
studies as a function of pH. (b) Etch pit spreading
rates, Vy,,(nm s_l) on dolomite cleavage surfaces as a
function of pH.

different  electrolytes  modify
dolomite  dissolution  kinetics,
expressed as etch pit spreading
rates, when compared with pure
deionized water. Trends observed
for the different electrolytes can be
interpreted in terms of
characteristic parameters of
background ions, according to the
way in which these electrolytes
modify solute hydration and water
structure dynamics. The etch pit
spreading rate in deionized water
(pH = 7) reported in that paper
(0.09 = 0.01 nm s™) is of the same
order of magnitude than that found
in the present study (0.0581 =+
0.0036 nms™).

Hu et al. (2005) performed an
in situ AFM study of the reactivity
of cleavage surfaces of dolomite.
However, they reported dissolution
rates that cannot be directly
compared with our data, as they
worked under different conditions
of undersaturation. They obtained
values for vy, and Rapv of 3.4 nm
h' (0.0012 nm s') and 4.4-107"°
mol cm™ s™ (SI=-2.98) and 1.2 nm
h' (0.0003 nm s) and 1.5-107"°
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mol cm™ s (SI =-1.17), at high pH (9) and 0.01 ionic strength (NaCl). The overall dolomite
Rapym dissolution rate measured at pH 3 in our study (calculated from etch pit density and
spreading rate) is ca. 25 times lower than that reported at the same pH by Liittge et al. (2003)
determined using VSI (4-10"" mol cm™ s7). This difference is not unexpected, as they
measured dissolution rates in deep etch pits most probably originated at dislocations which
represent regions of unusually high strain. The same authors calculated an absolute
dissolution rate from surface retreat of 1.08:10™"" mol cm™ s™. This value is closer to our
measured value. Liittge et al. (2003) compared their rate values with some published bulk
measurements, such as those determined by Busenberg and Plummer (1982), Chou et al.
(1989) and Gautelier et al. (1999), showing clear disagreements between them (bulk values
were between one and two orders of magnitude higher than that obtained by VSI). Our
macroscopic dissolutions rates (Ryac), show similar disagreement with Liittge at al. (2003)
VSI measurements, as well as with our own Rupy values (Fig. 5a). As Liittge at al. (2003)
indicated, there are several reasons for the disagreement between bulk/macroscopic and
nanoscale dissolution rates, including errors associated with the normalization of rates by
inferred geometric areas and the use of mineral powders which are likely to expose highly

reactive surfaces to the solution (see also Liittge, 2005).

Pokrovsky et al. (1999) and Pokrovsky and Schott (2001) performed a comprehensive
study of dolomite dissolution using mixed-flow reactors under different conditions of pH,
ionic strength (NaCl) and undersaturation. These authors showed that below ca. pH 5.4,
dissolution rates increase with decreasing pH whereas above this value they are pH
independent in CO,-poor solutions and decrease sharply with increasing pH in CO, enriched
solutions. Under conditions of circumneutral to alkaline pH, low ionic strength (0.001) and
low total dissolved carbonate (< 0.001 M), they obtained values which are in remarkably
good agreement with the Rapy values reported in our study (see Fig. 5a). This agreement
between macroscopic and AFM-calculated dissolution rates seems to indicate that the
removal of dolomite layers by spreading and coalescence of shallow etch pits controls the
overall dolomite dissolution rate and that the contribution of step retreat from deep pits is

limited (under neutral to slightly alkaline pH conditions).

245



Physico-chemical decay of carbonate stones: the role of atmospheric aerosols and dissolution processes

Mineral dissolution rates can be determined by the kinetics of the surface reaction
and/or the mass transport of the dissolved species from the crystal surface towards the bulk.
The slowest of these processes will control the dissolution rate. It is generally accepted that,
in contact with the mineral surface and separating it from the well-mixed, turbulent bulk
solution, there is a “boundary layer” with a different composition from the bulk (Putnis et al.,
2005). If the solution flow is slow, this boundary layer is thick and the time for the solutes to
be transported through the layer is long and it can become the rate-limiting step in the
dissolution process (Liu and Dreybrodt, 2001). Although the early macroscopic studies of
dolomite dissolution (such as those published by Lund et al., 1973; Busenberg and Plummer,
1982 and Chou et al., 1989) suggested that the kinetics of the dissolution process is
controlled by the surface reaction even at low pH (Orton and Unwin, 1993), later studies
have shown that, as in the case of calcite, the kinetics of dolomite dissolution is diffusion
controlled at acidic pH. Orton and Unwin (1993) provided evidence of mass-transport
control on dolomite dissolution rates at low pH, even at fast flow rates (up to 0.125 cm’ s in
their channel-flow set up). Liu and Dreybrodt (2001) showed that the presence of a diffusion
boundary layer in contact with the mineral surface can significantly reduce dolomite
dissolution rates. Furthermore, some of the studies reporting surface control on the kinetics
of dolomite dissolution, such as those by Herman and White (1984) and Chou et al. (1989),
were performed under conditions of high partial pressure of CO, (pCO, > 1 atm). However,
it has been suggested that, for low partial pressures of CO,, the mechanism controlling the
kinetics of the reaction is different, and the rates become mass-transport controlled (Liu and
Dreybrodt, 2001). All in all, these observations give evidence of the relevance of mass

transport and the diffusion boundary layer during the dissolution of dolomite at acidic pH.

Mass transport control on dissolution rates (reflected as a flow rate dependence on the
velocity of step spreading) at acidic pH (< 5.3) has been reported for other carbonates, such
as calcite, up to flow rates of 119 mL h™' in AFM experiments (Shiraki et al., 2000). In the
case of dolomite, this threshold could be even higher, considering that Mg*" diffuses at
slower rates than Ca®" in aqueous solutions due to its stronger hydration (diffusion
coefficients: Ca®", 0.40 to 0.55-10° cm” s™ and Mg** 0.45 to 0.60-10” cm® s, depending on

the ion-water potential model used in the calculation; the experimental values are 0.71 and
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0.79:10° cm® s™ for Mg®" an Ca®", respectively — Guardia et al., 1999). Therefore, under our
experimental conditions, and despite the fact that we used a relatively high flow rate of ca.
100 mL h™' (a value double that used by Ruiz-Agudo et al., 2009, to fully ensure a reaction-
controlled mechanism in the case of calcite dissolution), it seems that the dolomite

dissolution reaction is mass transport controlled at acidic pH.

8.3.3. Surface precipitates during the “incongruent” dissolution of dolomite

The dissolution of dolomite was accompanied by nucleation of a new phase on the
dolomite surface (Fig. 6). This could well explain why Ca/Mg ratios in the effluent solution
were different than that of the solid and much higher than 1, which itself suggests that the
precipitating phase was a Mg-rich carbonate. The precipitation of this secondary phase was
particularly evident at acidic pH (pH 3 and 4). The precipitated nuclei or three-dimensional
islands rarely showed well-defined straight edges and reached a thickness of 2.2 + 0.3 nm
during the very early stages of their formation. The growth of this new phase occurred by
lateral spreading of the 3D islands leading eventually to their coalescence, without a
significant increase in their height, that remained approximately constant during the whole
growth process. Initially, the growth of this layer avoided the areas where etch pits
previously existed, leading to the formation of a surface that reproduced the original

dolomite surface.

One frequent source of divergence between dissolution rates determined in bulk and
nanoscale experiments could arise from the fact that dissolution rates obtained from solution
chemistry may be influenced by dolomite “incongruent” or ‘“non-stoichimetric” dissolution.
Several macroscopic dissolution studies have reported non-stoichiometric dissolution of
dolomite, particularly in the first stages of the dissolution experiments (i.e., during the
removal of up to two atomic layers of the solid surface). Busenberg and Plummer (1982) and
later Pokrovsky and Schott (2001) and Zhang et al. (2006) suggested that preferential
dissolution of the Ca-component and the formation of a Ca-depleted surface could explain
the fact that Ca/Mg ratios in solution were initially higher than those of the bulk solid. The

preferential release of the calcium component to the solution was explained on the basis of
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Figure 6. Sequential AFM deflection images showing the formation of a Mg-rich phase on a
dolomite cleavage surface at pH 3.

the much lower hydration energy of Ca®" if compared with Mg®" and thus its lower stability
at the dolomite/water interface (Pokrovsky and Schott, 2001). A similar mechanism has been
proposed to explain the non-stoichiometric dissolution behavior of other minerals, such as
wollastonite (CaSiOs), although in this case the possibility of a precipitation event was not
ruled out (Green and Liittge, 2007). However, from our in situ, nanoscale observations of the
reacting surface we found no experimental evidence that supports the hypothesis of a
preferential release of calcium. Moreover, our AFM results clearly indicate that this
“incongruent” behavior (non-stoichiometric dissolution) is the result of a dissolution-
precipitation process, as reflected in the height profiles shown in Figure 7, where the newly-

formed topographic features are clearly the result of a growth process.

According to our observations, dolomite dissolution occurs at step edges parallel to

<4 41>, and dissolution at such step edges is a stoichiometric process, i.e. equal amounts of
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Figure 7. Sequential AFM height images showing the formation of surface precipitates.The
depth profiles show the upward growth (i.e., height increase indicated with black arrow) of
such a newly formed phase. The time lapse between images is 104 s.

Ca”" and Mg”" are present along such steps and thus are equally released to the solution as
the steps spread. Hu et al. (2006) indicated that a possible pathway for the generation of Mg-
enriched surfaces during dolomite dissolution could be the preferential detachment of
calcium ions from terraces, generating point defects at these flat surfaces. Etch pits would
immediately nucleate at these defects, and in fact this could possibly explain the higher etch
pit density observed in the case of dolomite compared to calcite. However, this would just be
a transient stage, and the immediate spreading of these newly formed etch pits would lead to
stoichiometric dissolution. Nevertheless, it is plausible that the detachment, hydration (Hu et
al. 2006) and/or diffusion to the bulk of the magnesium ions adsorbed at the dolomite surface
is sufficiently slow to result in a magnesium enrichment of the dolomite surface or the
solution layer immediately in contact with the surface. This is supported by the lower rate of
desorption and smaller diffusion coefficient (Guardia et al., 1999), as well as the higher

residence time at the mineral/solution interface (Kerisit and Parker, 2004) of magnesium if
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compared with calcium. All in all, any of these effects could lead to the development of
steep concentration gradients close to the surface of the mineral, as observed by Putnis et al.
(2005) during mineral dissolution/replacement reactions using real time phase-shift
interferometry. The authors reported that dissolution of a parent phase (KBr) in a saturated
KCI solution results in an interfacial fluid layer that is supersaturated with respect to a
different solid composition (K(Br,Cl)), while the bulk solution is undersaturated with respect
to such a phase. As a result, a tightly coupled dissolution/precipitation reaction at the
mineral-fluid interface occurs. In our system, supersaturation with respect to a secondary
Mg-rich phase could have been locally reached following the formation of a similar
interfacial fluid layer with composition different from the bulk, leading to the eventual
formation of such a surface precipitate. If dolomite dissolves and instantaneously
equilibrates with the bulk solution, thermodynamic calculations performed using PHREEQC
indicate that the bulk solution is undersaturated with respect to all possible phases except
magnesite (MgCQO;). Due to the short contact time between the solid and the fluid in our
flow-through set up, equilibrium with respect to dolomite is not expected to be reached and
this is just considered as a reference or threshold case for our experiments. It is well known
that, despite being the stable Mg-carbonate form, the precipitation of magnesite under
normal P-T conditions of the Earth surface is virtually impossible (Hénchen et al., 2008).
Thus the formation of this phase may be disregarded in our experiments. Mg-carbonate
precipitation is strongly kinetically controlled, and it has been suggested that the highly
hydrated character of the Mg>" ion in aqueous solution is responsible for the difficulty in
precipitating anhydrous Mg-bearing carbonates (magnesite and dolomite) (Sayles and Fyfe,
1973). Most commonly, nesquehonite (MgCO0;-3H,0), hydromagnesite
((MgCOs3)4Mg(OH),'4H,0) and landsfordite (MgCO;5H,0) are formed in laboratory
studies under ambient conditions (see for example Hénchen et al., 2008 and refs. therein).
The scarcity of well formed peaks in the XRD pattern of dolomite crystals treated with HCI
aqueous solutions (pH 3) obtained by the grazing incident angle method (GIAXRD)
precludes the unambiguous identification of the Mg-rich phase formed. However, the peaks
present in the XRD pattern shown in Figure 8 match those of nesquehonite. Unfortunately,
this could not be fully confirmed by XPS (Table 2), possibly due to the low percentage of the

dolomite surface covered by this secondary phase. The XPS results nevertheless confirm the
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Figure 8. Grazing angle X-ray diffraction patterns of dolomite (10-14) surface
before dissolution (control) and following dissolution at pH 3 (HCl-treated).
Bragg peaks of dolomite (%4l,,;) and nesquehonite (4k,.,) are indicated.

purity and stoichiometry of the dolomite used in our experiments. As stated above,
development of a concentration gradient and magnesium enrichment at the dolomite/solution
interface is likely to occur, resulting in the fluid being locally supersaturated with respect to
nesquehonite. Supersaturation with respect to other phase/s could also be reached at the
interface, but the precipitation of this/these other phase/s may be kinetically unfavorable for

unknown reasons.

Table 2. Ca/Mg atomic ratios measured by X-ray photoelectron
spectroscopy (XPS) in raw and partially dissolved samples as a
function of depth.

Depth Dolomite Control Dolomite HCI
surface 0.924 0.935
3nm 0.999 0.996
6 nm 1.058 1.014
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Figure 9. Sequential AFM height images showing the (a) dissolution of some of the precipitates
covering the surface (blue arrows) when compared with (b) and (¢) the growing and nucleation
of precipitates (circles). The time lapse between images is 101 s.

Thus, our experimental results suggest that this interface-coupled dissolution-
precipitation reaction (Putnis and Putnis, 2007) is controlled by the fluid composition in a
boundary layer at the interface with the solid dolomite substrate. This boundary layer will
have a different composition to the fluid in the bulk because, on dissolution of the substrate,
it becomes supersaturated with respect to a new phase which then precipitates
simultaneously, or is coupled to further dolomite dissolution. Therefore, according to our
observations we suggest that the interaction of dolomite with aqueous solutions is a two-step
process: (i) congruent dissolution of the primary mineral by formation and spreading of
shallow (i.e. 0.3 nm deep) etch pits and (ii) subsequent precipitation of a Mg-rich phase. The
fact that growth initially stops at the edges of dolomite etch pits, reproducing the topography
of the parent solid (i.e. the template effect, Astilleros et al., 2003), indicates a

crystallographic mismatch between the substrate and the overgrowth.

Note that it has been reported that the so-called “incongruent” dissolution is a transient
stage, typically observed during the early stages of dolomite dissolution (Busenberg and
Plummer, 1982). Over time, the solution Ca/Mg ratio approaches unity. This implies that the
newly formed Mg-rich surface layer we have observed should redissolve as dissolution
progresses. This is actually what we have seen under the AFM (Figure 9), where the newly

formed precipitate continuously dissolves and reprecipitates during the course of the
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experiment. This is not unexpected as the steep concentration gradient existing at the
dolomite-solution boundary layer will be changed due to the precipitation of this phase and
the supply of fresh solution, thus promoting the dissolution of this phase. In fact, PHREEQC
thermodynamic calculations show that the bulk solution is undersaturated with respect to this
Mg-rich carbonate phase (most probably nesquehonite, as indicated by XRD analysis). We
suggest that a steady-state equilibrium should be reached between Ca and Mg release from
both the dolomite surface and the newly formed Mg-rich carbonate layer which might
explain why a nearly constant Ca/Mg ratio close to 1 is eventually reached (Busenberg and
Plummer, 1982; Zhang et al., 2006). This implies that the formation of such a Mg-rich layer
will not be limited to the very early stages of dolomite dissolution, only affecting a few (one
or two) atomic layers as suggested by Busenberg and Plummer (1982); rather, it will affect
an undetermined number of atomic layers as the reaction front penetrates within the dolomite
crystal. In fact, it is difficult to envision a mechanistic scenario explaining why either the
first layer or the first two atomic layers of the dolomite surface will be the only ones
involved in the so-called “non-stoichimetric” or “incongruent” dissolution of dolomite as

suggested by Busenberg and Plummer (1982) and Pokrovsky and Schott (2001).

In summary, this discussion highlights the importance of using techniques such as AFM
that allow in situ, direct nanoscale observations of the mineral surface during dissolution to

ascertain the mechanism and kinetics of mineral dissolution.

8.4. Conclusions

The results of this study suggest that the overall dolomite dissolution rate under
circumneutral to alkaline conditions is controlled by the removal of dolomite layers by
spreading and coalescence of shallow etch pits rather than by step retreat from deep pits
nucleated at high energy points (dislocations). Our results also suggest that dolomite
dissolution rates obtained from measurements of the solution chemistry could be
misestimated both due to an underestimation of reactive surface area, and as a consequence

of the precipitation of a secondary phase, particularly at acidic pHs. This process is a coupled
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dissolution-precipitation reaction, ultimately controlled by the hydrodynamic conditions of
the system and the formation of a boundary layer where supersaturation with respect to a
secondary phase is reached. In situ, direct observations of the reacting mineral surface
become critical in systems where “incongruent” dissolution is assumed, in order to
unambiguously ascertain the mechanism and kinetics of mineral dissolution. For this reason,
in situ AFM is a valuable tool in mineral dissolution studies as it allows quantification of the
kinetics of the process from the measurement of etch pit densities and spreading rates, which
are unaffected by the formation of any secondary precipitates. AFM in turn helps identifying
the formation of secondary precipitates during dissolution, thus yielding critical mechanistic

information.
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ABSTRACT

A long-term ageing test was carried out on a building limestone (i.e. carbonate stone
named Escuzar calcarenite) under different polluted urban conditions in the city of Granada
(Southern Spain) to assess its Cultural Heritage sustainability. To this end stone tablets were
placed vertically at four sites with contrasting local pollution micro-environments, and
different conditions of exposure (rain-sheltered and unsheltered). The back (rain-sheltered)
and the front (rain-unsheltered) faces of the stone tablets were studied for each site. The

soiling process (surface blackening) on the stone surfaces was monitored through lightness

(AL* ) and chroma changes (AC ’ ). Additionally atmospheric particles deposited on the aged

calcarenite surfaces and on particulate matter PM10 filters during the time of exposure were
studied through a multianalytical approach including scanning electron microscopy with
energy-dispersive X-ray analyzer (SEM-EDX), transmission electron microscopy (TEM) and

micro-Raman spectroscopy.

The identified atmospheric particles (responsible for stone soiling) were mainly soot
particles (C-rich particles), and soil dust particles; also fly ash and aged salt particles were
found. The calcarenite soiling process was related to surface texture, exposure conditions
and proximity to dense traffic streets. On the front faces of all stones, black soiling and
surface roughness promoted by differential erosion between micritic and sparitic calcite were
noticed. Moreover, it was found that surface roughness enhanced a feedback process that
triggers further black soiling. After the first year of urban exposure, gypsum crusts (thickness
ca. 100 um) embedding variable amount of dust and soot particulates, developed on both the
front and back faces of all calcarenites (except in the lowest polluted site). The estimated

soiling coefficients (SC = 4.9 to 6.4 x 107 days™? pg? m*?

) were slightly lower than those
reported in other cities of Spain. However, the calculated effective coverage area of
blackening particles (EAC) ranged from 10.2 to 20.4%, exceeding by far the established
value of 2% EAC which is the limit perceptible by the human eye. Indeed, after two years of
exposure to the Granada urban air, the darkening of the white Escuzar calcarenite surface has
resulted in an undesired aesthetical problem that will required frequent cleaning actions
(evaluation of ca. 17 years), in addition to trigger further stone degradation.
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9.1. Introduction

Stone decay in polluted urban atmosphere is an outstanding problem with paramount
cultural and economic consequences which have attracted the attention of intensive research
during decades (see Doehne & Price, 2010 for a comprehensive review). In fact, the effect of
air pollution on stone decay is still a major problem even though the acidic pollutant levels
have been considerably reduced since the early 1990s (Doehne & Price, 2010). The danger
to the Cultural Heritage from air pollution comes from several main sources such as the
increasing of corrosion induced by gases from the atmosphere (Charola & Ware, 2002;
Cardell-Fernandez et al., 2002), the soiling of light colored stone surfaces due to black
particles (e.g. Grossi et al., 2003, Hamilton & Crabbe, 2009), and the crystallization of
soluble and insoluble salts inside the porous network that eventually leads to stone
disaggregation and surface recession (Scherer, 1999; Doehne, 2002 and references therein).
The development of black crust is a well-known process associated with surface deposition
of complex mixtures of atmospheric particles and gases derived from the combustion of
fossil fuels together with a range of environmental dusts, a variety of salts including marine
aerosols, and microbial fauna (Watt, 2009 and references therein). The blackness of these
gypsum crust layers are commonly explained by absorption of carbonaceous particles such
as soot. Additionally, it has been argued that carbon soot and metal-rich particles (e.g. V, Fe,
Ni, Cu, Mn and Cr-rich particles derived from anthropogenic sources) exert a critical
catalytic action in the oxidation of SO, (Camuffo et al., 1984; Rodriguez-Navarro &
Sebastian-Pardo, 1996; Maravelaki-Kalaitzaki & Biscontin, 1999; Boke et al., 1999, 2002;
Maravelaki-Kalaitzaki, 2005), although the additional catalytic effect of bacteria is not
discarded.

Most of these studies have addressed the above issues by combining (1) detailed
observations of already weathered construction materials from polluted cities with (2) ad hoc
experiments under controlled laboratory conditions (e.g. Rodriguez-Navarro & Sebastian,
1996; Simao et al., 2006). Experimental data are later extrapolated to ‘real’ urban conditions.
The diversity of tested stone materials under different environmental conditions has provided

a considerable understanding of their main weathering mechanisms. However to unsure
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measurable results in relatively short times, these experiments are usually conducted under
extreme environmental conditions which are usually far from those prevailing in urban
conditions. Therefore a direct extrapolation to the nature is not straightforward and leads to
several uncertainties in the estimation of decay rates which are an important issue in the
sustainability of Cultural Heritage. Furthermore there are still many intrinsic factors (stone-
related properties) and extrinsic factors (environmental-related variables such as exposure
and micro climatic conditions, pollution, etc.) that are challenging to be reproduced
experimentally. Therefore long-term ageing tests would be of benefit to address long-term
sustainability of architectural materials, eventually controlled by all these intrinsic and
extrinsic factors (Delalieux et al., 2002). Pioneering long-term ageing tests designed to
study the soiling effect of atmospheric aerosols on building stones were conducted by Beloin
and Haynie (1975) using changes in reflectance to asses the stone weathering process.
Similar studies were carried out by Creighton et al. (1990), Hamilton & Mansfield (1992)
and Pio et al. (1998) which discussed several fitting equations of experimental data relating
reflectance decrease and time of exposure. However, these kinds of studies are still limited in
many places around Europe with an outstanding and vulnerable Cultural Heritage legacy
such as Spain (nevertheless see Grossi et al., 2003), even thought are essential to design

conservation policies (Grossi & Brimblecombe, 2004; Brimblecombe & Grossi, 2005, 2007).

This study is aimed to investigate the black soiling of a carbonate stone (i.e. a
calcarenite used to replace similar historic carbonate stones in monuments in Andalusia,
South Spain) under Granada urban condition during a long-term exposure test (period of
2008 and 2009). Although the city of Granada is considered a relatively non-polluted city,
most of its architectural heritage, built with carbonate stones, is prone to weathering under its
urban conditions. Assessment of soiling was qualitatively and quantitatively estimated by
chromatic changes on the calcarenite surfaces through spectrophotometric measurements.
Additionally, atmospheric aerosols deposited on the stone surfaces and filters were analyzed
by scanning electron microscopy (SEM), transmission electron microscopy (TEM) and
micro-Raman spectroscopy (MR). Calculated total soiling (AL*), soiling coefficient (SC)
and effective area coverage by dark particles (EAC) enabled estimation of cleaning actions

on the SP calcarenite.
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9.2. Materials and methods

9.2.1. Materials

A limestone (carbonate stone) was selected for this study, namely Escuizar calcarenite
exploited in the Escuzar quarry situated ~ 20 km to the SW from the city of Granada,
Southern Spain (Urosevic et al., 2011). This calcarenite is commonly used in modern
architecture in Andalusia as well as in monuments replacing the historic La Escribana
calcarenite commonly used in ancient buildings of the city of Granada such as the Cathedral,
the Charles V Palace and the San Jeronimo Monastery (Rodriguez-Navarro, 1994;
Rodriguez-Navarro & Sebastian, 1996; Cardell, 1998; Rodriguez-Navarro et al., 2008).

The calcarenite can be classified as a coarse calcarenite or fine calcirudite (Folk, 1981).
This calcarenite is texturally very heterogeneous, highly porous (29.30 = 7.6% in average)
and scarcely cemented (calcitic cement), showing fragments of bioclasts (mainly molluscs,
echinoderms, briozoan, red algae and foraminifera) with sizes normally ranging from 2 to 5
mm, although they also can attain up to 2 cm (Urosevic et al., 2011). These features, together
with the high calcite proportion in its matrix, make this stone very prone to weathering due
to dissolution processes, e.g. salt damage and gypsum crust formation, especially under

polluted environments.

9.2.2. Environment and sample location

Granada is a non industrialized, medium size city in Southern Spain with a population
of around 300,000 (ca. 600,000 inhabitants of the entire urban area). It is about 50 km from
the Mediterranean Sea and around 200 km from the African continent. Granada is located in
an intraorogenic basin surrounded by mountains with the highest elevations (up to 3,500 m)
located at the southeast of the basin. Due to its topography in combination with the
prevailing low wind speeds, heavy traffic and intensive construction works (e.g.
Metropolitan works during the period of the test, i.e. years 2008 and 2009), pollutants and
soot particles often accumulate in the air of Granada. Indeed, around 9% of black carbon
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particles (soot particles) were detected in the city center by Kontozova-Deutsch and co-
workers (2010). Granada has a near-continental climate with cool winters, hot summers, and
high diurnal temperature variability. Most rainfall occurs during winter and spring seasons,
leading to re-suspension of dust particles predominantly in the dry seasons. The average
annual precipitation in the area during the test was 427 L m™. When the wind direction is
southerly (S and SW are the prevailing wind directions) marine particles can be expected.
Additionally meteorological conditions prevailing in spring and summer favors the arrival of
Saharan and Sahel air masses. During autumn and winter the number of Saharan dust
episodes is reduced while Atlantic and continental air mass are dominant (Lyamani et al.,
2004, 2008, 2010). Regarding atmospheric pollutants, the European legal limits for SO,, CO,
and NO, emissions were not surpassed during the test in clear contrast to the O;, PM10
(particulate matter with an aerodynamic size ca. 10 um) and soot particles emissions,

particularly these two latter (Lyamani and Brava, 2008, 2009).

For the long-term test, calcarenite tablets of 10 x 10 x 2 cm (cut from the same
calcarenite slab) were placed vertically at four different sites in the city of Granada (see Fig.
1 for sample location and Table 1 for details). The selected site locations ensure a
representative spectrum of microclimatic conditions and thus stone weathering environments
ranging from very high (site 4), high (site 1) to low polluted areas (sites 2 and 3), as inferred
from the proximity to heavy traffic streets and data monitored through several stations placed
in the city (Fig. 1). Outdoor- and indoor-looking stone faces (here named ‘front face’ and
‘back face’ respectively) were distinguished for each site. Comparatively the back faces were
more sheltered from rain-wash and sun light exposure than the front faces. In this work the
term “black soiling” always refers to blackening of stones (Grossi et al., 2003) and was
related to chromatic changes of lightness or luminosity (L*) on stone surfaces. The
discussion of the results was done considering the impact of atmospheric particles on the
calcarenite surfaces and taking into account their conditions of exposure (sheltered and
unsheltered from rain-wash). However we are aware that soiling also depends on other
factors among which surface roughness, humidity and sun light irradiation are under

investigation. Moreover, during the period of stone exposure, PM10 filters were collected at
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the roof of the Andalusian Centre for Environmental Studies (CEAMA), located in Granada
(Fig. 1) and analyzed.

442,000 444,000 446.000 448.000 450.000
1 [ 1 1 1 1 L 1 1 1
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Fig. 1. Location of the sites where calcarenite tablets were placed for the long-term
ageing test (stars) in Granada (Spain). Several suburbs of Granada’s city are depicted
in grey scale. Highways and main roads are also shown. Location of air quality
stations (dotted circle) and particulate matter sampling (CEAMA station, grey dotted
circle) are shown.

9.2.3. Analytical techniques

Chromatic changes in the calcarenite tablets due to urban air exposure were measured
with a Minolta CM-700d spectrophotometer using a 8§ mm measuring aperture. The
measurements were performed on a regular grid consisting of 18 or 24 points on both back

and front faces for each stone tablet. D65 illuminant, known as standard daylight illuminant

267



Physico-chemical decay of carbonate stones: the role of atmospheric aerosols and dissolution processes

Table 1. Location and description of sites where calcarenite tablets were placed in the city of
Granada.

Site location Exposure conditions Orientation Exposure days

Unroofed balcony at
~20 m from ground
1 level (g.l.). High traffic ENE 673
density, next to
metropolitan works.

Roofed balcony at ~7 m

2 g.l. Medium traffic. NNE 587
Unsheltered roof at

3 ~18 m g.l. Medium SSE 700
traffic.
Window embrasure at

4 ~2 m g.l. Very high s 625

traffic density in narrow
and steep street.

(color temperature: 6504 K), was applied. The CIE 1976 chromatic scale was used to

measure the chromatic parameters L, a* and b* (Wyszecki & Stiles, 1982). L'is

luminosity or lightness which varies from black with a value of 0 to white with a value of

100); a* varies from +a* (red) to -a* (green) and b* ranges from +b* (yellow) to -b* (blue).

Chips samples of fresh and aged calcarenite tablets were analyzed with an
environmental scanning microscope (ESEM). A Phillips Quanta 400 was used applying 20
kV acceleration voltage, 1 nA probe current and working distance of 10 mm. In addition,
carbon coated polished thin sections (prepared from aged stone tablets) were studied with a
LEO 1430VP scanning electron microscope (VPSEM), coupled with an EDX microanalyzer
(Inca 350 version 17, Oxford Instruments). Pinpoint analyses were done using a 500 pA
filament current and 10 eV/ch resolution, while for X-ray maps acquisition working
conditions were 1 nA filament current and 20 eV/ch resolution. The high-resolution X-ray
maps (1024 x 768 pixels) were obtained in selected areas with 500 frames acquired over

16h. Furthermore, the Phasemap tool implemented in the INCA 350 version was applied to
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identify mineral phases using ternary element plots of specific pixel information from

montaged X-ray maps (Cardell et al., 2009a, b).

The composition and morphology of the atmospheric particles deposited on the stone
surfaces and those collected by filters were studied at nanoscale by transmission electron
microscopy (TEM). A Philips CM20 equipped with an EDAX solid-state ultrathin-window
energy dispersive X-ray (EDX) detector was used. The acceleration voltage of the
microscope was 200 kV, and a lens aperture of 40 uym was employed as a compromise
between amplitude and phase contrast for the images. The identification of mineral phases
was facilitated by collecting selected area electron diffraction (SAED) patterns. Prior to
TEM analysis, particles were dispersed in ethanol, sonicated for 30 s, and placed on

Formvar© and C-coated Cu grids.

Micro-Raman spectroscopy was applied to distinguish tiny crystals precipitated onto the
calcarenite tablets. A Renishaw RM1000 dispersive spectrometer equipped with a Leica
DMLM optical microscope, a grating with 1200 grooves/mm and a Peltier-cooled CCD
detector was used. Raman spectra were obtained with the 785 nm emission of a diode laser
with 30 mW laser power. Leica 20 x and 50 x objectives were employed. The system was

operated in the confocal mode, resulting in an approximate lateral resolution of ca. 3 um.

9.3. Results and discussion

9.3.1. Characterization of fresh calcarenite surface

At surface the Escuzar calcarenite is very heterogeneous in texture and composed by
micritic calcite (ca. 3-5 pm in size) showing large cavities of ca. 100-300 um in length,
which can attain up to 1 cm in length. The larger cavities are covered by sparry calcite (ca.
20-40 um) and often Fe-rich framboids and Fe-rich tubes occur. Fe-rich framboids comprise
small spherules (with diameters of 1-2 um) forming aggregates of 5-15 pm in length as

shown in Fig. 2a. The framboids are mainly composed of Fe and Si, and Al in minor
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200 400 600

20 um m— 100 pm

Fig. 2. Representative SEM images and corresponding SEM-EDX spectra of Escuzar
calcarenite and particulate matter filters. (a) Aggregate of several Fe-rich framboids on
fresh (quarried) stone sample. (b) C-rich particle mixed with clay minerals and
phyllosilicates, NaCl and Ca-sulfate on stone tablet at site 4. (¢) Phyllosilicates and clay
minerals mixed with Ca-sulfate and traces of V and Ti in PMI10 filter. (d) Si-Al-rich
spherical particle on stone tablet at site 1. (e) Porous aggregate of sea-salt particles (NaCl)
mixed with Ca-sulfate on stone tablet at site 2. (f) Biogenic particle (Leaf Trichome) in the
center and fungal hyphaea (right) on stone tablet at site 1.
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proportions; S is scarce and not always present (see spectrum in Fig. 2a). Based on the Fe-
rich framboids morphology and their location in the larger cavities, we suggest that they can
be oxyhydroxides pseudomorphs of former framboidal pyrites originated by oxidation and
sulfur loss during early stages of diagenesis (e.g. Merinero et al., 2009). Fe-rich tubes are
likewise interpreted. Additionally the fresh stones may contain clay minerals (hydrous

aluminium phyllosilicates with particle size <2 um) and occasionally sphalerite (Zn,Fe)S.

9.3.2. Atmospheric particles deposited on the calcarenite tablets and filters

In the following paragraphs a simple classification of the identified atmospheric
particles deposited on the aged calcarenite surfaces and the PM10 filters collected at the
CEAMA station are presented (Table 2). However it is noteworthy to note that complex

mixtures between these groups are very common.

Soil dust particles: Phyllosilicates (parallel sheets of silicate tetrahedra with Si,Os or a 2:5
ratio) with sizes commonly ranging from 40 to 100 pm, and clay minerals are by far the most
common particles found in all sites (Table 4). These particles have both primary and
secondary (airborne) origins. Although pure phyllosilicates and clay minerals were observed
(probably those corresponding with a primary origin), most commonly they form complex
mixtures with other atmospheric particles. For example, Fig. 2b shows a C-rich particle
mixed with NaCl and Ca-sulfate and phyllosilicate particles. This mixture also was observed
in the filters, possible indicating an airborne origin of the phyllosilicates (Fig. 2c). At
nanoscale (e.g. Fig. 3a) the mixture is more obvious, including variable amounts of C, Cl,
Ca-sulfate and CaMg-sulfate and occasionally NaCl. Based on the chemical composition, the
observed clay minerals comprise several phyllosilicates such as illite
(K,H;0)(Al,Mg,Fe),(Si,Al)40,0[(OH),,(H,O)], paragonite NaAl,(SizAl)O,o(OH),, smectite
(Na,Ca)(Al,Mg)(Sis0;0)3(OH)s-nH,0, kaolinite AlLSi,05(0OH),4 and chlorite
(Mg,Fe)s(Si,Al)4010(OH),'(Mg,Fe);(OH)s, as reported elsewhere for the city of Granada
(Rodriguez-Navarro & Sebastian, 1996; Kontozova-Deutsch et al., 2010).
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Table 2. Summary of the identified atmospheric particles by SEM-EDX and TEM onto the studied
calcarenite tablets at the different sites and the filters collected at the CEAMA station in the city of
Granada (Southern Spain).

Fresh Site 1 Site 2 Site 3 Site4 Filter

Fe-rich framboids ° ° ° o ° o
Fe-rich tubes ° ° o o ° o

Atmospheric Particles
Dust particles

(phyllosilicates and clay minerals) ° ° ° ° ° °
Fly ash particles (Si-Al-rich) o ° ° o ° o
Fe-rich particles o o o o ° o
Soot particles (C-rich) o ° ° ° ° °
Salt particles o o ° o o o
Other particles

Dolomite o ° ° o ° °
Calcite ° ° ° ° ° °
Fe-Ti-oxide o o ° o o o
Fe-oxide o ° ° o o o
Sphalerite o o ° o o o
Barite o o ° o o °
Feldspar o o ° o ° o
Chalcopyrite o ° o o o o
Rutile o o o o o °
Quartz o o o o ° o
Biogenic particles

Fungal hyphae

Leaf Trichome

Black gypsum crust o 0 ° ° o

e observed o not observed

Fly ash particles: These silicon- and aluminium-rich particles are perfectly spherical with
smooth surface (Fig. 2d). They contain minor amounts of Mg, Fe, Ti, K, S and occasionally
Cl, showing a wide range in sizes that goes from 2 to 40 um. Similar particles have been
observed eclsewhere and are commonly interpreted as derived from coal combustion
(Kindratenko et al, 1994; Xie et al., 1994; Katrinak et al., 1995; Rodriguez-Navarro &
Sebastian, 1996; Esbert et al., 2001, Kontozova-Deutsch et al., 2010).
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Iron-rich particles: These particles are generally rounded in shape and can be related to
diesel exhaust, mainly composed of soot and metallic particles bearing Fe and Fe-S as major
elements. Metal-rich particles are important in the development of black crust since they
usually contain several metals such as V, Co, Ni, Cu, Mn and Cr that, together with
carbonaceous particles, catalyze the oxidation and hydrolysis of atmospheric SO,

(Rodriguez-Navarro & Sebastian, 1996 and reference therein).

Soot particles: These carbon-rich particles were observed on all stones, usually mixed with
clay minerals. C-rich particles with detectable amounts of Na, K and Cl also were observed
by means of SEM-EDX analyses and more precisely by TEM. These particles comprise both
organic matter (made up of hundreds of individual carbon compounds) and elemental carbon
(soot) forming the fine and ultrafine particulate matter fraction (e.g. Esbert et al., 2001; Murr
& Bang, 2003). TEM observations of particles collected from the filters revealed the
widespread occurrence of soot particles (Fig. 3a and b) with fractal geometries, i.e.
concentric graphene-like layers, which are wrapped into spherules that aggregate into
characteristic branching clusters of hundreds of carbonaceous spherules (e.g. Katrinak et al.,
1995; Pésfai et al., 1999; Murr & Bang, 2003; Simdo et al., 2006; Posfai & Buseck, 2010).
Individual carbonaceous spherules range in size from 20 to 60 nm with an average value of
32 £ 11 nm matching those observed from diesel particulate matter (Simao et al., 2006). The
SAED patterns are dominated by diffuse (non-crystalline) carbon reflections although
occasionally diffuse rings at 0.12, 0.21 and 0.34 nm (Fig. 3b inset) indicate the occurrence of
graphite (Murr & Bang, 2003; Simao et al., 2006). Micro-Raman analyses further confirmed
the occurrence of soot as revealed by the two broad bands around 1300 and 1600 cm '
attributed to the D (disordered) and G (graphitic) bands typical of soot particles (Fig. 4).
Additionally the high luminescence of the Raman spectrum also suggests the occurrence of

organic matter or organic carbon.

Salt particles: Highly porous Na and Cl rich particles (up to 20 um in length) were
occasionally observed (Fig. 2e). These particles have compositions similar to aged sea salts
which are characterized by a decrease on the ratio Cl/S due to particle modification during

long-term transport in the atmosphere (Esbert et al., 2001). It is worth to note that sea salt
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Figure 3. Examples of particulate matter (PM10) on filter. (a) Clay minerals mixed with Ca-
sulfate (upper left) and soot with fractal geometry. (b) Detailed of soot particles composed of
irregular C-rich spherules leading to a high porous aggregates. Inset: SAED pattern showing
graphitic carbon reflections corresponding to carbon-layer spacings.

Graphitic carbon

~1300

Intensity (a.u.)
~1600

200 400 600 800 1000 1200 1400 1600 1800

Wavenumber (cm™)
Figure 4. Example of Raman spectrum of black particles deposited on calcarenite surface. Note the

broad bands around 1300 and 1600 cm™" attributed to the D (disordered) and G (graphitic) bands,
respectively, indicating graphitic carbon derived from atmospheric soot particles.
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particles are reported in other near-continental areas of Spain (e.g. Querol et al., 2004)

including the city of Granada (Kontozova-Deutsch et al., 2011; Horemans et al., submitted).

Other particles: Under this category a wide spectrum of observed mineral dust particles are
classified, including dolomite (CaMg(COs) and fibrous calcite (CaCQO;), barite (BaSQO,), Fe-
oxides, sphalerite, Fe-Ti particles (ilmenite and/or rutile, TiO,), chalcopyrite (CuFeS,),
feldspar (Na/K/Ca)Al(;,)Si(32)Os, and quartz Si,O.

Biogenic particles: Evidence of biological colonization was found on stones located in all
sites mainly in the form of lichens and fungal hyphae, the latter showing elongated structures
ca. 50 mm wide by more than 500 pm long (Fig. 2f). Also it should be noted the widespread
occurrence (Table 2) of radial and starry shape organic structures (200 pm in length) which

are tentatively classified here as olive leaf trichome (e.g. Filippou et al., 2007).

9.3.3. Black soiling

After ca. 2 years of exposure to the Granada urban air, macroscopic changes on both the
front and back faces of almost all calcarenite surfaces were evident, namely color
modification and darkening, edges rounding of the stone tablets and minor organic
colonization. As an example, Fig. 5 shows the surface modification of the calcarenite tablet
placed at site 1 (high polluted area) after two years of urban exposure. Surface roughness
was higher in the front face (Fig. 5a) than in the back face (Fig. 5b), that was attributed to the
more intense rain wash-out of the front stone side which in turn promote differential erosion
between micritic and sparitic calcite (with crystal sizes < 4 pum and > 10 pm respectively)
areas (Vendrell et al., 1996; Viles, 2005). Differential erosion is typical of bioclastic
limestones (such as the Escuzar calcarenite) with texture showing very clear distinction
between sparitic areas (in bioclasts) and the micritic matrix. Indeed, in the matrix the higher
specific surface area enhances calcite dissolution compare with the less reactive sparitic
domains. Additionally it should be noted that rain-sheltered areas are more suitable for
gypsum crust development which in turn may explain smooth surfaces (Delalieux et al.,

2001). Also it is worth to mention that in the calcarenites surface blackening was
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Front face heterogeneous at the centimeter scale,

5 é - and more obvious in certain types of

bioclasts displaying abundant intraclast

porosity, such as bryozoans (Fig. 5b).

In order to assess the soiling
process of the Escuzar -calcarenite
under Granada urban conditions,
chromatic changes on the front and
back stone faces were measured using

spectrophotometry. Table 3 shows

mean values and standard deviation of

*

L, a* b* and C* for the Escuizar

calcarenite. Black soiling can be

estimated by measuring the decrease in

L’ at a certain time (L:) with respect

to the initial conditions L:), namely final

Figure 5. Scanned surface of calcarenite tablet soiling, AL =L, ~L, (e.g Grossi et

place at site 1 after the on-site long-term test.

(a) Front face; note the surface roughness
compared to the back face. The white arrow
shows one bioclast (bryozoan) partially
colonized by organic material. (b) Back face;
the white arrows indicate two blackened
bioclasts (bryozoans). Other bioclasts (e.g. red
algae, black arrows) are less or not blackened.

al., 2003). As Table 3 displays absolute
AL* between fresh and aged calcarenite
tablets indicate a decrease in lightness
(i.e. blackening) on both the back and

front stone faces at all sites (Table 3).

Black soiling was particularly evident
at site 4 (AL* = -10.84 on front face and -11.53 on back face) and site 1 (AL*= -8.12 vs. -
5.97 units for front and back faces respectively) which correspond to the most polluted areas
(see Table 1). Moreover, Table 3 reveals a statistically significant increase in the chromatic
parameters a* and b* on all studied calcarenite tablets (on both back and front faces) which
result in a displacement towards more red and yellow tonalities (i.e. warmer colors) of the

stones.
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Table 3. Lightness (L*), a* and b* parameters and chroma (C* = \/(a*)2+(b*)2) for SP calcarenite in
fresh tablet and aged tablets after exposure to urban environment in several sites of Granada (see
Fig. 1 and Table 1 for locations). AL* and AC* mean difference in lightness and chroma with respect to
the fresh quarried calcarenite sample.

Front face

n L* o] a* o] b* o] Cc* o] AL* AC*
Fresh 24 91.00 056 034 017 590 040 5.91 0.40
Site1 24 8289 210 157 023 979 1.19 991 121 -8.12 4.00
Site2 18 87.00 059 067 0.07 739 058 7.42 058 -4.01 1.51
Site3 22 86.34 147 066 012 6.39 0.74 6.42 074 -4.66 0.51**
Site4 20 80.16 593 141 096 10.13 3.79 10.24 3.89 -10.84 4.33
Back face

n L* o] a* o] b* o] Cc* o] AL* AC*
Fresh 24 9086 081 055 012 748 092 750 092
Site1 24 8489 283 105 038 1144 339 1149 341 -5.97 4.00
Site2 22 8981 078 052 014 6.80 058 6.82 059 -1.05 -0.67**
Site3 22 8533 146 078 007 699 076 7.03 076 -553 -0.47**
Site4 24 7933 524 147 082 1120 324 1130 332 -11.53 3.81

n = number of measurements, o = standard deviation. All differences are statistically significant at P =
0.01 except for those marked with two asterisks.

In order to better appreciate the effect of black soiling on the Escuzar calcarenite, the

s

L, a* b* and C* values were plotted as shown in Fig. 6. The degree of chromatic

modification can be estimated by comparing the scattering of the data between the fresh
tablet and the aged stone tablets. Fig. 6a shows that parameters a* and b* were modified to
some extend in the front faces particularly on stones placed at sites 1 and 4, where
differences of up to 3 and 10 units for a* and b* respectively were found. For the back faces
(Fig. 6b) data were more scattered though again calcarenites located at the most polluted

areas (sites 1 and 4) showed the highest tonalities changes compare to the fresh stone tablet.

Variations on lightness (L*) relative to chroma (C*) are displayed in Figs. 6¢ and d,
where a negative correlation can be seen appointing for a black soiling process (soiling tends
to increase C*, i.e. color intensity, when L* decreases). Once again results show that stone

soiling was more acute in sites 1 and 4 (polluted areas) in both the front and back stone
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Figure 6. Variations in the absolute chromatic values a* relative to b* components in (a) front
faces and (b) back faces for different locations exposed at the urban Granada conditions. Initial
values are those corresponding to the quarried stone slab (black dots). Variations in lightness
(L*) relative to chroma (C*) in (¢) front faces and (d) back faces. Dashed lines are linear fit of
the data. Fit equation and correlation coefficients are shown in each figure.
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faces, though data were more scattered in the back stone faces (Fig. 6d). As previously noted
the scattering of the chromatic data can be related to a differential erosion process of the
stone related to the calcarenite heterogeneous texture (uneven distribution of micritic matrix
and diverse types of bioclasts — sparitic areas—; see Figs. 5a and b). However, as mentioned
before, surface roughness on front stone surfaces is more flat than the back faces, which

might favor less scattered chromatic data.

Lightness (AL*) and chroma (AC¥*) absolute differences for all aged calcarenite tablets
(on both front and back faces) were plotted respect to the fresh quarried stone tablet as Fig. 7
exhibits. In the CIELAB color space a perceptible color change - to the human eye - is
defined by lightness and chroma differences greater than 3 units (V6lz, 2001). In this work a
perceptible negative change in lightness was observed on both the front and back faces of all
stones indicating a perceptible stone darkening, except on the back face of calcarenite placed
at site 2 (Fig. 7a). Regarding chroma variations, only visual changes were noticed on stones
placed in the most polluted sites (AC* > 3) and with little difference between the front and
back faces (Fig. 7b).

On the other hand, the area of a stone surface covered by atmospheric particles (i.e.
effective area coverage, ECA) can be estimated from the following expression (Pio et al.,

1998; Grossi et al., 2003):

% *

L, =(1-A4AC)+ L” AC (1)

* *

0 0

where AC is the fraction of the area covered by particles andL; is the lightness of the

settled particles (which here is assumed to be 30 for simplicity, Grossi et al., 2003). Table 4
shows the estimated EAC values (EAC = 100 - AC) for the front and back faces of all tested
calcarenites. Those stones placed next to dense traffic streets (sites 1 and 4) exhibited the
highest EAC values on both the front and back faces (ranging from 10.2% to 20.4%)

compared to stones located at lower polluted areas with EAC values ranging from 1.7 to
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9.4%. It is considered that EAC values above 2% are perceptible for the human eye and
values up to 5% would trigger public complaints (in Grossi et al., 2003). In this work, all
calcarenite surfaces (rain-sheltered and unsheltered) exposed to the urban environment of

Granada in a two years time span (except one) have surpassed this value.
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Figure 7. (a) Lightness and (b) chroma absolute differences with respect to the fresh quarried
calcarenite slab. Empty and filled symbols are back and front faces respectively. Squares are
mean values and bars are the confidence intervals for the mean at 95 %. Data outside the grey
area (absolute change greater than + 3 units) are considered to be perceptible.

The soiling coefficient (capacity of soiling of a stone independently of time and total
suspended particulate, TSP, concentration) of building stone surfaces can be further
determined by measuring changes in reflectance (lightness) through time when the
concentration of the blackening agent in the air is known (e.g. Pio et al., 1998; Grossi et al.,
2003). In this way, the change in reflectance at a certain time is linearly related to the square

root of time (t) and the amount of TSP by the following expression,
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L, =L,—SC-|TSP-t, ()

where SC is the soiling coefficient. Grossi et al. (2003) found that each stone has a

characteristic SC and that mainly depends on the initial stone lightness Lf) (SC is higher
when LB is higher). Therefore, high SC values indicate that the blackening rate (negative

changes in AL through time) of the stone surface is very high at constant TSP

concentration. The most difficult parameter to constrain in equation (2) is TSP, and even
more challenging is to estimate the TSP proportion responsible for blackening which is
commonly associated to elemental carbon or black carbon (Pio et al., 1998; Grossi et al.,
2003; Grossi & Brimblecombe, 2004, 2005; Brimblecombe, 2011). In this study the mean
PM10 concentrations measured during the 2008 and 2009 atmospheric aerosols campaigns
conducted in the city of Granada were used (see Fig. 1 for location of air quality stations). In
these air quality stations black carbon particles were not directly measured but inferred from

absorbers aerosols (Lyamani and Bravo Aranda, 2009, 2010).

From the specific literature it is clear the high proportion of black particles in the city of
Granada. Based on light scattering and absorption properties of aerosol particles, Lyamani
and co-workers (2008) found seasonal and diurnal variations of the single scattering albedo
indicating fluctuation in the proportion of scattering (relate to sulfates) and strong absorbers
aerosols (related to black carbon). Average values of single scattering albedo ranged from
0.5 to 0.8, indicating that about 35% of the aerosol light extinction was due to absorption,
and thus to black carbon particles (Lyamani et al., 2008, 2010). On the other hand, Querol et
al. (2004) observed that elemental carbon and organic carbon concentrations in Spain
accounted for 10-25% (2.5-4.5 pg'm™) of the regional PM10, 35% (~ 5 pg'm™) of the urban
background and 43% (~ 4 pug'm™) of the urban kerbside site levels from Mediterranean and
Atlantic regions. Only very recently direct measurements of black carbon concentration in
the city of Granada have been provided (Horemans et al., submitted) revealing daily black
carbon fluctuation with maximum ranging from 3 to 15 pg'm™ and with average values of ~
12-30% of PM10.

281



Physico-chemical decay of carbonate stones: the role of atmospheric aerosols and dissolution processes

Table 4. Relative lightness difference (AL*), effective area coverage (EAC), time of exposure
under urban conditions (t), particulate matter less than 10 ym (PM10) and estimated soiling
coefficient (SC) for the front and back faces of the exposed SP calcarenite tablets in the studied
sites.

AL* (%) EAC (%) t (days) PM10* SC x 102

Front face pg_m—3) (days—1/2pg-1/2m3/2)
Site1 -8.9 14.0 673 41 4.9
Site2 -4.4 6.7 587 35 2.8
Site3 -5.1 7.8 700 40 2.8
Site4 -11.9 19.0 825 39 6.0
Back face

Site1 -6.6 10.2 673 41 3.6
Site2 -1.2 1.7 587 35 0.7
Site3 -6.1 9.4 700 40 3.3
Site4 -12.7 20.4 825 39 6.4

* Daily mean values for 2008/2009 of closest air quality stations (Lyamani et al., 2010).

In this work, a rough estimation of SC for both the front and back faces of all studied
calcarenites was computed based on PM10 concentrations. The results are shown in Table 4.

SC values for the front faces ranged from 2.8 to 6.0 x 107 days™* pug™?m*? (higher in

polluted sites) whereas in back faces the range was wider (0.7 to 6.4 x 10~ days™* pg™*m*?
These values are comparable (though lower) to those values obtained for other types of

bioclastic calcarenite placed in urban conditions in Atlantic (from 8.8 to 10.2 x 107 days™?

3/2 32

ngm*?) and continental climates (from 5.0 to 8.1 x 107 days™”? ug?m*?) (Grossi et al.,
2003). Furthermore, as Table 4 shows minor differences in SC were found between the front
and back faces of all stones except the one placed at site 2. Considering that SC refers to the
soiling capability of a stone and thus is independent of time and TSP concentration, the
differences noticed here should be attributed to other(s) factor(s). As mentioned above
differences in surface roughness between the front and back faces due to different conditions

of exposure controlling stone differential erosion would play an important role.

On the other hand, the knowledge of SC is important to design cleaning policies if the

aesthetic threshold of the lightness is provided (usually assumed to be AL = 35%, as
described in Grossi et al., 2003 and Brimblecombe & Grossi, 2005). In this study a rough
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appraisal of calcarenite cleaning frequency was done considering the highest estimated SC
value (6.4 x 107 days™? pg™"?m*?, Table 4) and a constant PM10 concentration of 40 pgm™.
Thus a reduction of 35% of the initial SP calcarenite lightness will happen after 17 years to

urban exposure in Granada requiring cleaning actions.

9.3.4. Gypsum crust formation

Gypsum crusts (i.e. black crusts) were found in all sites with the exception of site 2. The
occurrence of gypsum was confirmed by means of micro-Raman spectroscopy as shown in
Fig. 8. SEM observation revealed that gypsum crystals varied from tabular (rose-shape) to
more massive morphologies (Fig. 9). Small and euhedral (well-formed crystals) calcite
rombohedrons (up to 5 um) were often seen mantled by the gypsum crust. More likely the

occurrence of these euhedral calcite crystals may result from the disintegration of the calcitic
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Figure 8. Raman spectrum of the stone crust showing the occurrence of a
mixture of gypsum (Gp) and calcite (Cal).
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matrix, however it cannot be discharged to result from dissolution-precipitation processes
associated to the gypsum crust formation. Fig. 9 shows two SEM images of the aged
calcarenite tablet (back face) placed at site 1 (high polluted area) during the ageing test. The
gypsum crust was developed after the first year of exposure, with mean value of gypsum
crystal size of 4.7 £ 1.4 um (Fig. 9a). After the second year of exposure more abundant and
bigger gypsum crystals, up to 12 pm, were formed as observed in Fig. 9b (and corresponding

histogram).

Size distribution
1 year

Count

2 4 6 8 10 12
Gypsum maximum length (pm)

2 year

2 4 6 8 10 12
Gypsum maximum length (um)

Figure 9. SEM images showing the black crust formed on the back surface of the calcarenite
tablet placed at site 1 (high polluted area) after (a) one year and (b) two years of urban
exposition. Note the tabular and more massive gypsum crystals developed after two years of
test. Right: histograms obtained by image analysis from the corresponding SEM pictures
showing gypsum crystal size distribution.
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At the end of the test the thickness of all gypsum crusts were determined by means of
SEM-EDX elemental mapping obtained from thin sections elaborated normal to the aged
stones. Fig. 10 shows a false-color mineral map elaborated from a SEM-EDX elemental
mapping of the aged calcarenite placed at site 1 (back face). It can be observed that the
gypsum crust formation is controlled by the surface roughness of the stone, which is
eventually related to the occurrence of bioclasts with intraclastic porosity. Here the thickness
of the gypsum crust attained ca. 50 um (Fig. 9a), though thickness ca. 100 pm were found in
the front face of other calcarenites. Gypsum crystals also were detected filling calcarenite
pores at depths of ca. 500-700 um (Fig. 9a and b). Average spectra (Fig. 9a, b) obtained from
the gypsum crust indicate the occurrence of Si, Al, K and C suggesting that mineral dust

particles and soot particles are mixed with the gypsum to form the black crust.

SEM-EDX maps
(a)

Figure 10. False-color mineral maps elaborated from SEM-EDX elemental mappings from thin
sections cut normal to calcarenite tablet place at site 1 (back face). Pistachio represents calcite
and blue gypsum. (a) Gypsum crust is preferentially developed over bioclasts. (b) Gypsum crust
is irregularly developed on the surface of a large cavity and filling deeper porous. Right:
corresponding average spectra of gypsum-rich areas (blue areas).
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9.4. Concluding remarks

In this work the black soiling of the building Escuzar calcarenite (i.e. limestone) was
estimated after a long-term exposure (ca. 2 years) under different contaminated urban
conditions in the city of Granada (Southern Spain). The final goal was to evaluate the
Cultural Heritage suitability of this stone to replace similar historic limestones in monuments
in Andalusia, and its endurability in present civil buildings. The soiling process was studied
by measuring variations in chromatic parameters, particularly in lightness (L*, whose
decrease indicates blackening of stones) on the front (rain-unsheltered) and back (rain-
sheltered) calcarenite faces. Atmospheric particles responsible for stone soiling also were
analyzed. Results revealed that soot particles (black carbon particles) and soil dust particles
were the most abundant particles in the Granada air intensifying the stone darkening. After
the first year of urban exposure, gypsum crusts developed on both front and back calcarenite
faces in all tested sites with diverse pollution levels (except one site). Calculated total soiling
(AL*) corroborated black soiling of stones in all sites, though particularly at the most
polluted areas and on rain-unsheltered (front) stone faces. In fact, on front faces surface
roughness was higher than in back faces, fostering more intense differential erosion which in

turn promotes a feedback process that would trigger further black soiling.

In a two years time span of exposure to the urban environment of Granada, rain-
sheltered and unsheltered calcarenite surfaces placed in all sites (except one), surpassed the
2% EAC value (percentage of stone area covered by black particles or effective area
coverage) which is considered to be the limit perceptible for the human eye. Indeed the EAC
values obtained in this work range from 7.8 to 20.4%. The soiling coefficient (used to predict
the frequency of stone cleaning practices) calculated in this work suggested that the Escuzar
calcarenite will suffer a 35% reduction of its lightness after ca. 17 years to urban exposure in
Granada, then requiring cleaning actions. This kind of study would help restorers to be aware
of the most vulnerable areas for architectural stones in polluted cities. Furthermore, cleaning

policies can be better planned based on these valuable data.
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Chapter 10

GENERAL CONCLUSIONS and
FUTURE WORK PERSPECTIVES

General conclusions

This last chapter briefly summarizes the main conclusions of this PhD Thesis, which
address the physico-chemical decay of carbonate stones caused by air pollution and mineral
dissolution processes. This PhD study focused on the city of Granada (Southern Spain) as an
outstanding example where carbonate stones constitute a considerable part of its
Architectural Heritage. Therefore, most of its historic buildings are exposed to weathering,
mainly caused by mineral dissolution-precipitation processes and atmospheric aerosols

impact in this medium-polluted urban environment.

This PhD Thesis presents a detailed petrographic and physico-mechanical
characterization of two fresh carbonate stones (Escuzar calcarenite and Olivillo travertine)
which are currently quarried and can potentially replace two stones extensively used in the
architectural heritage of Granada, i.e. La Escribana calcarenite and Alfacar travertine
respectively. As a common practice in restoration works, strongly weathered stones from
historic buildings are usually replaced. When it is possible the stone is replaced by the same

material (if the ancient/historic quarry is known and still active) or most frequently by
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similar geological materials. The petrophysical characterization of the latter materials is
crucial for restorers and conservators to better design replacement strategies when a
deteriorated stone building of cultural interest needs to be repaired. The comparison of the
physical properties of the Escuzar calcarenite and the Olivillo travertine with those from the
original/historic quarries has enabled to establish their suitability as replacement stones. The
Escuzar calcarenite has larger pore cavities and higher open porosity than La Escribana
calcarenite. From a chromatic point of view both calcarenites are rather similar. This is of
particular interest because the stone replacement would have no detriment to the overall
aesthetic view of the repaired historic building or monument. Nevertheless, the higher
anisotropy of the Escuzar calcarenite and, to a lesser extent its different hydraulic behavior
must be taken into account in restoration projects. Regarding, the Olivillo travertine, this
stone exhibits much lower free water absorption/desorption and effective porosity values
than the historic Alfacar variety, along with higher Young’s modulus indicating the excellent
mechanical properties of the Olivillo stone. However, the significant chromatic differences
between both travertines point to reduced suitability of the Olivillo travertine as substitutive

material for the Alfacar stone.

In addition to the above described intrinsic factors related to the physico-mechanical
properties stones, extrinsic factors also play an important role in the weathering of stones
under polluted urban conditions. Extrinsic factors are associated (among other agents) with
concentrations of atmospheric gaseous pollutants, and composition, size and morphology of
particulate matter which interacts with the stone surface. Furthermore these extrinsic factors
are different at indoor and outdoor environments and can be highly variable at different sites
of a city. In this Thesis the constraining of these parameters at indoor and outdoor conditions
was performed at the monastery of San Jerénimo in Granada (Southern Spain). This is the
first air quality study performed in a monument in the city of Granada with the aim of
developing a strategy for preventive conservation. Moreover, it should be note that other
research groups from the University of Granada study atmospheric aerosols, though mainly
focusing on their optical and physical properties and concentrations of gaseous pollutants.

Thus, the contribution of this Thesis to the knowledge of the elemental and mineralogical
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composition, and morphological characteristics of particulate matter in the city of Granada is

noteworthy.

Abundant soil dust particles (aluminosilicates, calcite, dolomite, quartz and clay
minerals) and ca. 9% of black carbon particles (soot particles) were detected outside the
monastery of San Jeronimo. Chloride, sulfate and ammonium-rich salts and minor amounts
of Br and spherical Fe-rich particles (related to traffic) were also observed. Inside the church
of San Jeronimo, relatively high NO, and SO, concentrations were detected, implying an
indoor—outdoor air exchange. Particulate matter composition at indoor air was similar than
outside though inside the building high levels of S, Pb, and chloride- and sulfate-rich
aerosols were identified. These findings suggest that the source of these particles is related to
the intense weathering of the construction and decorative materials of the church, as well as
the copious efflorescences in its interior. Indeed, chemical reactions between chloride-rich
salts and Fe-rich pigments from the paintings were identified through the recognition of iron
chloride particles. All of these particles promote a feedback process that triggers further
weathering of the mentioned indoor materials. Moreover, it was found that the unfortunate
cleaning habits (i.e. dusting) in the monastery fostered blackening of distant and isolated
surface decorative materials via particle re-suspension. On the other hand, an important
finding in this investigation was the detection of marine aerosols (mainly in the form of aged
salts, Ca—K—S and Ca—Na—K-S particles) as part of middle sized and coarse fraction of the
particulate matter at outdoor conditions. This demonstrates that, in fact, influx of marine
particles due to the prevailing S and SW wind patterns enables the transport of sea-salt
particles towards the city of Granada (ca. 50 km from the Mediterranean Sea). Although in
low quantities, these particles may interact with stone surface and led to weathering due to

moist/dry cycles.

Therefore, the effect of marine aerosol on the decay of diverse carbonate stones was
experimentally reproduced in a controlled chamber in order to understand how these salt
dissolution and precipitation cycles led to salt damage of stone material. Additionally, this
ageing test was performed on two contrasting stone finishing surfaces, namely rough and

polished surfaces, with the aim to survey the effect of commercial finishing. The results
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reveal that the polished finishing of studied Olivillo travertine is combined with a gypsum-
based plaster and an epoxy silicone resin infilling that protects the travertine against marine
salt corrosion. On the basis of surface fractal dimension analyses, it is clear that this finishing
process effectively blocks the pore system in the near-surface zone of the travertine, thus
preventing penetration of the sea-salt spray into the stone. By contrast, on the irregular rough
travertine surfaces, salt crystallization was more abundant and induced larger open porosity
which in turn makes it more vulnerable to further salt spray attack. On the one hand, this
work emphasizes the need to perform ad hoc, realistic long-term salt-spray ageing tests on
construction and decorative materials for the design of proper processing, protection,
maintenance and intervention protocols for civil and historic buildings. On the other hand,
this study aware that prior to establishing conservation or maintenance practices, it is
advisable to characterize the materials used in filled stones, since undesirable infilling

products such as gypsum can activate weathering mechanisms.

In addition, the same test was also applied to a compact, low porous dolomite bearing
limestone (Sierra Elvira limestone). It was found that contrasting sequence of salt
precipitation and allied morphologies were developed on polished and rough limestone
surfaces. The obtained results suggested that the stone surface finishing strongly controlled
the absorption of the sea-salt spray and salt crystallization onto the stone surface. Detailed
observation of the limestone surface after the ageing test also revealed the occurrence of
micropitting on calcite cleavage surfaces, thus indicating active dissolution processes of
carbonates. This chemical interaction was, however, more limited for dolomite where
dissolution evidence on its surfaces was far less common. Chemical dissolution and
crystallization of soluble salts in building materials play a critical role in the decay of
carbonate stone. However the physical and chemical processes behind this decay are not

completely well understood especially in carbonate minerals such as dolomite.

Literature agrees that dolomite dissolution reaction is complex compared to other
common carbonates. To improve our knowledge of the nanoscale processes governing
dolomite-fluid interactions, a systematic in situ Atomic Force Microscopy (AFM) study was

performed in this PhD Thesis to estimate the dissolution rate of dolomite in the pH range 3-
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10. All previous nanoscale studies of dolomite dissolution rates were conducted at fixed pH
conditions and, to date, a systematic study of the dependence of dissolution rates on pH as in
the case of macroscopic flow-through or batch reaction experiments was not reported. The
results of this study showed that the overall dolomite dissolution rate was controlled by the
removal of dolomite layers by spreading and coalescence of shallow etch pits, nucleated at
point defects and/or in defect-free areas. Moreover, results also suggested that at all pH (and
mainly at pH < 5) and under conditions of relatively slow solution flow, dolomite dissolves
via a dissolution-precipitation reaction with the formation of an Mg-rich surface precipitate
(most probably nesquehonite MgCO;-:3H,0). The growth of this new phase occurred by
lateral spreading of 3D islands leading eventually to their coalescence, without a significant
increase in their height. This finding is crucial to better understand the kinetics and
mechanisms of carbonate dissolution which may help to determine the contribution of
carbonate-fluid reactions to the global carbon cycle and CO, sequestration strategies, as well

as to design new methods that mitigate the effects of acid rain on carbonate stones.

The danger to the Cultural Heritage from air pollution comes from several main sources
such as the crystallization of soluble and insoluble salts inside the porous network, the
increasing of corrosion induced by gases from the atmosphere, and the soiling of light
colored stone surfaces due to black particles. They eventually lead to undesired chromatic
changes, stone disaggregation, surface recession and development of black crust, among
other deterioration forms. The above issues are addressed in the literature by combining (1)
ad hoc experiments under controlled laboratory conditions, and (2) detailed observations of
already weathered construction materials from polluted cities. However to unsure
measurable results in relatively short times, these experiments are usually conducted under
extreme environmental conditions which are usually far from those prevailing in urban
conditions. Therefore a direct extrapolation to the nature is not simple and leads to several
uncertainties in the estimation of decay rates which are an important issue in the

sustainability of Cultural Heritage.

The last part of this PhD Thesis is aimed to investigate the black soiling of the Escuzar

calcarenite (used to replace similar historic carbonate stones in monuments in Andalusia
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such as the Cordoba mosque) under Granada urban air during a long-term exposure test
(period of 2008 and 2009). The soiling process was studied by measuring changes in
lightness, L* (whose decrease indicates stone blackening) on rain-unsheltered and sheltered
stone faces placed at four sites with a priori contrasting local pollution micro-environments.
Atmospheric particles (responsible for stone soiling) deposited on the stone surfaces and
filters also were analyzed. Soot particles (black carbon particles) and soil dust particles
(phyllosilicates and clay minerals mixed with NaCl, Ca-sulfate salts and C-rich particles)
were the most abundant particulate matter, intensifying stone darkening. Gypsum crusts
developed on both the front and back calcarenite faces in all tested sites (except one) after
one year of urban exposure mainly over calcarenite intraclast porosity. Indeed total soiling
(AL*) corroborated black soiling of stones at all sites, particularly in the most polluted areas
(heavy traffic and proximity to metropolitan construction), and on rain-unsheltered (front)
stone faces. On the front faces high surface roughness foster more intense differential
erosion than in back faces, which in turn promote a feedback process that trigger further

black soiling.

In a two years time span of exposure to the urban environment of Granada, both rain-
sheltered and unsheltered calcarenite surfaces placed in all sites (except one), surpassed the
2% EAC value (percentage of stone area covered by black particles or effective area
coverage) which is considered to be the limit perceptible for the human eye. Indeed the EAC
values obtained in this work ranged from 7.8 to 20.4 %. The estimated soiling coefficient
(used to predict the frequency of stone cleaning practices) suggested that the Escuzar
calcarenite will suffer 35 % reduction of its lightness after ca. 17 years to urban exposure in

Granada, then requiring cleaning actions.

All results presented in this PhD Thesis have been obtained by means of multianalytical
approaches from nano- to macroscale. The use of numerous complementary techniques is
essential to understand in depth the chemical and physical factors controlling stone decay.
They include conventional techniques (e.g. XRD, SEM-EDX, porosity, ultrasonic or
chromatic measurements), and more advanced analytical techniques such as micro-Raman

spectroscopy and cutting-edge techniques like AFM or VSI.



Conclusions and future perspectives

Future Perspectives

Cultural Heritage Science comprises several research fields that involve an increasing
number of specialists from different backgrounds. The transfer of knowledge from different
disciplines is still challenging but future collective efforts can enhance our knowledge to find
the most suitable strategies for preservation of our cultural legacy under urban polluted
conditions. One of the main issues for an effective Cultural Heritage sustainability that need
to be addressed in the future is to find the link between experimental data on stone decay rate
and decay rate under actual urban environment. For instance, carbonate dissolution rates are
fairly well known under well constrained laboratory conditions but their extrapolations to
weathering rates of historic building made of carbonate stones are still poorly constrained.

Accordingly two approaches should be followed:

e Identification of the main variables that control carbonate dissolution prevailing at
different scales (from the experimental nanoscale to the macroscopic scale of the
building stone). On this regard, vertical scanning interferometry (VSI) is a promising
technique that will provide in the next future the unique opportunity to link
nanoscale observations (e.g. AFM) and bulk dissolution experiments (e.g. batch
reactors).

e Monitoring of the main identified variables controlling the decay rate at the sites

where weathering under polluted environments is taking place.

Whereas the first point requires a considerable investment in instrumental equipment,
the second point is relatively easy to tackle. Surprisingly there are still little systematic in
situ studies in urban conditions addressing this issue. The indoor and outdoor monitoring of
atmospheric gases and sampling of particulate matter in outstanding historic buildings for
instance, is an essential step on this matter. Long-term studies, similar to those presented in
this PhD Thesis, will be also of benefice. More ambitious in situ experiments could also
include the estimation of precise soiling rates by placing stone samples near to existing air
quality station and additionally monitoring other important variables such as pluviometry or

sun irradiation. The latter has been traditionally neglected but the direct effect of sun
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irradiation, especially in cities like Granada with hot summers and an important daily
thermal amplitude, contributes to a great extend to aesthetic chromatic modifications. The air
quality station network of Granada has one station located at the Granada coast (Motril).
Long-term studies on this station are very important to understand how the decay pattern and
decay rates are modified due to higher influence of marine aerosols related to the inland

situation of the city of Granada.

On the other hand, in situ observations of gypsum and allied black crust development
are required to better understand the details of this process, which include complex mineral
dissolution and precipitation steps. The use of novel analytical techniques of micro-sized
precipitates observed in nature such as the structural and chemical analyzer namely SCA by
Renishaw (use of VPSEM and Raman spectroscopy in tandem), will improve our ability to
characterize more precisely minor mineral phases like oxalates in black crusts, in addition to
organic compounds. Moreover this technique also permits to identify the spatial distribution
of precipitate phases through micro-Raman mapping. Therefore, the distribution of soot
particles on the surface and its connection with gypsum development can be easily tracked

even at slow reaction rates that are typical of urban conditions.



Chapter 11

CONCLUSIONES GENERALES y
PERSPECTIVAS FUTURAS

En este ultimo capitulo se presentan de manera resumida las principales conclusiones
derivadas de esta Tesis Doctoral, en la que se ha abordado el estudio del deterioro fisico-
quimico de rocas carbonatadas como consecuencia de la contaminacion atmosférica y los
procesos de disolucion mineral. Este trabajo doctoral se ha centrado en la ciudad de Granada
(Sur de Espafia) ya que esta ciudad alberga una gran cantidad de Patrimonio Arquitecténico
construido con rocas carbonatadas. Es por ello que la mayoria de estos edificios estan sujetos
a alteracion, principalmente debido a procesos de disolucion-precipitacion asi como al

impacto de la contaminacion atmosférica existente en el contexto urbano de esta ciudad.

En primer lugar, este trabajo de investigacion presenta una detallada caracterizacion
petrofisica y fisico-mecanica de dos rocas carbonatadas (la calcarenita de Escuizar y el
travertino Olivillo) explotadas en la actualidad, y que potencialmente pueden utilizarse como
material de sustitucion de rocas tradicionalmente utilizadas en el Patrimonio Arquitectdnico
de Granada, i.e. la calcarenita de /la Escribana y el travertino de Alfacar, pero también de
otros monumentos de Andalucia. Una practica habitual en los trabajos de restauracion es el
reemplazamiento de materiales altamente deteriorados. Cuando es posible, las partes

alteradas son sustituidas por el mismo material (cuando la cantera original se conoce y sigue
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siendo activa en la actualidad) o, de manera mas habitual, son sustituidas por materiales
geologicos similares. En el ultimo caso, la caracterizacion petrofisica de los materiales que
potencialmente se pueden utilizar en la sustitucidn es crucial para que arquitectos y

restauradores disefien estrategias Optimas de reemplazamiento.

La comparacion de las propiedades fisicas de la calcarenita de Escuzar y del travertino
Olivillo con los materiales procedentes de las canteras historicas ha permitido establecer la
idoneidad de estas rocas como material de sustitucion. La calcarenita de Escuzar posee
cavidades de mayor tamafio, asi como una mayor porosidad comparadas con la calcarenita
de la Escribana. Desde el punto de vista cromatico ambas calcarenitas son muy similares.
Este hecho es de particular interés ya que el reemplazamiento de un material pétreo por otro
no debe producir un detrimento en la percepcion estética del edificio o monumento que ha de
ser reparado. Sin embargo, la mayor anisotropia de la calcarenita de Escuzar y, en menor
medida, las diferencias de comportamiento hidrico deben ser tenidas en cuenta en los futuros
proyectos de restauracion. Por su parte, el travertino Olivillo exhibe una menor capacidad de
absorcion/desorcion libre de agua, asi como una menor porosidad efectiva en relacion al
travertino tradicional de Alfacar. A estas propiedades se le une el hecho de que la piedra
Olivillo presenta mayores valores del médulo de Young indicando unas excelentes
cualidades mecanicas. Sin embargo las importantes diferencias cromaticas entre los dos
travertinos reducen la idoneidad del travertino Olivillo como material de reemplazamiento de

la piedra de Alfacar.

Ademas de los factores intrinsecos relacionados con las propiedades fisico-mecanicas
mencionados anteriormente, determinados factores extrinsecos juegan un papel primordial
en el deterioro de la piedra en ambientes urbanos contaminados. Los factores extrinsecos
estan asociados (entre otros agentes) con la concentracion de gases contaminantes en la
atmosfera, asi como con la composicion, tamafio y morfologia de las particulas en
suspension que interaccionan con la superficie de la roca. Ademas, estos factores extrinsecos
difieren en el interior y exterior de edificios historicos y pueden variar de manera
considerable en diferentes puntos de la ciudad. En esta Tesis Doctoral varios de estos

parametros se han cuantificado en el ambiente interior y exterior del monasterio de San
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Jerénimo, en la ciudad de Granada. Este es el primer estudio de este tipo realizado en esta
ciudad con el objetivo de desarrollar politicas preventivas de conservacion. Cabe destacar
que otros grupos de investigacion de la Universidad de Granada estan activamente
involucrados en el estudio de aerosoles atmosféricos, aunque principalmente enfocados en su
caracterizacion a través de sus propiedades Opticas, asi como en la determinacidon de la
concentracion de gases contaminantes. Es por ello que esta Tesis, que presenta datos sobre la
composicion elemental, mineraldgica y caracteristicas morfologicas de las particulas en

suspension de la ciudad de Granada, contribuye a un mejor conocimiento de las mismas.

En esta investigacion se han detectado abundantes particulas de polvo terrigeno (soil
dust particles), i.e. aluminosilicatos, calcita, dolomita, cuarzo y minerales de arcilla y
aproximadamente un 9% de particulas carbonaceas (hollin) en el exterior del monasterio de
San Jeronimo. Asi mismo se han identificado aerosoles compuestos por cloruros, sales
sulfatadas y sales ricas en amonio, y cantidades menores de Br y particulas esféricas ricas en
hierro que deben relacionarse con el trafico. Dentro de la iglesia de San Jeronimo, se han
detectaron cantidades relativamente altas de NO, y SO,, indicando un eficiente intercambio
de aire entre el exterior e interior del edificio. La composicion de las particulas en
suspension fue similar a la observada en el exterior, con la salvedad de altos niveles de S, Pb
y aerosoles ricos en cloruros y sulfatos. Estas observaciones sugieren que el origen de estas
particulas esta relacionado con una intensa alteracion de los materiales de construccion y
decorativos de la iglesia, asi como de numerosas eflorescencias de sales solubles e insolubles
en su interior. De hecho se han identificado particulas de cloruro ferroso como producto de
reaccion entre las sales ricas en cloruro y los pigmentos a base de hierro procedentes de las
pinturas del templo. Todas estas particulas propician un proceso de retroalimentacion que
produce a su vez una mayor degradacioén de los materiales mencionados del interior de la
iglesia. Igualmente, se ha observado que los desafortunados habitos de limpieza en el
monasterio propician el ennegrecimiento de sus materiales constructivos y decorativos,
incluso en zonas distantes y aisladas debido a la resuspension de particulas. Por otra parte un
hallazgo importante fue la determinacion de aerosoles marinos (principalmente en forma de
sales marinas evolucionadas, y particulas de Ca-K-S y Ca-Na-K-S) en la fraccion media y

gruesa de las particulas en suspension en el exterior del edificio. Esto demuestra que los
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vientos predominantes del S y SO permiten el transporte de aerosoles marinos desde la costa
a la ciudad de Granada, situada a unos 50 km del mar Mediterraneo. Aunque en bajas
cantidades, estas particulas pueden interaccionar con la superficie de la roca y ocasionar su

deterioro como consecuencia de ciclos de humedad y secado.

Por otra parte, para poder comprender el efecto que los ciclos de disoluciéon y
precipitacion de estos aerosoles marinos tienen en el deterioro de rocas carbonatadas, en esta
Tesis se ha realizado un estudio experimental de envejecimiento en una camara de niebla
salina. Los ensayos de deterioro se realizaron sobre las rocas carbonatadas estudiadas con
dos acabados superficiales diferentes, i.e. superficie pulida y rugosa, con el objetivo de
determinar el efecto del acabado comercial en la degradacion del material. Los resultados
han revelado que el proceso de pulido comercial del travertino Olivillo esta combinado con
un relleno de los poros mediante una masilla que contiene yeso y una resina de silicona. A
partir del analisis de la dimension fractal de la superficie del entramado poroso del
travertino, se ha comprobado que el proceso de pulido produce una reduccion del sistema
poroso cerca de su superficie, y por tanto evita la penetracion del aerosol marino. Por el
contrario, en la superficie irregular del acabado rugoso la cristalizacion de sales es mucho
mas abundante como consecuencia de una mayor porosidad libre que hace que este acabado
sea mas vulnerable al ataque del spray marino. Por otra parte, este trabajo pone de relieve la
necesidad de realizar experimentos especialmente disefiados y de larga duracion sobre
materiales decorativos y de construccion con el fin de evaluar su respuesta frente a agentes
de alteracion. Los resultados de estos experimentos deben permitir disefiar protocolos de
procesamiento, proteccion y mantenimiento de los materiales pétreos que constituyen las
edificaciones histdricas y civiles. Ademas este estudio enfatiza la importancia de caracterizar
las masillas utilizadas por los fabricantes para rellenar los poros de rocas muy porosas (como
el travertino), ya que la presencia de productos indeseables como el yeso puede activar

procesos de alteracion a medio plazo.

El test anterior ha sido aplicado también a una caliza compacta de baja porosidad y con
cantidades apreciables de dolomita (caliza de Sierra Elvira). Se ha encontrado que la

secuencia de cristalizacion y morfologia de las sales precipitadas difiere entre las superficies
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rocosas pulidas y rugosas. Los resultados obtenidos sugieren que el acabado superficial de
las rocas controla fuertemente la absorcion del spray marino y la cristalizacion de sales en
superficie. Igualmente se ha puesto de manifiesto la accion de procesos de disolucion
mediante la existencia de micropicoteos (micropitting) en las superficies de exfoliacion de la
calcita tras el test de envejecimiento. Sin embargo, esta alteracién quimica ha sido mas
limitada en el caso de los cristales de dolomita, donde apenas se han encontrado evidencias
de procesos de disolucion. La disolucion quimica y la cristalizacidon de sales solubles en el
seno de materiales utilizados en la construccion juegan un papel critico en el deterioro de
materiales rocosos carbonatados. No obstante, los procesos fisicos y quimicos asociados a
este deterioro aun no son del todo conocidos para el caso de rocas carbonatadas como la

dolomita.

Existen numerosos estudios que demuestran que la reaccion de disolucion de la
dolomita es mucho mas compleja que la de otros carbonatos comunes como, por ejemplo, la
calcita. Para tratar de comprender las complejas interacciones que tienen lugar en la interfase
fluido-dolomita, se ha realizado un estudio sistematico a nanoescala utilizando un
microscopio de fuerza atémica (AFM), determinandose la cinética y mecanismo de
disolucion de la dolomita en soluciones con pH comprendido entre 3 y 10. Todos los
estudios previos sobre la disolucion de la dolomita a nanoescala se habian realizado para un
valor de pH fijo y, hasta la fecha, no se habia realizado un estudio sistematico que
relacionase velocidades de disolucion con el pH, como en el caso de los experimentos de
disolucién en reactores de flujo. Los resultados de este trabajo muestran que la velocidad de
disolucion de la dolomita estd controlada por la eliminacion de capas atomicas mediante la
propagacién y coalescencia de pozos de disolucién que nuclean en areas libres de defectos.
Por otra parte, los resultados sugieren que a todos los pH (y principalmente para pHs
menores de 5) y bajo condiciones de flujo lento de la solucion, la dolomita se disuelve
mediante reacciones acopladas de disolucion-precipitacion que conllevan la formacion de un
precipitado superficial rico en magnesio (muy probablemente nesquehonita MgCO;-3H,0).
El crecimiento de esta nueva fase tuvo lugar por la propagacion lateral y coalescencia de
islas tridimensionales, sin un incremento significativo de su altura. Esta observacion es

crucial para poder comprender la cinética y los mecanismos de disolucion de carbonatos que
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pueden ayudar a determinar de la contribucion de las reacciones fluido-carbonato en el ciclo
global del carbono y en estrategias de secuestro de CO,, asi como para poder disefiar nuevos

métodos para mitigar el efecto de la lluvia acida sobre rocas ornamentales carbonatadas.

El impacto de la contaminacion atmosférica en el Patrimonio Arquitectonico se debe a
varias causas, como son la cristalizacion de sales solubles e insolubles dentro del sistema
poroso rocoso, el aumento de corrosiéon inducida por gases atmosféricos, y el
ennegrecimiento de las superficies pétreas debido al deposito de particulas contaminantes.
Estas particulas finalmente causan cambios cromadticos no deseados, desagregacion del
material pétreo, erosion de la superficie y el desarrollo de costras negras, entre otras formas
del deterioro. Los problemas mencionados anteriormente se intentan resolver mediante (1)
aplicacion de experimentos ad hoc en el laboratorio en condiciones climaticas controladas, y
(2) observaciones detalladas de los materiales de construccion ya alterados por
contaminantes atmosféricos. Sin embargo, para obtener resultados relevantes en un corto
periodo de tiempo, estos experimentos se llevan a cabo normalmente en condiciones
ambientales extremas que muchas veces no se acercan a las condiciones reales urbanas. Por
tanto, la extrapolacion directa de datos del laboratorio a los obtenidos en la naturaleza no es
facil y suele conllevar incertidumbres en la estimacion de los grados de deterioro, que son

importantes para la sostenibilidad del Patrimonio Arquitectonico.

La ultima parte de esta Tesis Doctoral presenta el estudio del proceso de
ennegrecimiento de la calcarenita de Escuzar (usada para reemplazar similares materiales
pétreos en monumentos de Andalucia, como es el caso de la Mezquita de Cérdoba) expuesta
a las condiciones urbanas de la ciudad de Granada durante un periodo de 2 afios (2008 y
2009). El proceso de ennegrecimiento se ha estudiado a través de las medidas de cambios de
luminosidad, L* (la disminucion indica el ennegrecimiento de la piedra) en caras rocosas
expuestas y protegidas de la lluvia de los materiales pétreos colocados en cuatro sitios de la
ciudad con contrastados microclimas y contaminacion local. Se han analizado las particulas
atmosféricas (responsables para el ennegrecimiento pétreo) depositadas en las superficies de
las muestras de calcarenita, y en filtros especificos para tal fin. Las particulas de hollin (soot,

i.e. particulas carboniceas) y de polvo terrigeno (soil dust particles, e.g. filosilicatos y
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minerales de arcilla mezclados con NaCl, sales de sulfatos de Ca y particulas ricas en
carbono) fueron las particulas solidas mas abundantes identificadas, las cuales contribuyen
decisivamente al ennegrecimiento del material pétreo. Tras un afio de exposicion en la
atmosfera urbana granadina se desarrollaron costras de yeso en ambas caras de la calcarenita
(expuestas y protegidas de la lluvia) en todos los sitios examinados (excepto en aquel donde
la contaminacion es menor). Las costras de yeso se formaron principalmente en las zonas de
la calcarenita con porosidad intraclastica, e.g. en los bioclastos, frente a las zonas de matriz.
El ennegrecimiento total (AL*) estimado confirm6 el oscurecimiento de todas las
calcarenitas estudiadas, particularmente de las que estaban expuestas a las zonas mas
contaminadas (con trafico intenso y cercanas a la construccion del tranvia metropolitano) y
no protegidas de la lluvia. Los resultados han revelado que en las caras frontales la elevada
rugosidad superficial ha favorecido una erosion diferencial mas intensa que en las caras
posteriores (protegidas de la lluvia). Este hecho promueve un proceso de retroalimentacion
en las caras frontales por cuanto favorece a su vez la intensificacion de los procesos de

alteracion superficial por ennegrecimiento (black soiling).

En un plazo de tiempo de exposicion de 2 afios en la atmdsfera urbana de la ciudad de
Granada, se ha encontrado que todas las calcarenitas ensayadas (tanto en sus caras protegidas
de la lluvia, como las expuestas), excepto en el emplazamiento urbano menos contaminado,
han sobrepasado el limite del 2 % permitido de area de piedra cubierta por particulas negras
o area de cobertura efectiva (EAC) que corresponde al valor perceptible de ennegrecimiento
por el ojo humano. De hecho los valores obtenidos en esta tesis, comprendidos entre 7.8 % y
20.4 % (segun los sitios estudiados) sobrepasan con creces tal limite. El coeficiente de
ennegrecimiento (soiling coefficient, usado para predecir la frecuencia de limpieza de los
materiales pétreos) calculado en esta investigacion sugiere que la calcarenita de Escuzar
sufrird una reduccion del 35 % de su luminosidad inicial (limite establecido para iniciar
practicas de limpieza) tras aproximadamente unos 17 afios de exposicion a la atmodsfera

urbana de la ciudad de Granada.

Los resultados obtenidos en esta Tesis Doctoral se han obtenido aplicando una

combinacion de técnicas analiticas tanto convencionales como novedosas que abarcan desde
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la informacidn a nanoescala a la macroescala. El uso de técnicas analiticas complementarias
es fundamental para entender en profundidad los factores fisico-quimicos que controlan la
alteracion de rocas. Entre estas técnicas cabe mencionar las técnicas convencionales como la
difraccion o fluorescencia de rayos-X, las microscopias Opticas y electronicas como el
SEM;-EDX y el TEM, las medidas de porosidad, ultrasonidos y cromaéticas de las rocas), asi
como técnicas analiticas mas novedosas (e.g. microscopia Raman) o de ultima generacion
como la microscopia de fuerza atomica (AFM) o las técnicas de interferometria de barrido

vertical (VSI).

Perspectivas futuras de trabajo

Actualmente, la ciencia del Patrimonio Cultural involucra varios campos de
investigacion y a un niimero creciente de especialistas con diferentes formaciones cientificas
y académicas. La transferencia de conocimiento entre estos campos de investigacion no
siempre es sencilla pero los esfuerzos de colaboracion permitiran en el futuro un gran avance
en nuestra capacidad para encontrar las estrategias mas adecuadas para proteger nuestro
legado cultural en ambientes contaminantes como el urbano. Uno de los puntos clave para
una mejora en la sostenibilidad del Patrimonio Arquitectonico que necesita ser abordado en
el futuro, es la busqueda de factores de escala entre los datos experimentales sobre la
velocidad de deterioro y la velocidad de degradacidon en ambientes urbanos reales. En este
sentido, a pesar de que las velocidades de disolucidon de carbonatos son relativamente bien
conocidas en condiciones experimentales de laboratorio, su extrapolacion en velocidades de
deterioro en edificios historicos construidos con rocas carbonatadas es ain, hoy dia, muy
limitada. Dos aproximaciones podrian seguirse para poder abordar esta problematica en el

futuro:

e Identificacion de las principales variables que controlan la disolucién de carbonatos
teniendo en cuenta varias escalas espaciales de observacion (desde la escala
nanoscoépica experimental a la escala macroscopica de la piedra de construccion). En

este sentido, la interferometria vertical de barrido (VSI) es una técnica prometedora,
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ya que permitira relacionar las observaciones a nanoescala (e.g. AFM) con los
experimentos de disolucion en reactores de flujo.
e Monitorizacion de las variables identificadas que controlan la velocidad de deterioro

en aquellos lugares del ambiente urbano donde la alteracion esta teniendo lugar.

Mientras que el primer punto requiere una considerable inversion en equipamiento
instrumental, el segundo es relativamente facil de ejecutar. Sorprendentemente, atin existen
pocos estudios sistematicos in situ que aborden este aspecto en condiciones urbanas. La
monitorizacion de los gases atmosféricos y el muestreo de las particulas en suspension en
zonas de interior y exterior de edificios historicos significativos es un paso esencial en este
sentido. Asimismo, estudios in situ de alteracion a largo plazo, como el presentado en esta
Tesis Doctoral pueden ser muy utiles para avanzar en este aspecto. En el futuro se podrian
abordar estudios in situ de este tipo mas ambiciosos, con el objetivo de poder estimar
coeficientes de ennegrecimiento (soiling coefficient) mas precisos colocando muestras
(pétreas y de otro tipo de material historico) cerca de estaciones de calidad del aire, y
monitorizando otras variables de especial interés como la pluviometria o la irradiacién solar.
Este ultimo factor ha sido tradicionalmente poco considerado, pero es evidente que el efecto
de la radiacion solar, especialmente en ciudades como la de Granada, con veranos muy
calurosos y una importante amplitud térmica diaria, contribuye en gran medida a las
modificaciones cromaticas y estéticas del material pétreo. Es interesante mencionar que la
red de estaciones de calidad de aire en la provincia de Granada incluye una estacion costera
(Motril). Estudios de larga duracion en esta estacion podrian ser muy importantes para poder
comprender como los patrones y velocidades de deterioro pueden ser modificadas en
ambientes con una alta influencia de aerosoles marinos, en comparacion con las condiciones

de interior de la ciudad de Granada.

Por otra parte, el estudio del desarrollo in situ de costras de yeso y costras negras es
esencial para poder comprender en detalle los procesos de alteracion que incluyen complejas
reacciones de disolucion y precipitacion mineral. El uso de técnicas analiticas novedosas
como el analizador estructural y quimico SCA desarrollado por Renishaw (que combina la

espectroscopia micro Raman con un microscopio electronico de tipo VPSEM) en el estudio
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de estos agregados de tamafio de grano muy fino, mejorarda de manera sustancial nuestra
capacidad para caracterizar de manera precisa los componentes minoritarios como oxalatos
en las costras negras, asi como la presencia de compuestos organicos. Ademas esta técnica
puede permitir la identificacion de la distribucion espacial de los diferentes tipos de
precipitados mediante mapas de micro-Raman. Por tanto, la distribucién de las particulas de
hollin en la superficie y la conexién de éstas con el desarrollo de costras de yeso pueden ser
facilmente identificadas incluso teniendo en cuenta las lentas velocidades de reaccion

propias de condiciones urbanas.
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Specific effects of background electrolytes on mineral growth and dissolution can be interpreted on the basis
of the ability of ions to modify solute hydration, in a similar way to the systematic effects of inorganic ions
on precipitation, structure and function of organic macromolecules (i.e., the Hofmeister effect). Here, the
effect of a range of background electrolytes (sodium and chloride salts) on dolomite (CagsMgpsCO3) reac-
tivity was investigated as a model system by measuring dissolution rates using in-situ Atomic Force
Microscopy. The systematic trends found for the different ions are interpreted in terms of characteristic
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parameters of background ions such as effective hydrated radii. Entropic effects associated with the ordering
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Dolomite dissolution affect dissolution rates. In dilute electrolyte solutions, ion-ion interactions dominate and the stabilisation
In situ AFM of the solvation shell of ions constituting the crystal, by counter-ions present in solution enhances the

Background electrolytes unfavourable entropic effect on dolomite dissolution. The tendency for electrolytes to form ion pairs in
solution reduces such an effect, thus leading to an inverse correlation between dissolution rates and
background ion separation in solution. On the other hand, in concentrated saline solutions the interaction
between background ions and water molecules determines the hydration of a constituent ion immersed in
an electrolyte solution. In this case, dissolution rates correlate with the mobility of background ions and,
therefore, with their effective hydration radii. The observed effects of background ions on growth and
dissolution could be applicable for other inorganic systems where the Hofmeister effect has been reported.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

It has long been recognised that specific ions at moderate to high
concentrations in aqueous solutions can play important but very
different roles on the crystallisation, structure and function of proteins
(Kunz et al., 2004a; Zhang et al., 2005). It is also well known that
most of these effects correlate with water affinity of the respective
ions and follow a trend known as the lyotropic or Hofmeister series
(Kunz et al., 2004b; Dove and Craven, 2005). Current research in this
field suggests that the control that electrolytes exert on water struc-
ture is limited to the local environment surrounding the ion and is
not related to long-range electric fields emanating from the ions but
results from effects associated with the hydration shell(s) of the ions
(Collins et al., 2007) and the ions' capacity to “break” or “structure”
water (i.e., chaotropic and kosmotropic ions, respectively) (Parsons
etal, 2010). Hofmeister effects are ubiquitous and numerous cases in
which they apply can be found in biological systems. Examples of
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processes following the Hofmeister series include enzyme activity,
protein stability, protein-protein interactions, protein crystallisation
or optical rotation of sugars and amino acids (see Kunz et al., 2004a;
Zhang et al., 2005 and Zhang and Cremer, 2006). Although there is still
an on-going debate about the origin of these salt-specific effects (see
for instance Cappa et al., 2006), their relation to hydration character-
istics of ions is commonly accepted (Collins and Washabaugh, 1985;
Collins et al.,, 2007). However, attempts to relate the Hofmeister
effect to thermodynamic solvation properties of ions (e.g., enthalpy
and entropy of hydration), generally yield no conclusive results. In fact,
no single thermodynamic property associated with the solvation of
ions has yet been found to unambiguously explain their hydration
characteristics (Marcus, 1994a).

In the case of inorganic solids, the effect of ionic strength on
growth and dissolution rates has been traditionally attributed to
changes in solubility (i.e. a thermodynamic effect). The strong long-
range electric fields emanating from the ions of the background
electrolyte reduce the activity of the ions building the crystal due
to charge screening, hence increasing its solubility. Nevertheless,
several studies have shown that the dependence of growth or disso-
lution rates of minerals on ionic strength is complex, and is not
independent of the ionic species producing it (Dove and Czank, 1995;
Weaver et al., 2007; Kowacz and Putnis, 2008; Ruiz-Agudo et al., 2009,
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2010). lons having different surface charge density exert different
effects that cannot be simply explained by continuum electrostatics
models (i.e. those considering the ions as point charges). This suggests
that purely thermodynamic considerations may not be enough to
explain ion specific effects on mineral dissolution and growth and
that kinetics may play a key role.

The systematic study of specific ion effects on the growth and
dissolution of minerals has so far received little attention. Several
experimental and computational studies have shown that crystal
growth and dissolution rates of sulphates and carbonates are actually
controlled by cation hydration-dehydration dynamics (Dove and
Czank, 1995; Pokrovsky and Schott, 2002; Piana et al., 2006). Thus,
any factor affecting cation solvation should alter growth and
dissolution rates. A few recent studies have proposed that the specific
effects of background electrolytes on the kinetics of crystal growth
and dissolution can be interpreted on the basis of the ability of such
electrolytes to modify hydration of the crystal constituting ions (i.e.,
the building units) (Kowacz and Putnis, 2008; Ruiz-Agudo et al.,
2010). These experiments validate such an approach, and demon-
strate the need for the inclusion of specific ion effects in the
development of a predictive model that describes crystal growth
and dissolution in complex systems, such as those found in nature
(e.g.,ocean water and rock pore solutions). However, there are several
critical aspects that need further clarification in order to ensure the
global character of this theory. In the previous studies, calcite (CaCO3)
and barite (BaSO4) showed opposite trends in reactivity with
respect to ion type, thus suggesting that the hydration characteristics
of the crystal building units have a dramatic effect on the systematic
trends observed for the different background salts. In this sense, with
the presence of magnesium, in addition to calcium, in its structure,
dolomite (CapsMgpsC0Os3) represents an ideal system to test this hy-
pothesis. The high charge density of Mg?" leads to a very strong
solvation, higher than that of other alkali-earth cations (i.e., Ca** and
Ba?*) and may shed light on the ultimate mechanism and factors
governing the interactions in solution of background ions with the
constituting ions of a mineral. Furthermore, it is important to define
relationships between crystal reactivity and fundamental parameters
of the background ions that will enable extrapolation of these results
to other systems. Here, we address the basic hypotheses that (i) the
effect of electrolytes on mineral dissolution is governed by similar
principles to those which apply in the case of organic macromolecules
(e.g., Hofmeister effect on proteins salting-out) and are related to
fundamental properties of the background ions in solution, and (ii)
the systematic trends observed in mineral reactivity for the different
background salts are determined by the hydration characteristics of
the crystal building units.

To test these hypotheses, in-situ flow-through dissolution experi-
ments were conducted using Atomic Force Microscopy (AFM) on
dolomite cleavage surfaces in the presence of different 1:1 sodium and
chloride salts. In the last 15 years the study of fluid-mineral in-
teractions has experienced a considerable advance, largely due to the
use of in-situ AFM. Using this technique, nanoscale real-time obser-
vations of crystal surfaces reacting with fluids can be performed, thus
representing a valuable tool for precise and representative analysis of
fluid-mineral interactions (Hillner et al., 1992; Putnis et al., 1995; Hall
and Cullen, 1995; Jordan and Rammensee, 1997; Shtukenberg et al.,
2005; Shiraki et al., 2007). Also, it allows quantification of the kinetics
of these processes. The reactivity of carbonates can be optimally
studied by means of AFM as most carbonate minerals have perfect
cleavage, facilitating the study of nearly atomically flat surfaces.
Furthermore, the dissolution of carbonates occurs by the retreat of
unit-cell high steps and/or formation and spreading of etch pits,
processes that are easily observed and quantified by AFM. The
experimental approach presented in this study has enabled us to
obtain quantitative information on the behaviour of dolomite in a
range of solution compositions, with the aim of determining reactivity

trends and ascertaining the principles that define changes in the
kinetics of dissolution induced by background ions.

Our results show that the experimentally determined dependence
of dolomite dissolution rates on ion type in concentrated solutions
is ultimately related to the hydrated volume of the background ion, as
an indicator of the strength of the interactions between background
ions and the solvent molecules. Moreover, by comparison with other
divalent carbonates and sulphates, it seems that the systematic of this
dependence is controlled by the hydration characteristics of the cation
building the crystal. In dilute solutions, the volume of solvent affected
by the electrolytes is reduced and ion-ion interactions dominate.

2. Methodology

Optically transparent dolomite crystals from Eugui (Navarra,
Spain) were cleaved in air along {1014} planes with a knife blade.
Dolomite crystals from Eugui have been commonly used in crystal
chemistry studies of dolomite due to its high purity and perfection
(Barber et al., 1981; Reeder and Nakajima, 1982; Spinolo and Anselmi-
Tamburini, 1984). The crystals, ca. 3x3x1 mm in size, were ex-
amined by optical microscopy to ensure that the cleavage surfaces
were free of macroscopic steps and small particles. Crystals were
cleaved immediately before each experiment. In-situ AFM dissolution
experiments were carried out by passing prepared salt solutions of
LiCl, NaCl, KCl, CsCl, Nal, NaF and NaNOs at different ionic strengths
(IS=0.001, 0.01, 0.1 and 1) over dolomite {1014} cleavage surfaces.
Na™ and CI~ ions are the most suitable counter ions to investigate
the effects of different hydration properties of anions and cations on
mineral dissolution, as they have been shown to have the least
structural effects on the solvent (at room temperature) (Jakli, 2007).
Table 1 shows experimental conditions for each saline solution. The
natural pH of concentrated (IS= 1) LiCl, KCI, CsCl and NaNOs solutions
was slightly acidic (pH<5.3), and it was adjusted to 7 using NaOH.
PHREEQC (Parkhurst and Appelo, 1999) was used to calculate the ionic
strength of the solutions. Deionised water (resistivity>18 mQ ")
was passed over the surfaces before each experiment to clean the
cleaved surface, as well as to adjust the AFM parameters as in Arvidson
et al. (2006). Solutions were prepared immediately before the
experiments to avoid the equilibration with CO, in the ambient air.
Therefore, the amount of carbonate and bicarbonate ions in solutions
is considered to be negligible. The absence of calcium and magnesium
in the input solutions as well as the constant solution flow during
the experiments ensured constant far-from-equilibrium conditions
with respect to dolomite.

An Atomic Force Microscope (Digital Instruments Nanoscope III
Multimode) equipped with an O-ring sealed fluid cell working in
contact mode was used to study dolomite dissolution under ambient
conditions (T=20 °C). The scanning frequency was 4 Hz, giving an
average time of 1.5 min per scan over 4 (2x2) and 9 (3x3) um?
dolomite surfaces. Solution flow rate (20 uLs~') was controlled by
syringe injections. AFM images were collected using SisNy4 tips (Veeco
Instruments, tip model NP-S20) and analysed with the Nanoscope
software (Version 5.12b48). Measurements of step retreat velocity
(or etch pit spreading rate) were made from sequential images
scanned in the same direction. The retreat velocity, Vsum, Was calcu-
lated by measuring the length increase per unit time between opposite
parallel steps in sequential images.

3. Results
3.1. Dissolution features of etch pits

Dolomite dissolved on {1014} cleavage surfaces by the formation
and spreading of etch pits after contact with deionised water (pH 7) in

the fluid cell. The etch pits were shallow (~0.3 nm height)
rhombohedral pits at circumneutral pH (Fig. 1). This is the typical
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etch pit morphology observed on dolomite surfaces in contact
with highly undersaturated solutions (Higgins and Hu, 2005). No
significant change in etch pit morphology was observed in the
presence of the different background electrolytes tested. Angles
between steps defining the etch pits were found to be ~77° and ~104°.
The average etch pit density measured in deionised water was
2.25x10% cm ™2, which is 4 orders of magnitude higher than that
observed by Luttge et al. (2003) at acidic pH (~3) using Vertical
Scanning Interferometry (VSI). However, their study focussed on deep
etch pits (depth up to 2 um), most probably nucleated at disloca-
tions (MacInnis and Brantley, 1992). The shallow etch pits considered
in our study are nucleated either on point defects or, as the exper-
iments were performed under far-from-equilibrium conditions, on
defect-free areas of the surface. At the AFM scale, dolomite dissolu-
tion shows characteristics of Type I (Ca, Mn) carbonates, according to
the classification of Duckworth and Martin (2004). These authors
classified five isostructural carbonate minerals (Ca, Mn, Fe, Mg and
Zn carbonates) into three different groups according to similarities in
the dissolution behaviour. Type I carbonates show widespread
distributed shallow rhombohedral pits, which are densely clustered
and seem to be initiated by groups of point defects. However deep,
isolated etch pits associated with the presence of line dislocations are
observed on a larger scale (Luttge et al., 2003), and are typically
reported for Type II (Fe, Mg) carbonates.

3.2. Dissolution kinetics

In flow-through experiments performed in AFM, the very low
amount of calcium and magnesium in the outlet solution precludes
obtaining reliable macroscopic dissolution rates from measure-
ments of cation concentrations in the output solution (Arvidson
et al., 2006). Furthermore, variations and uncertainties related to the
reacting surface area contribute to significant error in macroscopic
rate determinations, leading to an overestimation of macroscopic
dissolution rates (Duckworth and Martin, 2004; Ruiz-Agudo et al.,
2010). Thus, etch pit spreading rates determined from measure-
ments of length changes in consecutive AFM images allow a more
precise comparison between different solution compositions and,
accordingly, comparative etch pit spreading rates have been mea-
sured for this study.

Values of the retreat velocity, vs,m, reported in this work refer to
rate of change in etch pit length along either [441] or [4 81] directions
(Fig. 1). In deionised water, Vsum=0.094+0.01 nms~". Table 1 and
Fig. 2 show vg,, as a function of ionic strength for the electrolytes
tested. Although there is some scatter in the published data of
dolomite dissolution rates as a function of pH, it seems that under
conditions of low pCO, (total carbon<0.001 M), dolomite dissolution

rates showed, in general, little change with solution pH for
5.4<pH<8 (and total carbon<0.001 M) (see Pokrovsky et al., 1999
and Pokrovsky and Schott, 2001). For lower pH values, dissolution
rates increase with decreasing pH. Most of the electrolyte solutions
tested showed 5.6<pH<7 (Table 1). The pH of KCl solutions at
[S=0.01 and IS=0.1 is 5.3 and 5.4, respectively, so pH could have
influenced the measured rate to some extent. Nevertheless, the rates
in these cases were not faster than those measured in other
electrolyte solutions of higher pH at the same IS. This suggests that
the differences observed are not due to differences in solution pH. The
average etch pit spreading velocity on the dolomite cleavage surface
varied according to the nature of the background electrolyte at a low
and constant ionic strength (IS=0.001), increasing in the order
CsCl<NaNOs<LiCl~NaCl<Nal<KCl<NaF. Note that the spreading
rate in CsCl and NaNOs solution is lower than that observed in pure
water, thus suggesting some kind of inhibitory effect on dolomite
dissolution. The step retreat rate increased with increasing ionic
strength for NaCl, CsCl and NaNOs. However, in the case of KCl, LiCl
and Nal, spreading rates were observed to remain constant or to
slightly decrease when increasing the ionic strength from 0.01 to 1. In
concentrated saline solutions (IS=1), the etch pit spreading rate vsym,
increased in the order LiCl<CsCl<KCl<NaCl and Nal<NaCl<NaNOs.
Note that in the case of NaF, it was not possible to quantify the etch pit
spreading rate at ionic strengths higher than 0.001 as they coalesced
faster than the scanning rate. Additionally, extensive formation of
precipitates (likely CaF, and/or MgF,) was observed.

4. Discussion

Specific effects of background electrolytes on crystal dissolution
can be interpreted on the basis of the ability of ions to modify solute
hydration. Hydration of an ion in pure, deionised water is the result of
a competition between ion-water (electrostatic) and water-water
(hydration forces) interactions. Both can be affected when a
background ion is present in solution (Kowacz and Putnis, 2008;
Ruiz-Agudo et al., 2010). Solute-water and water-water interactions
will determine the relative influence of electrolytes on dissolution
rates at low and high ionic strength, respectively. In principle,
dissolution should be favoured by a stronger hydration of the
constituting ions and thus by increasing affinity of the water solvent
to the building units of the dolomite crystal (increasing solute-water
interactions) and/or by decreasing solvent affinity to the other solvent
molecules (decreasing water-water interactions) in the respective
salt solutions. However, as discussed in the next sections, entropic
effects associated with the strong hydration of Ca?* and Mg?"
dictates how electrolytes affect the kinetics of dolomite dissolution.
Information about ion-solvent interactions is usually obtained either

Table 1
Average etch pit spreading rates (Vs,m/nm s~ ') on dolomite cleavage surfaces for different background electrolytes as a function of ionic strength (IS).
IS Licl KCl CsCl NaCl
pH Mean Std pH Mean Std pH Mean Std pH Mean Std
Water 7.0 0.094 0.006 7.0 0.094 0.006 7.0 0.094 0.006 7.0 0.094 0.006
0.001 6.4 0.088 0.012 6.0 0.129 0.006 6.2 0.037 0.001 5.7 0.089 0.030
0.01 5.7 0.174 0.012 54 0.211 0.012 5.8 0.041 0.002 7.0 0.113 0.012
0.1 5.8 0.131 0.014 53 0.195 0.013 5.6 0.062 0.002 7.0 0.282 0.029
1 7.0° 0.070 0.039 7.0% 0.085 0.015 7.0° 0.080 0.027 7.2 0.290 0.052
IS Nal NaNO3 NaF
pH Mean Std pH Mean Std pH Mean Std
Water 7.0 0.094 0.006 7.0 0.094 0.006 7.0 0.094 0.006
0.001 6.0 0.119 0.012 6.2 0.078 0.004 6.9 0.136 0.008
0.01 7.0 0.194 0.010 6.2 0.145 0.007
0.1 74 0.171 0.020 5.6 0.341 0.018
1 74 0.041 0.013 7.0° 0.430 0.083

¢ pH adjusted using NaOH.
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t=1569"

Fig. 1. AFM deflection images of a dolomite (1014) surface exposed to a highly undersaturated solution for increasing periods of time. Shallow etch pits with edges parallel to [441]
and [4 81] form and spread as dissolution proceeds. Average etch pit depth ~0.3 nm. Background electrolyte: NaNOs (IS=0.1).

from measurements of thermodynamic functions of hydration or from
irreversible ionic transport processes such as conductance and ionic
mobility (Nightingale, 1959). In the discussion below, we use the data
obtained from transport processes in order to derive fundamental
relationships between the impact of specific electrolytes on dissolu-
tion rates and characteristic properties of these background ions.

4.1. Dissolution at low ionic strength: stabilisation of Ca’*/Mg?*
hydration shells by background electrolytes

The interaction between a solute ion and the water molecules in its
hydration shell is stronger in dilute electrolyte solutions than in pure
water, because the water molecules in the hydration shell are
stabilised by their electrostatic attraction with the counter-ions in
the solution (Samoilov, 1967; Samoilov, 1971). This effect is reduced
by the tendency of the background cations and anions to pair in
solution. When two ions are close in solution, their combined electric

fields are screened and consequently their electrostatic influence on
hydration water diminishes. Differences in the degree of ion pairing
of the background salt in solution can be related to differences in
diffusion coefficients (AD) of the ionic salt constituents in solution:
increased ion pairing leads to smaller differences in ionic diffusivity
between the cation and anion and should lead to a decrease in
dissolution rate (Ruiz-Agudo et al., 2010). This is the trend observed in
the dissolution of barite (Kowacz and Putnis, 2008). However, Fig. 3a
shows that dolomite dissolution rates at low ionic strength (0.001)
decrease with increasing differences in diffusion coefficients (AD) i.e.
decreasing ion-pairing and thus, with increasing stabilisation of water
in the solute-cation hydration shell. Values of ionic diffusion
coefficients were taken from Koneshan et al. (1998) (Table 2). Due
to the large uncertainties in the published values of ionic diffusion
coefficients for Cs™ and K™, in the case of like-hydrated electrolytes
such a trend is best observed if we use the solubility of the background
salt as a rough “proxy” of ion separation in solution (Fig. 3b). The less
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Table 2
Diffusion coefficients (D, 10~> cm? s~*) for selected ions.
Koneshan et al., 1998.

D-107° (cm?s™ 1)

Mean Std

F~ 1.04 0.06
cl- 1.77 0.08
I~ 1.60 0.01
NO3 1.92°

Lit 1.22 0.02
Na® 1.28 0.05
K* 1.83 0.13
Cs* 1.88 0.17

¢ Parsons, R. Handbook of Electrochemical Constants; Buttersworth Scientific Publication:
London, 1959; p 79.

paired the salt constituents are in solution, the more soluble is the salt
(Collins, 1997). The lower dissolution rates are observed for the
less ion-paired electrolytes (CsCl, NaNOs). This is exactly the opposite
trend to that observed during barite dissolution (Kowacz and Putnis,
2008).

The reason for this difference between the effect of background
electrolytes on barite dissolution and dolomite dissolution cannot
therefore be related to the factors discussed above. As shown for
calcite (Ruiz-Agudo et al, 2010), although stabilisation of water
molecules on the hydration shells of calcium (and, in the present case,
magnesium as well as calcium) by the presence of electrolytes should
make dissolution more favourable, there is a strong negative entropic
effect due to increased ordering in the water molecules as they
arrange in solution around strongly hydrated calcium and magnesium
ions, compared to weakly-hydrated Ba*. The stabilisation of the
hydration shell of water molecules around Ca and Mg ions by the
presence of background salts augments this negative entropic effect
upon calcite and dolomite dissolution relative to barite, thus making
the overall process less favourable. This is reflected in the observed
decrease in the dissolution rate with increasing ion separation in
solution.

4.2. Dissolution at high ionic strength: impact of background anions on
water structure dynamics

At high ionic strength, stabilisation of the solute-ion hydration
shells by background electrolyte ions will be counterbalanced by the
high concentration of like-charges, which increase the potential
energy of hydration due to electrostatic repulsion between the like-
charge ions and the solvent dipoles. Moreover, the interactions
between background ions and solvent molecules will be progressively
increased with increasing salt concentration due to the increase in the
volume of water affected by the electrolyte. These interactions will
change water structure dynamics (i.e. water-water interactions), thus
modifying the hydration of solute ions and will become the
controlling factor on the resulting dolomite dissolution rates in the
different electrolyte solutions.

The strength of the interaction between an ion in solution and the
solvent molecules can be related to its intrinsic mobility (L). It is a
function of its charge and a frictional drag. To a first approximation,
we can consider that the mobility of univalent anions is inversely
related to the effective radius of hydrated ions (ry), according to the
Hiickel equation

__q
Ho = 6mmry
where q is the charge of the ion and 1) is the viscosity of the solvent
(Mbuna et al., 2004). From literature values of ry (Nightingale, 1959)
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Table 3
Effective radii of hydrated ions, ry (Nightingale, 1959) ionic mobilities,  (cations:
Koneshan et al. (1998); anions: Mbuna et al. (2004)) and Ar (Marcus (1994a)).

4 (A) Mo 1074 (cm?v—'s71) Ar (A)
Fe(CN)Z~ 422 8.10 0.16
ReOz 352 543 0.15
1~ 3.31 7.70 0.26
Br— 3.30 7.74 0.35
BrO3 3.51 5.60 0.38
105 3.74 3.99 043
NO3 335 7.14 0.44
Cl~ 332 7.48% 043
Lit 3.82 4.75 1.72
Na* 3.58 4.98 1.16
K* 3.31 712 0.74
Rb* 3.29 7.71 0.64
Cs* 3.29 732 0.49

¢ Value estimated from the linear correlation for other monovalent anions.

and mobilities (Mbuna et al., 2004) (Table 3), Fig. 4a shows that this
linear relationship is fulfilled for monovalent anions. The hydrated
size of ions specifies the distance over which the electric field of the
ion controls solvent behaviour; in other words, identifies the volume
of water molecules affected by the presence of the ion (Kiriukhin and
Collins, 2002). Low ion mobility is the result of a strong interaction
with water molecules (i.e., more water molecules are affected by the
ion resulting in a more structured solvent). The competition for
hydration water between the bulk and the building units of the
dissolving crystal will be higher in a more structured solvent, thus
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mobilities are those reported by Koneshan et al. (1998) (cations) and Mbuna et al.
(2004) (anions). Note the deviation from the linear trend of Li* having higher mobility
than expected according to its ry.

leading to an increase in the frequency of water exchange around the
latter. Dissolution will be then more favourable as the above-
mentioned unfavourable entropic effect upon calcium and magne-
sium hydration will be reduced.

Ion mobility in water increases in the order NO3 <Cl~<I~
(Koneshan et al., 1998; Lucy, 1999). Hence, water is less mobile around
NO3 and, thus, more mobile around Ca?" and Mg?*. Accordingly,
the unfavourable entropic effect on dolomite dissolution is progres-
sively reduced in the order I”<ClI~<NO3 due to an increasing
frequency of water exchange around calcium and magnesium ions,
which leads to the observed increase in dissolution kinetics in the same
order. From the above discussion, it seems clear that the correlation
between ion mobility and the effective radius of the hydrated ions, ry,
(Fig4a and Table 3) can be directly related to the dissolution rates
(Fig. 5a). Thus the results show that it is possible to correlate the
observed dissolution rates with an intrinsic parameter of the ion, such
as its effective hydration radius, and in particular the thickness of
the hydrated layer, hence representing a valuable tool for estab-
lishing predictive trends for other inorganic systems. This trend could
not be predicted based solely on thermodynamic properties of the
ions in the system. The fact that the effect of different anions on
dolomite dissolution rates does not follow the typical Hofmeister
series (I~ <NO3 <Cl™) (Zhang and Cremer, 2006) may be because the
traditional ordering of anions in the Hofmeister series is based only
on thermodynamic properties.

4.3. Dissolution at high ionic strength: impact of background cations and
the lithium anomaly

The most significant differences in the dissolution kinetics of
dolomite should be observed in the presence of different background
anions, as they will determine the solvent structure around Ca’*and
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Fig. 5. Etch pit spreading rates (Vs,m/nm s~ ') on dolomite cleavage surfaces at IS=1 in
different background electrolyte solutions as a function of (a) effective hydration radius
(ry) and (b) thickness of the hydration layer (Ar). Note that sodium and chlorine salts
follow different trends with dissolution rates having a weaker dependence for Cl-salts.
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Mg?* and solvation of the constituting cation is believed to be the
rate limiting step in growth and dissolution of inorganic solids
(Dove and Czank, 1995; Pokrovsky and Schott, 2002; Piana et al.,
2006). Therefore, chloride salts (LiCl, NaCl, KCl and CsCl) should have
a similar effect on the dissolution rates of carbonates at high ionic
strengths. This has been observed for example for calcite (Ruiz-Agudo
et al, 2010). However, in the case of dolomite, the nature of the
background counter cation also appears to have an impact on the
dissolution rate, which was not clearly appreciated in the case of calcite.
This is reasonable as Mg?" hydration is even higher than Ca®*, and
therefore solvent structuring effects induced by the cation building the
crystal are expected to be more important.

As in the case of anions, cations with the larger effective hydration
radius are expected to show the strongest interaction with water
dipoles. Therefore, dissolution rates should be expected to increase with
ry, and hence in the order CsCl<KCl<NaCl<LiCl (i.e. following a reverse
Hofmeister series). With the exception of LiCl, this series is followed
here as shown by Fig. 5a. A similar relationship was found between
dissolution rates and Ar, which is the thickness of the region
surrounding an ion in which the water molecules are translationally
immobilised and electrostricted (Fig. 5b). Values of Ar were obtained
from Marcus (1994b) (Table 3). Both ry and Ar refer to similar concepts
and in general correlate well with charge density, with higher charge
density being associated with higher ry and Ar values. The correlation of
dissolution rates with both parameters clearly shows that the critical
parameter controlling the observed behaviour is the volume of water
that is affected by the presence of the background ions. The dependence
of dissolution rate upon the hydration characteristics of the ions is
weaker for cations compared to anions, as expected from the fact that
anions will have the stronger influence in the solvation environment of
the constituting cations (i.e., Mg and Ca).

Lithium is an exception to this trend. Despite its high effective
hydration radius, the water molecules in its solvation shell are less
electrostricted than around sodium (Hibrar et al., 2002). Its hydration
co-sphere in transport processes is the largest among the alkali cations
(Jakli, 2007) (as reflected by its lower ionic mobility compared to the
rest of alkali cations) and therefore it should be expected to strongly
structure the solvent. However, it always shows the smallest interac-
tions with the solvent (Fortier et al, 1974). The unique hydration
properties of lithium are most probably due to its tetrahedral first
hydration shell, which fits well into the water structure thus resulting
in only weak structural perturbations (Hibrar et al., 2002; Jakli, 2007).
This may explain why LiCl does not follow the Hofmeister series
observed for dolomite dissolution rates in the presence of other alkali
chlorides, showing lower dissolution rates than NaCl or KCl. Also, as
shown in Fig. 4b, this may explain the deviation of lithium from the
linear relationship between mobility and ry, with lithium having higher
mobility (and, thus, weaker ion-water interactions) than expected from
its hydrated radius.

Finally, K™, Li* and I~ weaken the structure of the solvent (over-
whelming the effect of the respective counter ions, C1~ and Na™). In this
case, the competition for water of hydration between the bulk and the
solute ions will be lower than in a strongly structured solvent, resulting
in a decrease in the frequency of water exchange around the solution
ion. This will result in a less positive entropy upon ion hydration and,
therefore, a less favourable process. Such an effect seems to be more
important in dolomite than in calcite, leading to the observed decrease
in dissolution rate in these salts when increasing the ionic strength
from 0.01 to 1. As mentioned above, the stronger hydration of Mg+
compared to Ca>* may explain the observation that water structuring
effects have a higher impact on dissolution rates.

5. Conclusions

Although it has been known for more than a century that the
behaviour of organic macromolecules in aqueous solutions is affected

by background ions in a systematic sequence (lyotropic or Hofmeister
series) based on ion hydration characteristics, similar effects on the
growth and dissolution of inorganic solids are still not well doc-
umented. Here, the dissolution of dolomite has been studied as a
model system to obtain insights into the principles governing ion
specific effects in crystal reactivity, representing a relatively simple
test of systematic trends in dissolution rates upon ion type. Pairing of
background ions reduces the electrostatic stabilisation of water
molecules in the hydration shells of a solute ion induced by the
background electrolyte. This effect is thought to control ion-specific
effects in dilute solutions. The role of background ions in crystal
dissolution at high ionic strength is proposed to be determined by
their affinity for water, the effective radius of the hydrated ions being
a measure of such affinity. Furthermore, our results support the
hypothesis that the response of the system to changes in hydration
being induced by specific background ions depends on the hydration
characteristics of the cations building the crystal (here calcium and
magnesium). To our knowledge, this is one of the few systematic
studies which provides a conceptual model that correlates dissolution
rates of ionic inorganic solids with a fundamental property of the
background ions, that is, the effective hydration radius. The volume of
water affected by the background ions is the critical parameter to
understand their effects on crystal dissolution in concentrated saline
solutions, and the observed trends cannot be predicted or explained
only in terms of the thermodynamic properties of ion solvation. It is
likely that this model will be suitable for other inorganic systems
where the Hofmeister effect occurs. Similar correlations have been
shown for oxide minerals (Dove and Nix, 1997), therefore supporting
the validity of our qualitative model for general dissolution processes.
This study extends our ability to predict crystal reactivity in the fluids
of both engineering and natural systems. As an example, from our
conclusions we can hypothesise that ion-assisted dehydration of
relevant cations could occur in biological systems thus affecting
growth and weathering rates of biominerals as well as trace metal
incorporation.
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Appendix 11

Comparative study of dolomite dissolution
rate measured by atomic force microscopy
(AFM) and vertical scanning
interferometry (VSI)

1. Introduction and experimental strategy

Chapter 8 and Appendix 1 have shown the application of the AFM technique in the
study of dolomite dissolution. This technique facilitates a precise and representative analysis
of mineral-water interactions as well as the quantification of the kinetics of the dissolution
processes from the measurements of etch pit densities and spreading rates formed on small
surfaces (typically from 4 up to 400 um?). Several authors have stressed, however, that the
dissolution features developed on dissolving surfaces may be quite heterogeneous in depth
and density when larger spatial scales are considered, because these etch pits can be
nucleated in different kinds of surface defects (Lasaga & Liittge, 2001). Vertical scanning
interferometry, thus, represents an valuable tool to explore these surface heterogeneities and
their influence on dissolution rates due to its larger field of view compared to AFM (from
~22,000 pum® up to 250,000 pm?) and its high (~2 nm) vertical resolution (e.g. Liittge et al.,
2003; Arvidson et al., 2004).
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The AFM data shown in Chapter 8 suggest that the controlling mechanism on dolomite
dissolution at neutral to slightly alkaline pHs is the removal of dolomite layers by spreading
and coalescence of shallow etch pits (~ 0.3 nm height). Overall dissolution rates estimated
using AFM (Rapm) are calculated from the measurements of the etch pit density and the
change in width and length of the etch pits in the time lapse between two sequential images

(see Chapter 8).

Although the same procedure can be applied using the VSI technique, the occurrence of
one reference surface enables an unambiguous quantification of the absolute dissolution rate
based on the normal surface retreat. Absolute rates are measured with this technique using
the average height difference (Az) between the reacted surface and a reference surface
(Arvidson et al., 2003, 2004; Arvidson & Liittge, 2010). The reference surface is usually
obtained by masking the flat pristine surface with an inert adhesive access (silicone polymer
or multicomponent epoxy resin) to prevent the contact of the solution with the mineral
surface. The dissolution rate based on VSI data is then calculated using the following

expression:
Az

R,, =—— 1
" At'Vdol o

where V,, is the molar volume of dolomite (64.34 em’® mol™) and Atis the time lapse

between two sequential images. The aim of this brief note is to highlight the complexity of
the dissolution features developed on dolomite (1014) cleavage surfaces when different
spatial scales are considered using VSI observations (Fig. 1). Freshly cleaved dolomite
surfaces were exposed to deionized water during prolonged times (up to 142 h). For a
description of VSI technique the reader is referred to the section 3.5.3 of this PhD Thesis. An

outline of the main results is presented in the following paragraphs.
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200 um

Figure 1. 3D representation of the (10-14) dolomite cleavage surface based on VSI data for initial
conditions (ty), after 72 h (t;) and 142 h (t,) of dissolution in pure, deionized water at neutral pH. The
masked region is placed at the northern side.
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2. Results

2.1. Surface morphology evolution

Figure 1 shows the evolution of a dolomite cleavage surface during the dissolution
process. After cleavage (tp) the surface is almost flat with a high density of straight and
curved steps with different orientations. Deep walls (left side of Fig. 1 at ty) define two main
flat terraces. Several deep pits or holes can also be observed which in some cases are

gathered following a certain direction.

After 72 h of dissolution the original step density was almost vanished and pseudo-
rhombohedral deep etch pits appeared widespread distributed on formerly flat terraces. The
length of the long diagonal of these deep pits was found to be around 25-35 um. This size
clearly contrasts to that of the etch pits observed using AFM (< 200 nm). The length ratio of
the etch pit diagonals (0.93 + 0.05) was however very similar to that measured in the AFM
images (Chapter 8). A notorious new feature is the development of very deep trench (see
below) parallel to the <4 41> directions. The width of these trenches is similar to those of
other pits (~ 20 pm) and their length can reach up to 400 um. Detailed observation of the
original surface reveals that these trenches were developed on the originally present round
pits or holes described above, thus suggesting that these features where lines of dislocations

that act as nucleation points for dissolution pits.

After 142 h of contact with deionized water, etch pits continue expanding whereas the
nucleation of new pits was rarely observed. The final distribution of etch pits on the surface
is rather homogenous although the density seems to be lower closer to deep walls dividing

the two terraces (left side, Fig. 1).

2.2 Dissolution rate

Two different profiles were selected to illustrate the heterogeneity of dissolution

features developed on the initially flat dolomite cleavage surface after 142 h (Fig. 2). These

4
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Figure 2. Close view of the dolomite surface after 142 h of contact with deionized water (pH 7)
near the masked region used as the initial surface reference (see Fig. 1 at t, for location). (a) 2D
VSI image depicting the two selected cross section profiles. Note that profile 1 intersects the
trench whereas profile 2 only intersects rhombohedral etch pits. (b) 3D reconstruction of the

studied area showing the location or the deep trench and dissolution etch pits.
two profiles were used to estimate dissolution rates based on surface normal retreat (equation

1). The average retreat was estimated by fitting a straight line with the VSI data collected

over the protected region (and later unmasked) used as a reference (dashed lines in Fig. 3).

It is interesting to note that certain areas of the reacted surface were indeed coincident
with the initial surface (Figs. 3a and b) thus suggesting that these areas were scarcely
affected by the dissolution process at the resolution of VSI. Other areas were strongly
affected by the dissolution process leading to very deep etch pits with depth up to 8 um (Fig.
3a). The etch pit depth distribution is clearly more regular in the case of profile 2 than in the

profile 1 corresponding with the trench. Dissolution rate was found to be 0.36 x 10™"" mol

em?s” and 0.13 x 10" mol em™ s™ for profile 1 and 2 respectively. These values are of one

order of magnitude lower than those measured by Liittge et al., (2003) at pH 3 using the

same technique (1.08 x 10" mol cm™ s™). This difference was expected as that dolomite

dissolution rates are known to increase with decreasing pH (see Chapter 8 and references
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Figure 3. Cross section profiles corresponding to profile 1 (a) and profile 2 (b). See Fig. 2 for
location.

therein). A value of 7.42 x 10" + 1.62 10" mol cm™ s at pH 7 was found based on AFM
observations and the spreading of shallow etch pits, most probably nucleated at point defects
or even on defect-free surfaces (see Chapter 8 for more details). This value is more than one
order of magnitude lower than that reported here, determined using VSI at the same pH and
calculated from observations and measurements of deep etch pits (nucleated at dislocations).
Dissolution rates estimated using AFM and VSI are therefore measured using dissolution
features that are nucleated on surface defects with different energies, and thus it is not
unexpected that they propagate (parallel and perpendicularly to the dissolving surface) at
contrasting rates. The differences found between rates measured these two techniques
illustrate the complexity of the dissolution process and the dependence of its kinetics on the

surface feature considered (Liittge et al., 2003).
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3. Afterthoughts

The simple observations shown in this brief note illustrate the difficulty of relating
dissolution mechanisms and rates at different observational (spatial) scales. AFM
observations are related to small areas which are typically defect-free surfaces or show point
defects, whereas the large field of view typical of VSI enables observations of how

dissolution is modified by the occurrence of dislocations.

Defects contribute to local excursion of the reaction overstep and thus to the reaction
rate (Arvidson & Liittge, 2010). Larger reaction rates are thus expected in areas with a high
population of defects such as outcropping dislocations along subgrain boundaries or weak
planes. These boundaries could correspond to the deep trenches observed in this study (Fig.
3) where the dissolution rate is enhanced. On the other hand, randomly distributed etch pits
(much deeper than those observed with AFM) could also correspond with outcropping
isolated dislocations or impurities randomly distributed on the mineral surface. It has been
suggested that the dissolution of dolomite is controlled by the deepening of these deep etch
pits and the retreat of shallow steps emerging from these pits which finally results in the
removal of a entire layer of the mineral surface (e.g. the Dissolution Stepwave Model,

Lasaga & Liittge, 2001; Liittge ef al., 2003; Lasaga & Liittge, 2003).
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Assessment of imestone deterioration due
to salt formation by micro-Raman
spectroscopy: application to architectural
heritage®

Sabina Kramar,* Maja Urosevic,” Helmut Pristacz¢ and Breda Mirti¢9

Salt crystallisation is a principal deterioration factor of many stone monuments. In this study, samples of weathering products
of two baroque monuments in Ljubljana, Slovenia (the Fountain of Three Carniolian Rivers and the side altar of the Church of
St.James), as well as the limestone used in their construction (Lesno Brdo limestone) were investigated in order to ascertain the
main mineral phases produced during the weathering process. A combination of micro-Raman spectroscopy and X-ray powder
diffraction was successfully applied to identify micrometre-size minor components in the limestone and the weathering product
phases. In addition to calcite and dolomite as the main components of the Lesno Brdo limestone, quartz, anatase, goethite,
haematite and phyllosilicates were also determined as minor limestone minerals. The limestone was found to be extensively
deteriorated in both outdoor and indoor environments in the studied historical monuments, showing flaking, subflorescence,
efflorescences, crumbling and black and white crusts as a result of the deterioration phenomena. Among these weathering
forms, efflorescences were found to be more complex in terms of mineral assemblage, where gypsum was associated to
hexahydrite, pentahydrite, and nitre. In contrast to the efflorescences, the mineralogy of subflorescences as well as that of
white and black crust from outdoor and indoor conditions was rather simple, composed of only gypsum. The results showed
that gypsum also crystallised under the surface as subflorescence, which eventually led to the flaking and crumbling of the

limestone. Copyright (©) 2010 John Wiley & Sons, Ltd.

Supporting information may be found in the online version of this article.
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Introduction

Limestone has been one of the most commonly used building
stones worldwide since prehistoric times. Although limestone is
composed mainly of calcite, it may show significant variations in
minor mineral composition and texture, resulting in a complex
and contrasting weathering behaviour. Salt crystallisation is a
frequently encountered problem in the field of cultural heritage
and is considered to be one of the most powerful weathering
factors of carbonate stones.'>! Salts are known to damage
porous materials through a range of mechanisms, such as
production of physical stress resulting from the crystallisation of
salts in pores, differential thermal expansion, hydration pressure
and enhanced wet/dry cycling caused by deliquescent salts.'3!
Depending on the environmental factors and type of solution,
salts can crystallise under the surface (subflorescence, crypto-
efflorescence) or on the surface, forming either efflorescences or
compact crusts. These mechanisms lead to various deterioration
patterns, i.e. flaking, alveolar weathering, crumbling, loss of
material or dissolution. Therefore, a precise determination of
the salt mineral assemblage must be given the first priority
when exploring the physical factors producing stone damage.
Unfortunately, the small size of the weathering products prevents
an accurate assessment of the crystallised phases in pores or
fragile aggregates in natural weathered stones by conventional
techniques.

In the field of cultural heritage, vibrational spectroscopic tech-
niques, particularly Raman spectroscopy, have been extensively
applied for typifying art materials such as pigments and other
painting materials,*~'" glasses'>~'¥ and ceramics.l'>'® More-
over, vibrational spectroscopy has been applied along with other
innovative techniques to resolve complex characterisation of ar-
chaeological artefacts.'”'8 Although the spatial resolution of
modern micro-Raman systems has also proved to be useful in
the identification of micrometre-sized weathering products of
natural stones used in architectural heritage,/'*~22! more work is
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Figure 1. Selected monuments and weathering forms of Lesno Brdo limestone. (a) Details of the Fountain of the Three Carniolian Rivers. The obelisk is
made of Lesno Brdo limestone and the statues of Carrara marble. (Photo: Valentin Benedik). (b) Details of the altar of the St. James Church. Some of its
stone elements in the lower parts are made of Lesno Brdo limestone (Photo: Valentin Benedik). (c) Black crusts are compact aggregates of salt minerals,
occurring on a surface. The figure shows a detail of the fountain. The image is about 40 cm in width. (d) Fluffy efflorescence appearing as very loosely
coherent aggregates of acicular and long hair-like crystals. The figure shows a detail of the altar. The image is about 10 cm in width.

needed in order to better ascertain the mechanism and origin
of the weathering?® and, more importantly, to design suitable
restoration and preservation strategies.[?42%!

In this study, micro-Raman spectroscopy together with X-ray
powder diffraction was used to characterise a quarried Lesno
Brdo limestonel®® that is frequently used in the construction of
Slovenian historical monuments as well as modern buildings.
Additionally, weathering products of two selected Slovenian
monuments made of Lesno Brdo limestone were analysed.

Experimental
Sampling

Samples of fresh limestone were collected from the currently active
quarry Lesno Brdo near Ljubljana (Central Slovenia). This Triassic
reef limestone is heterogeneous, being composed of intraclasts,
pellets and fossil fragments. Coloured (violet, red, green and
white) veins and stylolites are also present. Moreover, large yellow
or violet crystals can be commonly found.?”!

In order to investigate and compare the deterioration effects
of the Lesno Brdo limestone when used as a building material
exposed to diverse environments, samples were taken from two
baroque monuments from Ljubljana, Slovenia, namely the Foun-
tain of Three Carniolian Rivers, constructed during 1743-1751
(Fig. 1(a)), and the altar in the Chapel of St. Francis Xavier of the
Church of St. James, constructed during 1709-1722 (Fig. 1(b)). EI-
ements of the fountain consist of four different natural stones. The

architectural part is made of two different Slovenian limestones
and conglomerate, whereas the three statues are sculptured from
Carrara marble. The Lesno Brdo limestone is used for the construc-
tion of the obelisk. The altar in the Chapel of the St. James Church
consists of 18 different natural stones, where the Lesno Brdo lime-
stoneis used for construction of lower parts of the altar. Atotal of 15
samples from both selected monuments were carefully collected,
paying special attention to sampling the different textures of the
weathering forms and the degree of damage. Detailed information
regarding fresh and weathered samples is provided in Table 1.

Analytical methods

Polished thin sections of unweathered limestone samples from
the quarry were studied with optical microscopy using an
Olympus BX-60 instrument equipped with a digital camera
(Olympus JVC3-CCD).

The mineral composition of both unweathered limestone and
the weathering products was determined by X-ray powder diffrac-
tion, using a Philips PW3710 X-ray diffractometer equipped with
Cu Ko radiation and a secondary graphite monochromator. Data
were collected at 40 kV and a current of 30 mA in the range from
2 to 70° 26. In order to verify the possible epsomite dehydration,
large crystals of epsomite were prepared by dissolving anhydrous
magnesium sulfate in H,O and evaporating subsequently.
Single-crystal X-ray data of a clear crystal with homogenous
optical extinction grown from solution were measured on a
Nonius KappaCCD diffractometer in order to verify the presence
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Table 1. Summary of investigated samples, their related weathering forms and mineralogy determined by micro-Raman spectroscopy and X-ray
powder diffraction

Natural stone Location Investigated samples Primary mineralogy

Lesno Brdo limestone Lesno Brdo quarry LB1, LB2, LB3, LB4, LB5 Calcite, dolomite, quartz, anatase, muscovite, haematite, goethite

Weathering type Location Investigated samples Weathering products
Black crust Fountain RO2, RO4 Gypsum
Subflorescence Fountain RO1, RO2, RO3 Gypsum
Subflorescence Altar JAL1, JAL8 Gypsum
Efflorescence Altar JAL2, JAL6, JAL7 Nitre, gypsum, hexahydrite, pentahydrite,
Crumbling Altar JAL5, JAL9 Gypsum
White crust Altar JAL1, JAL3, JAL4 Gypsum

of epsomite. The mineral composition of the synthesised crystals
was then determined directly from the solution and after 4 days
at room conditions with X-ray powder diffraction.

Polished thin sections of quarried and weathered limestone as
well as unprepared samples (crystals of salts) were examined with
micro-Raman spectroscopy. Oil was used during the preparation
of polished thin sections of the weathered limestone samples to
avoid the dissolution of the salts. Raman spectra were obtained
with a Renishaw RM1000 dispersive spectrometer equipped with a
Leica DMLM optical microscope, a grating with 1200 grooves/mm
and a Peltier-cooled CCD detector. Spectra were excited with the
632.8 nm emission of a He—Ne laser (8 mW measured behind
the objective), and a Leica 50x objective (NA 0.75) was used.
The wavenumber accuracy was better than 1cm™' and the
spectral resolution was about 2.5 cm~". The system was operated
in the quasi-confocal mode, resulting in an approximate lateral
resolution of ca 3 um.

Results and Discussion

Unweathered limestone
Petrographic characterisation

All samples from Lesno Brdo quarry were classified as micritic with
transition to microsparitic limestone with pellets, intraclasts and
some fragments of fossils. Microscopic examination showed that
the limestone was very heterogeneous because of the occurrence
of coarse-grained crystals, veins and stylolites (Fig. 2(a)). Coarse-
grained crystals of dolomite were partially or completely replaced
by calcite. Furthermore, iron oxides and hydroxides were present
in stylolites, being distributed on the rims of coarse-grained
dolomite crystals. Phyllosilicates (e.g. sericite) were present in
veins or stylolithes and in the inter-granular spaces between the
coarse-grained dolomite and calcite grains. Quartz occurs as single
crystals or between sparitic grains, sometimes as terrigenous
grains or in veins as polycrystalline quartz.

X-ray powder diffraction

Theresults of the X-ray diffraction analysis of the limestone indicate
the presence of calcite and dolomite. Among non-carbonate
component quartz and phyllosilicates as illite/muscovite are
present. A detailed characterisation of phyllosilicates with X-ray
diffraction was not possible.

Micro-Raman characterisation: mineral composition

Raman spectra obtained from polished thin sections of limestone
samples allowed us to identify the occurrence of single mineral
phases of the limestone. The results of the detailed mineral
composition with its characteristic bands are shown in Table S1.

Calcite, the main mineral of the Lesno Brdo limestone, was
identified according to the main Raman active bands at 155, 282,
712 and 1086 cm~' (CO3 symmetric stretching) and sometimes at
1437 and 1748 cm™" (Fig. 2(b)). The Raman spectrum of dolomite
(Fig. 2(c)) is generally similar to that of calcite; however, the internal
COs3 vibrations are slightly shifted because of the different average
size of the neighbouring cations!?8; for instance, the symmetric
CO; stretching of dolomite appears at 1098 cm™" (Fig. 2(c)).

Among the non-carbonate compounds, «-quartz was identified
on the basis of its main Raman bands at 128 and 207 cm~' and
the most significant band at 465 cm™" (Fig. 3(a)). Some spectra
also yielded other minor bands at 265, 355 (394, 404cm™')
doublet, 696, 807 cm~' and the asymmetric stretches of the
silica tetrahedral®® at 1082 and 1162 cm~". Besides polycrystalline
quartz occurring in the veins or mono-crystalline terrigenous
grains, as determined by optical microscopy, Raman spectroscopy
of unweathered Lesno Brdo limestone samples also confirmed the
occurrence of quartz spots homogeneously distributed over the
sample.

The observed Raman bands at 103, 198, 217, 263 and 704 cm ™’
for muscovite correspond to the wavenumbers of the Raman
active modes listed by McKeown et al.*? According to Loh,B"
among the phyllosilicates, only dioctahedral phyllosilicates exhibit
extra strong bands in the region 200-300cm~', assigned to
internal vibrations of an O—H-0 isosceles triangle. Phyllosilicates
have complex structures and highly variable compositions and
consequently complex peak patterns.3?!

Some other minor mineral species that were not identified or
detected by optical microscopy or X-ray diffraction were confirmed
by Raman spectroscopy. Haematite was identified according to
the bands at 223, 243, 290, 406, 495 and 606 cm~', assigned
to Fe-O symmetric bending and stretching vibrations, and the
broad band at 1302 cm~". a-Goethite was determined according
to the characteristic bands at 224, 294, 394 and 478 cm~" and the
Fe-OH asymmetric stretch at 554 cm~'. The yellow spots around
the coarse-grained dolomitic grains were found to be goethite,
while the red brownish ones were assigned to haematite. Small
grains distributed in phyllosilicates were identified as anatase
(Fig. 3(b)), determined according to the main band at 143 cm™',
followed by minor bands at 195,396, 515 and 638 cm™'.
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Figure 2. (a) Photomicrograph of the studied limestone, showing micritic
calcite (1) and brown coarse-grained dolomitic grains (2). Sample LB5.
Transmitted light, parallel polarised light. (b) Raman spectrum of calcite.
(c) Raman spectrum of dolomite.

Weathered limestone
Weathering forms: macroscopic description

As part of broader conservation/restoration projects, in situ inves-
tigation of the monuments by means of monument mapping has
pointed out several types of deterioration phenomena. Limestone
was found to be extensively deteriorated in both outdoor and
indoor environments (Fig. 1), salts being the main weathering
products. The fountain (outdoor location) showed several types of
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Figure 3. Raman spectra of some minor limestone minerals. (a) Raman
spectrum of polycrystalline quartz occurring in the veins of the limestone
in sample LB1 and (b) Raman spectrum of anatase, which is distributed as
single grains in the veins of phyllosilicates in sample LB1.

deterioration phenomena, which were documented according to
the Fitzner classification®3!: for example flaking (Fig. S1(a)), sub-
florescence, crumbling and black crusts (Fig. 1(c)). Flaking leads
to loss of material through back weathering. A wide range of
weathering forms related to the salt crystallisation have been
recognized also in indoor conditions, e.g. flaking (Fig. S1(b)), sub-
and efflorescence (Fig. 1(d)), crumbling (Fig. S1(c)) and white crust
formation (Fig. S1(d)). Identification of salts of these weathering
forms is described in the following sections.

Observation with optical microscope

White and black crusts consist of crystals up to 100 um in size
that are orientated parallel to the surface. Single calcite grains
are trapped in the gypsum crystals. The boundary between
the salt crystals in the black crust and limestone is extremely
irregular, showing that chemical dissolution of calcite grains is in
progress. Crystallisation of soluble salts under the surface results
in disruption of the limestone. A system of fissures is present
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100-150 um under the surface, while the fissures are 20- to
30-um thick. Salt crystals of fluffy efflorescences occur as very
loosely coherent aggregates of long hair-like needles and fibres.
Efflorescence consists of a curled bundle of parallel grown fibres
(whiskers) that are about 150- to 500-um long. Elongated and
prismatic crystals were also observed. Whisker growth indicates a
slightly humid to nearly dry surface substrate where crystals grow
on a solution film into the air.?4

X-ray powder diffraction

X-ray diffraction data evidence the presence of gypsum, nitre
(KNO3), and the soluble salts of the MgSO, - nH,O series such
as pentahydrite and hexahydrite in the altar samples. In samples
taken from outdoors, only gypsum is present. Gypsum occurs
as white and black crust as well as subflorescence and part of
efflorescence. Moreover, three different mineral assemblages have
been observed in the efflorescences: (1) nitre and gypsum (sample
JAL2); (2) nitre, gypsum or magnesium sulfate hydrates (sample
JAL?7) and (3) gypsum and magnesium sulfate hydrates (sample
JAL6). On the contrary, nitre and magnesium sulfate hydrates were
absent in subflorescence.

Gypsum is found to be one of the most common soluble
salts in the deterioration of building materials.>*) Moreover, the
origin and growth of the black crusts that contribute to limestone
deterioration on monuments have been widely studied in the
past.36-49) Salt crusts normally form in damper areas and are
generally formed by less soluble salts such as gypsum.*' Gypsum
crystallisation under the surface results in scaling and crumbling
of the limestone and indicates that the evaporation flux is higher
with respect to capillary transfer of the solution.[*?! In addition,
black gypsum crust formed outside and white gypsum crustinside.

Hexahydrite and epsomite are common hydrates on the Earth'’s
surface that occurin moderate and elevated relative humidity (RH)
at ambient temperature.*3! With the exception of hexahydrite-
epsomite, transformations between the various species of the
MgS04.nH,0 series involve more than simple removal of water
and require significant crystal structure rearrangement and
the overcoming of activation energy barriers. Close to room
temperature, epsomite is the stable form in the presence of
liquid water. Under dry conditions, epsomite can dehydrate to
hexahydrite and finally to the monohydrate kieserite.*4 The
situation was also proved by the experiment, where single-
crystal measurement of the synthesised crystal showed the
crystal structure of epsomitel®!: P2,2,2;, a = 11.868 (10) A,
b = 11996 (10)A, ¢ = 6.858 (7)A; V = 976 A3, Z = 4, and
further analysis with X-ray diffraction determined the presence of
epsomite. The X-ray diffraction measurement of the sample after
4 days revealed the presence of hexahydrite and pentahydrite,
suggesting that epsomite is stable in the presence of liquid
water and then dehydrated into magnesium sulfate hydrates
with various amounts of water. Crystallisation of these salts
and hydration—dehydration transformations depend mainly on
the RH and temperature. As joint mortars between the stone
elements of the altar contain high quantities of soluble calcium
and magnesium,i*® they are thus considered as a potential source
of these damaging salts.

The presence of nitre may be attributed to the solutions
containing alkali potassium and nitrate that are present in the
ground and transported by capillary rise.*”! Nitre could also be
the result of the weathering of K-bearing phyllosilicates in the
limestone.

The behaviour of multi-component salt mixtures is extremely
complex. Even in a comparably simple four-component system,
several possible sequences of salt deposition and phase trans-
formation have to be considered. The salt species that grow in
efflorescences depend on the composition of the salt solution, on
the properties of the substrate and on the environmental condi-
tions during growth.”?! Charola!" reported that in normal outdoor
environmental conditions most salts remained in solution, ex-
cept the rather insoluble gypsum that crystallises first from the
solution. Magnesium sulfate hydrates and nitre, which are more
soluble compared to gypsum, are transported to the evaporation
zone at the limestone surface, and therefore are commonly found
in the efflorescences. Although some studies!**8-5% have reported
that crystallisation of epsomite caused several damaging effects
of the investigated stones, the situation in the altar did not reveal
any visible damage of the limestone, where conditions allowed
crystallisation of these salts at the limestone surface. The condi-
tions that govern the position of crystallisation depend to some
extent on the nature of the salts that are present, but also on the
texture of the material and on the conditions of evaporation.’"
The cycles of dissolution and recrystallisation of these salts are
considered to be related to the environmental conditions within
the church, particularly in relation to the fluctuation in RH. This
latter factor seems to be an important issue in the present case, as,
during the 1-year monitoring period in the chapel, the RH ranged
from a maximum of 100% to a minimum of 40%.55%

Micro-Raman characterisation of the weathering products

Raman spectroscopy was used to identify the single crystals of
soluble salts, which were found to be the main weathering
products of limestone deterioration. The results are shown
in Table 1, together with the mineral composition of the
unweathered Lesno Brdo limestone.

In agreement with the above X-ray diffraction data, Raman
spectroscopy showed that gypsum is stable as the weathering
product in both outdoor and indoor conditions. Gypsum in the
samples was identified mainly from its main Raman band at
1008 cm~' and some minor bands, such as doublets at 414,
494cm™" and 623, 671cm™’, assigned to v, symmetric and
vs4 antisymmetric bending of the SO, tetrahedra, respectively
(Fig. 4(a)). The v3 antisymmetric stretching vibration of the SO,
tetrahedra at 1137 cm™' was also observed in the spectra. In the
high wavenumber Raman spectra, two bands were observed at
3405 and 3492 cm™', which are due to the vy symmetric and v3
antisymmetric stretching vibration of water, respectively. Samples
from the black crust in particular showed high luminescence
(Fig. S2(a)) due to the organic matter of the crusts, but showed
enough Raman scattering to give measurable signals. Some
spectra of the black crust yielded two additional broad bands at
around 1308 and 1600 cm~" attributed to the D (disordered) and G
(graphitic) band, respectively, indicating graphitic carbon, derived
probably from atmospheric soot particles (Fig. S2(b)).['920:53]

Raman spectroscopy revealed the presence of magnesium
sulfate hydrates as part of the efflorescence in samples taken from
the lower parts of the altar (indoors), supporting X-ray diffraction
data. Moreover, the lack of these magnesium sulfate hydrates in
the outdoor environment was also confirmed. The most significant
band in the investigated samples for hexahydrite was the
5042~ -associated vy symmetric stretching band at 983 cm™' as
shown in Fig. 4(b). The doublets at 218 and 250 cm™" are assigned
to O-H- - -O (sulfate) entities in the crystal structure. The Raman
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Figure 4. Raman spectra of soluble salts present in the monuments. (a) Raman spectrum of platy gypsum in white crust in sample JAL1. (b) Raman
spectrum of prismatic hexahydrite occurring in efflorescence (sample JAL7). (c) Raman spectrum of pentahydrite that occurs in efflorescence (sample
JAL7). (d) Raman spectrum of nitre that occurs as fibrous crystals in efflorescence (sample JAL2).

band at 365 cm ™~ present in some spectra is attributed, according
to Makreski et al.,® to the symmetric metal-oxygen stretching
vibration (O-Mg-0 deformations). A sulfate mode is observed as
two doublets at 444, 466 cm~" and at 609, 630 cm~'. Both the
bands observed at 1087 and 1148 cm™" are expected to come from
v3 sulfate modes. The bending modes of intra-crystalline water
are observed at 1614 and 1648 cm~'. Due to the involvement of
water in hydrogen bonding (water incorporated into the lattice),
the water stretching vibrations manifest as a complex band in the
3000-3600 cm™" region with a maximum at around 3424 cm™’
and two shoulders at 3251 and 3547 cm™".

Wang et al.®® reported that the symmetric stretching vibration
v; mode of SO, tetrahedra shifts towards higher wavenumbers
generally following a decrease in the degree of hydration, which
in our case is expressed as a shift from 983 cm~" in hexahydrite
to 1005 cm™" in pentahydrite. Figure 4(c) shows the additional
sulfate vibration modes of pentahydrite that are observed at
454 (v,), 602 (v4) and 1104 cm™~" (v3 mode). Moreover, bands in
the region 1000-1800 cm™" at 1151 and 1650 cm™" can also be
present. The band at 119 cm~" is ascribed to an external vibration.
In the 2500-4000 cm~" spectral region, a broad Raman band
is observed which consists of bands at 3287, 3341, 3405, 3510
and 3560 cm™". The observed bands for both hexahydrite and
pentahydrite are in agreement with the literature data reported
by Wang et al.1%!

Difficulties in the characterisation of the minerals of the
MgSO4.nH,O0 series are often encountered. The Raman spectrum
of hexahydrite was frequently ascribed to epsomite, since the

possibility of dehydration under the room conditions was not
considered. To prevent eventual dehydrations that may also
occur while acquiring the spectra, researchers have studied the
Raman spectra at low temperatures.>®! A systematic Raman study
of hydration states of magnesium sulfates was made by Wang
et al.*® where the differences between the hydrates were clearly
described.

Furthermore, in some samples of the efflorescence from the
bottom of the altar (indoor conditions), nitre was detected by
its dominant symmetric NO stretch (vq) at 1050 cm~' and the
antisymmetric NO stretch (v3), which appears as two bands cen-
tred at 1343 and 1359 cm~', and a band at 715 cm™" (Fig. 4(d)).

Conclusions

In this work, micro-Raman spectroscopy together with X-ray
powder diffraction was successfully used to study the occurrence
of mineral phases in limestone samples and their weathering
products from buildings and monuments. Furthermore, tiny
crystals that could not be analysed by other techniques such
as X-ray diffraction analysis, because of the impossibility of
separation or preparation of such diminutive amounts, were
identified.

Salt crystallisation led to several deterioration patterns on the
studied historical monuments, both indoors as well as outdoors.
Indoors, gypsum occurs as a white crust, subflorescence and
part of efflorescence, together with nitre and the soluble salts
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of the MgSO4.nH,0 series such as pentahydrite and hexahydrite.
In samples taken from the fountain outdoors, only gypsum is
present occurring as a black crust and subflorescence. Whereas
in the outdoor monument the deterioration seems to be
mainly related to the air pollution, in the case of indoors it
is attributed to the surrounding building materials (mortars)
and solutions from the ground. Crust occurs in damper areas,
suggesting sufficient water supply in that area of the altar,
while outdoors it occurs in sheltered areas. It appears that the
deterioration of the stonework is mainly due to the cycles of
crystallisation/dissolution of soluble salts. Gypsum crystallisation
under the surface resultsin scaling and crumbling of the limestone,
both outdoors and indoors. High damage at the lower part
of the altar is associated with rising dampness. Crystallisation
of nitre and magnesium sulfate hydrate on the surface of the
limestone does not contribute to visible mechanical damage of
the limestone.

The results provided by this study are important for suitable con-
servation/restoration interventions. The results could contribute
to better decision making regarding the method to remove or
extract soluble salts from the stonework and to consider preven-
tive conservation, for example in the chapel, in order to arrange
the source moisture from the ground or to stabilise the internal
environmental conditions to avoid RH fluctuations.
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