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Abstract

:

Bluish-grey limestones have been extensively used as ornamental stones for decoration purposes in buildings, as well as in works of art, and accordingly, have been the target of intense exploration. In Portugal, the Jurassic limestone massif known as the Maciço Calcário Estremenho (MCE), has been the source of grey-coloured ornamental stones, namely the Azul Valverde (one of the most well-known bluish-grey limestones) and Atlantic Blue varieties, both of which may undergo colour changes in outdoor environments. In this sense, it is important to understand the sudden colour change from bluish-grey to yellow/beige in the same limestone block in a quarry, or even, what happens to the colour when polished limestone is placed outdoors. This study was undertaken using various techniques, namely XRF (X-ray fluorescence spectrometry), XRD (X-ray diffraction), SEM (scanning electron microscopy), DTA–TG (differential thermal analysis/thermogravimetry) and colourimetry. Synchrotron radiation was also used at the European Synchrotron Radiation Facility (ESRF, Grenoble, France) where XANES (X-ray Absorption Near Edge Structure) spectra at Fe K-edge were collected to ascertain the speciation state of Fe in different coloured zones of the limestone, previously checked by EDXRF (energy dispersive X-ray fluorescence). The presence of Fe2+ and Fe3+ are responsible for the greyish and yellow/brown colour, respectively. On the other hand, the UV radiation from the sun causes a quickened and severe bleaching/fading on the dark blue/grey polished limestone.
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1. Introduction


Carbonate rocks, in general, display light colours such as whitish, beige, or yellowish. However, they may also exhibit darker tonalities, namely greyish to black, bluish, or even reddish, depending on the nature and content of impurities scattered throughout the rock mass. Rock colour can be considered a complex concept, as it depends on the perception of the observer, the source of illumination, the characteristics of the object, and the environment in which light radiation can be absorbed, filtered, reflected, refracted, or interfere with each other [1]. Despite this complexity and even subjectivity, the colour of natural stones is a major characterization factor due to its influence on the aesthetic and commercial value of the rock [2,3,4].



The consequence of trends in architecture for the use of dark colours in decoration of both interiors and exteriors (e.g., [5,6]), results in the growing demand for natural, grey-coloured stones with several finishings currently in use: polished, bush-hammered, flamed, and scratched, among others. However, the colour bleaching (fading), more visible in the dark colours, is a concern for both limestone producers and customers, passing through art conservator-restorers, because it is a requirement that the rock colour remains the same during the lifetime of the construction (e.g., [7]).



One example of such a grey-coloured ornamental stone comes from the Jurassic limestone massif in Portugal known as the Maciço Calcário Estremenho (MCE). The commercially designated Azul Valverde (Valverde Blue) variety, also known as Azul Mónica [8], is one of the most internationally recognised bluish-grey limestones from Portugal that has been used as a reference grey limestone in the ornamental stones market. Other bluish-grey facies of commercially marketed ornamental limestones are the Atlantic Blue and Azul Moleanos varieties. Of these, this study is focused on the Azul Valverde and Atlantic Blue types.



The constant exposure to natural weathering (solar radiation, temperature variation, water percolation, air pollution, biological agents) causes several types of damage including physical weathering, such as microcracking and disintegration, and chemical weathering, such as discoloration and dissolution of component mineral grains [9,10,11,12,13]. Limestone catastrophic deterioration results in black crusts, scaling, flaking, blistering, granular disintegration, and alveoli [14], making colour alteration one of the most evident signs of deterioration in heritage materials.



The colour of limestones and sedimentary rocks in general is usually controlled by accessory minerals, plus compounds of iron and organic carbon [15]. Concerning the bluish-grey limestone, the discolouration process could be the result of weathering (pyrite oxidation) with progressive formation of gypsum crystals on the surface and subsequent biocolonisation [16]. This is usually associated with epigenetic fluid percolation driven by fractures and by marl-carbon sedimentary lamina (e.g., [17]), or by the presence of clay minerals [18], but it remains unclear which factors lead to the occurrence of each colour [16]. Indeed, recent studies regarding the mechanisms of discolouration of a bluish limestone from the MCE were performed, assuming that the bluish colour origin is due to the presence of dispersed organic matter that was introduced in the rock prior to early carbonate cementation processes by the percolation of hydrocarbon-rich fluids [19]. This author characterised the rock as a quite homogeneous calcarenite, very compact and almost completely cemented by carbonate, with accumulation of insoluble residues together with pyrite (FeS2) and darker compounds (oxides/hydroxides) not identifiable by microscopic observation. The laboratory simulation of chemical reactions under oxidising, acidic and oxidising plus acidic conditions, led to conclude that the oxidation of the organic compounds was the main cause of colour transformation (partial discolouration) in the limestone. On the other hand, the staining of white marble was attributed to the presence organic matter in the form of pyrite and hematite crystals, yet these were shown to have no significant influence on the discolouration [20]. Recently, a laser cleaning process of a deeply darkened limestone surface (black crust) collected from the historic entrance gate of Castello Svevo, Bari, Italy gave rise initially to a yellowish/brownish surface and, after a new treatment, a whitish one [21].



Furthermore, colour changes of the natural stone could be attributed to the exposure to UV light [7,22,23,24] causing fading; photonic effects (mainly UV radiation) may be particularly harmful as observed, for example, in outdoor-exposed tiles/panels [25]. Additionally, grey carbonaceous limestones increase their value of lightness by oxidation and fading/bleaching by the sun [24]. The colour fading has a negative economic impact in the ornamental stone industry and in the field of built heritage. The fading of the blue marble in the Paço Ducal de Vila Viçosa is one of the most notorious cases. For decades the façade was thought to be made of a yellowish-white coloured stone. After a cleaning intervention, the extraordinary blue and white stonework was re-discovered (Figure 1). Other examples of historic structures made of limestone are for instance, the arch over the tunnel between the sacred area and the stadium in Olympia Greece, the Cheops Pyramid in Egypt, the Parliament building of Budapest, Hungary [13], the Convent of Christ in Tomar, Portugal [26], Worcester College, Oxford, UK [14], the Master Valentim’s fountain, Rio de Janeiro, Brazil [10], or even limestone sculptures, namely St. John the Baptist, St. Paul and The Virgin and the Child from 16th century, and Musician Angel (15th century) [27].



In the shown context, the aim of this study is to contribute to the understanding of the mechanisms responsible for the colour change, namely, the fading observed in two bluish-grey ornamental limestone varieties commercially designated as Azul Valverde and Atlantic Blue when these are exposed to normal weathering conditions. To address this major goal, focusing on polished tiles/slabs placed in outdoor environments and in the quarry blocks (variation between bluish-grey and yellow side by side in the same limestone block), a study was undertaken utilising various techniques including synchrotron radiation at the European Synchrotron Radiation Facility-ESRF, in Grenoble, France; in this novel approach, the methodology applied to limestones allowed us to disclose the iron speciation in those sought-after ornamental stones.



The main accomplishment of this paper is the relation, on the one hand, of the presence of Fe2+ and Fe3+ with the greyish and yellow/brown colour, respectively, and on the other hand, of the quickened and severe bleaching/fading of the dark blue/grey polished limestone with the UV radiation from the sun.




2. Geological Setting and Features of the Bluish-Grey Limestone


The MCE is a geomorphological unit corresponding to a Jurassic limestone massif that covers an area of 900 km2 in the centre of Portugal, approximately 150 km to the north of Lisbon (Figure 2). The MCE falls within the paleogeographic context of the Lusitanian Basin, which developed in the non-volcanic rift margin of western Iberia under a generalised extensional tectonic regime associated with the opening of the North Atlantic Ocean. After the Upper Cretaceous, it becomes uplifted in relation to the surrounding regions due to the Alpine compressive tectonics whose major effects occurred during the late Miocene [28,29,30,31].



Three major families of faults, oriented NNE–SSW, NW–SE, and NE–SW, highlight the close existing relationship between morphology and tectonics in the MCE. They were active during the extensional phases of the North Atlantic opening and were reactivated in reverse or strike-slip mode by the Alpine compression. In addition to these faults, the MCE is affected by low amplitude, smooth folding, and by a moderately intense fracture network that follows the three orientations mentioned above [32]. Rocks in the MCE are distributed, in terms of age, from the Lower Jurassic to the Cretaceous. However, most of its extension is occupied by carbonate rock formations of the Middle and Upper Jurassic whose lithostratigraphy is well established from the works of Manuppella and Azerêdo [33,34,35].



To meet ornamental stone market demands, limestones from the MCE have been the target of intense exploitation since the 1980s. The Azul Valverde is exploited at the “Covão Alto” quarrying area, near Alcanede (Santarém district) (Figure 2). It is also known as the “Malhada” or “Valverde” area, despite the fact that the Valverde village is situated some kilometres further north. The stone exploited here belong to Upper Jurassic series, namely the Montejunto Formation of Middle to Upper Oxfordian age (“Camadas de Montejunto”) according to sheet 27-C of the Portuguese Geological Map at 1:50,000 scale [34]. This lithostratigraphic unit corresponds to a sequence of grey limestones and marls, more or less dark in colour, with thickness larger than 80 m. At the Covão Alto quarrying area, the exploited rocks are peloidal and intraclastic marly mudstones, wackestones and packstones with varying content of bioclasts and oolites, sometimes with nodular appearance.



The quarries are laid out parallel to a dolerite dike, which intruded a normal fault oriented WNW–ESE. It controls the attitude of bedding: dips around 40° S near the fault and between 10° to 20° S when outside the associated drag fold. The first stones exploited here were the ones closer to the dike, where they were tougher and darker in colour.



Thickness of the beds ranges from some centimetres to 1 m, often with organic-rich marly laminae between them. As these laminae maintain the mechanical coherence among the strata, it is possible to produce blocks for ornamental purposes up to 2 m thick.



Despite the bluish-grey colour denoted by the Azul Valverde ornamental variety, sudden colour changes to beige can be observed in the quarry walls affecting not only several layers, but also along a single layer (Figure 3).



The technical description of the Azul Valverde ornamental rock is a grey-blue limestone with small, lighter patches, with coarse elements, calciclastic and slightly bioclastic being constituted by 93% of calcite, 3% of dolomite and 4% of quartz [36]. Chemical analysis published by these authors showed contents of 1.78% SiO2, 0.87% Al2O3, 0.60% Fe2O3, vestiges of MnO, 51.42% CaO, 1.31% MgO, 0.18% Na2O, 0.16% K2O, and 42.53% of LOI. When compared to other Portuguese limestones, Azul Valverde and Azul Moleanos have the highest iron content, 0.6% Fe2O3 [36]. The presence of iron, can provide a great diversity of colours to minerals and geomaterials, as known (e.g., [37,38]): goethite, α-FeO(OH), and siderite, FeCO3, form yellow-brown ochre; hematite, α-Fe2O3, depicts a characteristic grey colour when well crystallised and a red tonality in soils (regoliths); vivianite, Fe3(PO4)2·8H2O, displays either a blue or a purple colour [39]; and green tonalities are common for olivine, (Mg, Fe)2SiO4. Moreover, in what concerns sulphides, disseminated pyrite, FeS2, gives a grey colour to a carbonate matrix [40].



The Atlantic Blue ornamental variety, also known as Azul Cadoiço [41], is very similar to Azul Valverde. It comes from the Cadoiço quarrying area (Figure 2) located near Alcobaça (Leiria district), which also are exploiting the Montejunto formation. The limestones are very similar to the ones exploited in Covão Alto: marly wackestones, packstones, and grainstones with a bluish-grey colour. Thin clayey laminae are interbedded with decimetre to metric-thick, marly limestone beds oriented NNE–SSE and dipping 15°W.



Both limestones have low water absorption at atmospheric pressure, 0.5% [8] (p. 347) and 0.8% [42], respectively. Atlantic Blue presents a light grey colour, slightly bluish and brownish shadows [42].




3. Materials and Methods


Several samples of Azul Valverde and Atlantic Blue limestone were selected for the present study (Table 1). Some polished samples were exposed to natural weathering conditions (Figure 4, assigned with an * in Table 1) and analysed through various techniques, before and after being exposed, to understand the type and severity of this degradation in the dark colour of the limestone. Other samples were analysed as collected in the quarry (unpolished) or after being polished. Polychromatic fragments were chosen, where the variation side by side between bluish-grey/brown/yellow or bluish-grey/yellow was well pronounced, to disclose the reason of that colour variation, induced by the fluids’ percolation.



3.1. X-ray Fluorescence Spectrometry


Azul Valverde (references AV 27 and AV 43) and Atlantic Blue (AB 9 and AB 48) tiles 4X4 cm sized (Figure 4), both greyish polished limestones, were exposed to weathering in a rooftop terrace (Lisbon urban environment), subject to the normal atmospheric conditions (high UV radiation, low rainfall, wind, atmospheric pollution, and temperature changes, among others) for 3 months. The small square fragments were chemically checked for major, minor, and vestigial elements usually present in geological materials, namely, Na, Mg, Al, Si, Cl, K, Ca, Ti, Mn, Fe, Zn, Rb, and Sr, in a weekly schedule (from May to July) and in the beginning of September 2016; a semi-quantitative analysis was performed through X-ray fluorescence spectrometry in wavelength dispersive mode (XRF-WDS) using a Philips PW1400 automated X-ray fluorescence spectrometer (50 kV, 45 mA) equipped with a rhodium tube and X-41 software. Fixed-time counts (5 × 30 s) were carried out over the diagnostic peaks of the selected elements and background, using the LiF200 analysing crystal for K, Ca, Ti, Mn, Fe, Zn, Rb and Sr, PET for Al, Si, and Cl, and PX-1 for Na and Mg.




3.2. X-ray Diffraction


A Philips PW 1500 powder diffractometer with Bragg–Brentano geometry, equipped with a large-anode copper tube operating at 50 kV–40 mA and a curved graphite crystal monochromator, was used to collect X-ray diffraction (XRD) patterns of the Azul Valverde (AV 27) and Atlantic Blue (AB 9) polished limestone fragments, before and after exposure to atmospheric conditions.



XRD was also performed on three areas of the Azul Valverde limestone fragment (Figure 5a)—yellow (reference AV Yellow (1) area), brown (AV Brown (2) area) and bluish-grey (AV Bluish-grey (3) area)—as well as in two other independent bluish-grey (AV Bluish-grey (A)) and yellow (AV Yellow (B)) fragments (Figure 5b) that were furthermore studied with synchrotron radiation (SR). A small quantity of powder from each area was used to obtain the XRD pattern. The photos of Figure 5 were taken under the same light intensity conditions to allow a better colour comparison.




3.3. Scanning Electron Microscopy


A scanning electron microscope (SEM) Philips XL 30 FEG, with a field emission electron gun operated at an acceleration voltage of 10–20 kV under high vacuum, was used to study the morphology of the polished bluish-grey limestone fragments AV 27 and AB 9 before and after exposure to atmospheric conditions as well as to study a polished limestone fragment (from the Covão Alto quarry) with the two colours bluish-grey (AV Bluish-grey area) and yellow (AV Yellow area), side by side. Qualitative elemental analyses were performed with an energy dispersive X-ray spectrometer (EDS) coupled to the microscope. For the SEM/EDS analyses, the limestone fragments were coated with a thin layer of gold in a JEOL ion sputter JFC-1100 to improve the imaging capability. X-ray emission spectra were collected in spot mode analysis (around 3 nm beam resolution).




3.4. Colour Measurements


The colour measurements of the AB and AV stone slabs before (n = 3) and after exposition to weathering (n = 3) were performed with a CM-700d (Konica Minolta, Chiyoda City, Japan) portable spectrophotometer. The measuring conditions were diameter viewing aperture of 10 mm, illuminant D65, and observer 10°. Measurements were performed on specular component excluded (SCE) mode excluding the specular component with open gloss trap (excluding most of the specular component). Calibration was performed with a black trap and white tile.



The CIELAB (CIE 1986) colour space was selected to represent the colour measurements the three coordinates: L* the lightness of the colour, which varies from 0 (black) to 100 (white); a* the redness (+)-greenness (-); and b* the yellowness (+)-blueness (-) [43]. The variation before and after ageing were assessed by calculating: the difference between the final and initial value of L* (ΔL* = L*f − L*i), a* (Δa* = a*f − a*i), b* (Δb* = b*f − b*i); Chroma (C*ab = (a* + b*)1/2); and the total colour difference (ΔE* = [(ΔL*)2 + (Δa)2 + (Δb)2]1/2). Colour measurements have been often used to assess colour variations due to ageing and conservation treatments. In order to find significant differences, the measured L*, a*, and b* data were subjected to analysis of variance using Microsoft Excel 2010 for Windows. The averages were compared by the Tukey’s honest significant difference (HSD) test at 5% level of significance.




3.5. Thermo-Analytical Techniques


Thermo-analytical assays—simultaneous differential thermal analysis (DTA) and thermogravimetry (TG)—were performed in unpolished Azul Valverde limestone, grey (AV Bluish-grey (A)), and yellow (AV Yellow (B)), for comparison purpose. A SETARAM 92–16.18 apparatus was used, incorporating a microbalance with a controlled argon gas flow. About 60 mg of milled and dried (about 2 h at 110 °C) sample was deposited in an alumina (Al2O3) crucible. The reference material was alumina powder. The heating temperature ranged from ambient to 1100 °C at a heating rate of 10 °C min−1.




3.6. X-ray Absorption Near Edge Structure and Energy Dispersive X-ray Fluorescence


Fe K-edge X-ray Absorption Near Edge Structure (XANES) spectra were collected in the unpolished Azul Valverde limestone fragment, namely, in the yellow (1), brown (2), and bluish-grey (3) zone [44], as well as in two other independent bluish-grey (A) and yellow (B) fragments (Figure 5). Model minerals were also studied by collecting XANES spectra in fluorescence yield (FY) mode using the instrumental set up of beamline BM 25A at the European Synchrotron Radiation Facility (ESRF) in Grenoble, France. XANES spectra were collected at the Fe K-edge (7112 eV) with an energy resolution of ∆E/E = 1.5 × 10−4 using a 13-element Si(Li) solid-state detector (Sirius) and a Si(111) monochromator. An iron metal foil was irradiated for energy calibration purposes (first inflection point of the Fe K-edge set at 7112 eV). The chemical composition of the limestone samples was previously checked by energy dispersive X-ray fluorescence (EDXRF) using an excitation energy of 18 keV and an irradiated area of 1 mm2. The high brilliance of synchrotron X-rays allows for remarkably low limits of detection for most chemical elements, thus enabling the analysis of trace and sub-trace species hosted by a mineral. The energy dispersive spectra collected for each sample were fitted using the PyMca software [45].



Iron model minerals were selected to configure different oxidation states and metal coordination, namely, ilmenite (FeTiO3), pyrrhotite (Fe1−xS), siderite (FeCO3) and pyrite (FeS2) for Fe2+ in octahedral coordination; hematite (α-Fe2O3), goethite [α-FeO(OH)], lepidocrocite [γ-FeO(OH)] and limonite [FeO(OH).nH2O] for Fe3+ in octahedral coordination; magnetite (Fe3O4) for a mix of Fe2+ and Fe3+ in tetrahedral plus octahedral coordination.



XANES spectra were previously corrected in energy, the background was subtracted, and the spectra normalised for atomic absorption using the program Athena [46]. In addition to the experimental spectra collected for the model minerals, calculated spectrum for selected mixtures of minerals, including different ratios of mixtures, were also obtained by combination fitting method in Athena software, with the purpose to a better approach to the spectra collected on limestone fragments.



The details on the pre-edge region of the XANES spectrum (corresponding to the 1s→3d transition) have long been recognised as being mostly sensitive to the electronic structure and geometry of the iron site (e.g., [47]). The deconvolution of the pre-edge structure into pseudo-Voigt components using the program Fityk (2007) [48], a free software, to derive the height, energy position and total area (integrated intensity) of components, was used to assess the variation(s) in the electronic state(s) of iron in limestone. Thus, to extract the pre-edge features the contribution of the edge jump to the pre-edge was modelled using a spline function. The pre-edge features were then fit into pseudo-Voigt components (between 2 and 5) with a similar width [47,49]. Then, the total area (integrated intensity of all components) and the centroid position (intensity-weighted average of the component’s positions) were calculated from the parameters of the fit.





4. Results and Discussion


4.1. Polished Limestone Exposed to Outdoor Atmospheric Conditions


4.1.1. Chemical and Mineralogical Characterization


The fixed-time counts after subtracting the background, obtained through XRF-WDS data, are compared for all elements except Ca (Figure 6), for better visualization. A high content of iron is visible in all fragments, and the presence of strontium is usually correlated to calcium content as known. Silicon is related to the presence of quartz, being higher in AB fragments. No significant chemical and mineralogical differences were observed for the Azul Valverde (AV) and Atlantic Blue (AB) polished limestone fragments when subject to outdoor atmospheric conditions; calcite is the main phase identified (Figure 7) with quartz and dolomite as vestigial phases, both before and after exposure.




4.1.2. SEM Studies


Collected SEM images of Azul Valverde (Figure 8) before (a) and after (b) exposure, illustrate the morphology of polished limestone loosely suggesting higher roughness and/or porosity by the loss of material in the exposed fragment. Similarly, an alteration was observed in the Atlantic Blue (Figure 9a,b) where a smoothing of the grains seems to have occurred after exposure to outdoor atmospheric conditions (b); the bulk elemental constitution of both limestones is similar, the content of calcium is high and dominant, but small amounts of magnesium and silicon are also present. As expected, gold is present in all EDS spectra due to the coating of the sample. Quartz grains were also observed (Figure 9c,d) as displayed by the EDS spectrum. It should be noted that the value of open porosity for Atlantic Blue limestone, for instance, is considered low when compared to other limestones [50]; when subject to accelerated ageing tests, the limestone porosity increases slightly [50]. No microbial communities were detected by SEM.




4.1.3. Colour Fading


Near the smaller fragments (Figure 4) exposed to weathering in the rooftop terrace, entire tiles of AV and AB were also kept in similar conditions. For visual comparison, analogous entire tiles were also kept indoors, being photographed side by side at the end of the experiment as shown in Figure 10. Severe bleaching or fading [51] of the dark blue/greyish limestone was visually observed (Figure 10a), especially in the Azul Valverde samples after circa 3 months of exposure to sunlight, wind, rain, atmospheric pollution, and temperature changes among others, that cause weathering. Colour measurements confirm the chromatic alteration of the limestone slabs (see Supplementary Material Table S1). The Azul Valverde indeed showed a higher total colour variation (ΔE* = 10.26) than Atlantic Blue (ΔE* = 3.28). Both these values of ΔE* are considered perceptible to the naked eye. The variation of the L value of Atlantic Blue was almost imperceptible, and values before and after exposure were not significantly different (Table S1). On both stones types a significantly different reduction of the C*ab (values of a* and b* decreased) was observed after weathering exposure (Figure 10b). The decrease of chroma value is one of the consequences of fading, as well as the increase of lightness value [52]. The increase of lightness was observed for Azul Valverde, causing a more severe bleaching effect when compared to Atlantic Blue limestone. In fact, colourimetry has been applied to study different materials, from the microelectronic field [53], to the Chinese blue-and-white archaeological porcelain [54], or even to the medieval tiles [55]. Furthermore, some authors have proposed a system for monitoring environmental conditions in museums based on the measurement of colour changes by image processing [56]. Colourimetry was also used to evaluate the colour and gloss of the original stones and to compare with those used in the restorations [10].



As already said, the exposure to atmospheric conditions results in stone ageing [9,10]. The summary of the atmospheric conditions [57] observed in the period of the limestone experiment (in the rooftop terrace) is shown in Table 2. As shown before, the time of exposition was not sufficient to promote any significant chemical, mineralogical, or structural modification, but fading was clearly visible. Indeed, the short wavelength of UV radiation from sun often causes fading (e.g., [58]), and although this effect also occurs in a quarry, in a polished sample it is much more visible. The iron oxidation through UV radiation is an extremely rapid process [59,60], and this may have been the process that occurred with the polished limestone. In that sense, for buildings, works of art, or for decoration purposes in general, the grey natural stones must be correctly protected to minimise fading (see e.g., [11,12]).





4.2. Colour Change in the Same Limestone Sample


4.2.1. Mineralogical Characterization


XRD patterns collected on the yellow, brown, and bluish-grey Azul Valverde limestone fragments (Figure 5) shows the presence of calcite as the main phase and quartz as a vestigial phase (Figure 11). Other vestigial phases are present, namely pyrite in the bluish-grey (3) and possibly goethite in brown (2); no further minerals that could be responsible for the colour of the limestone were identified.




4.2.2. SEM Studies


SEM images of the Azul Valverde polished polychromatic limestone fragment are compared in Figure 12, for the yellow (a) and for the bluish-grey (b) areas side by side. The EDS spectra are very similar in both colours and the presence of aluminium, potassium, and iron, although in a very low content, suggest the occurrence of additional phases such as feldspars and iron oxides. Comparatively, when the fragments are only bluish-grey as was the case of Azul Valverde and Atlantic Blue samples (Figure 8 and Figure 9), those elements are not detected, suggesting that polychromatic limestone correspond to a transition zone due to fluid percolation.




4.2.3. DTA–TG Assays


The DTA–TG curves obtained for grey (AV Bluish-grey (A)) and yellow (AV Yellow (B)) Azul Valverde limestone (Figure 13) were compared to published data [61] (p. 108) and the phase constitution of heated material was monitored by XRD. One endothermic peak, due to the decomposition of calcite under inert atmosphere, was obtained at 925 °C (grey) and 931 °C (yellow) and CaO was the resulting material. The mass loss was 42.70% for the grey sample and 43.85% for the yellow one, very close to the theoretical value of 44%. The small differences found could be related to the presence of vestigial phases such as quartz or dolomite, or even alkali salts [62]. Furthermore, the two little endothermic peaks between 600–700 °C in the bluish-grey sample (Figure 13a), could be attribute to the dissociation of pyrite to pyrrhotite [61] (p. 53).




4.2.4. Iron Speciation


The qualitative chemical composition of the Azul Valverde limestone sample (Figure 14) was also checked in three points, one in each coloured area (Figure 5), by EDXRF with synchrotron radiation; however, for some reason, the yellow area had less fluorescence signal. Comparatively, the brown and bluish-grey zones are chemically similar, but the brown zone has an increment in the iron content relatively to the bluish-grey. Sulphur is present, but the peak is overlaid with the escape peak of calcium. Argon is from the instrumental set up of the beamline and not from the sample.



X-ray absorption spectroscopy is a powerful tool of assessing the formal valence of cations (particularly transition metal ions) and their coordination environment. The near-edge features of XANES spectra provide information about the speciation of the absorbing element—that is, its oxidation state and coordination geometry; for 3d transition metal ions, the interval of 15–20 eV before the main K-edge crest discloses details related to 1s→3d (quadrupolar) and/or 1s→4p (dipolar) electronic transitions [47,63].



For the Fe K-edge XANES spectra (Figure 15) obtained in the yellow (1), brown (2), and bluish-grey (3) area of the Azul Valverde limestone fragment (Figure 5), the main crest was assigned at 7131 eV for the first two and at 7133 eV for the last one. The post-edge details (a, b, and c) are in the same energy position for both brown (2) and yellow (1) spectra; conversely, bluish-grey (3) spectrum display small differences in energy position and an intensity of detail b lower than c. For the two independent fragments, yellow (B) and bluish-grey (A), the main crest energy position was observed at 7133 eV. The intensity of details b and c are slightly different, being bluish-grey (A) and similar to bluish-grey (3). The energy position of the pre-edge is around 7114.5 eV in all samples. K-edge energy position (Figure 16) varies between bluish-grey samples (7119 eV, achieved through the first derivative) to brown sample (7124 eV), suggesting the predominance of Fe2+ oxidation state in the first ones and Fe3+ in the last one (e.g., [64]).



However, pre-edge energy position and intensity are more sensitive to iron oxidation state and coordination geometry [65]. The pre-edge can be fitted in pseudo-Voigt components that are related to metal electronic transitions, mainly 1s→3d. Depending on the oxidation state and electronic coordination (octahedral, tetrahedral, or square pyramidal) the number of components can change in agreement with theoretical predictions [66]. For 4-coordinated Fe2+ (tetrahedral), the crystal-field theory predicts four transitions [47,63]. In the same way, for 6-coordinated Fe2+ (octahedral), three components are predicting, but if site distortion occurs in the regular octahedron only two maxima are distinguishable. The intensity of the pre-edge lowers with the increase of the extent of centro-symmetry geometry as observed for ferrous minerals in tetrahedral coordination. For octahedrally coordinated Fe3+ minerals, two components plus one to three extra components could be observed. The extra components are related to long-range order between Fe–Fe pairs, involving 3d orbitals [67].



The deconvolution of the pre-edge spectra achieved for all iron model minerals are compared in Figure 17. Additionally to the spectra of model minerals collected in beamline BM 25A, some spectra former acquired in beamline ID 21 were also added, namely: bornite (Cu5FeS4), carrollite (CuCo2S4, where Fe substitutes Cu) and chalcopyrite (CuFeS2) for Fe2+ in tetrahedral coordination; and copiapite [(Fe2+)°(Fe3+)°4(SO4)6(OH)2·20H2O] for Fe2+ and Fe3+ in octahedral coordination.



As expected, an energy shift of the centroid to higher energies, is verified from Fe2+ to Fe3+. For ferrous minerals, the centroid energy varies between siderite and pyrite, followed by the minerals with a mix of Fe2+ and Fe3+, and finally the ferric ones with higher energies. The energy of the centroid (dash-dot line), calculated with the relative height and energy of each contribution [47] is assigned.



The same treatment was performed for the pre-edges of limestone samples and the results of the total area (integrated intensity of all components) versus centroid position, for model minerals plus samples, are plotted in Figure 18. As already mentioned, the pre-edge position shifts towards higher energy with increasing oxidation state. The intensity of the pre-edge is inversely correlated with the extent of centro-symmetry of the crystallographic site of Fe [47], that means that higher intensity is predictable when Fe2+ is 4-coordinated (tetrahedral); indeed, the total area achieved by the pre-edges of chalcopyrite, carrollite and bornite (the three more intense Fe2+ minerals) reflects this fact. Bluish-grey samples are roughly located near the 6-coordinated (octahedral) ferrous model minerals and the brown limestone in the zone of higher energy, near the ferric minerals. In the intermediate zone, are placed the yellow samples, as well as the minerals with mixed valence for iron.



The fitting of the pre-edge spectra obtained on the bluish-grey samples (three components) and the centroid energy are similar to that of the pyrite (Figure 19); indeed, for 6-coordinated Fe2+ minerals, the spectrum must be fitted with three components, in agreement with theoretical predictions (or two if site distortion occurs) [47]. However, the intensity of the pre-edge is similar to pyrrhotite, probably due to a mixture of these two minerals in the bluish-grey samples. In the same way, in the brown sample, a 6-coordinated Fe3+ seems to be present, being the intensity and centroid position similar to goethite; in this case, two principal components were foreseen, plus one to three extra components [47]. The yellow samples are probably a mixture of Fe2+ and Fe3+.



The comparison of XANES details including the main crest between bluish-grey samples and standards with 6-coordinated Fe2+ (namely pyrite and pyrrhotite) was performed (Figure 20). In addition to the experimental spectra of the model minerals, calculated spectra were also obtained. In fact, the calculated spectra for mixtures of pyrite and pyrrhotite, considering the ratio 1:1 and 2:1, respectively, led us to suppose that in the bluish-grey samples both pyrite and pyrrhotite are present, probably in a ratio of 2:1, as the energy position and intensity of the details are similar to the spectrum 2xPyrite + Pyrrhotite. The difference in the main crest intensity observed in the samples, is explained by the superficial oxidation of the minerals. Previous studies on unoxidised, slightly oxidised, and heavily oxidised pyrites showed differences on XANES spectra, namely in the pre-edge region and main crest [68] (Figure 2). The pre-edge region is largest in the least oxidised sample and decreases with increasing degree of oxidation; the changes in the remaining features exhibit a progression from unoxidised pyrite to the most highly oxidised sample, reflecting the development on the surface of a phase with spectral characteristics similar to those of goethite [68]. In the same way, considering the XANES spectrum of the brown limestone sample compared to the 6-coordinated Fe3+ model mineral, goethite, a similar trend (spectrum details and main crest) was observed. For the yellow samples, the details and main crest of the spectra are similar to the calculated spectrum of goethite plus pyrite in a ratio of 10:1. Keeping in mind the contribution of organic matter to this subject, the change on the limestone colour can also be explained by the presence of small quantities of iron, being Fe2+ responsible for the grey and Fe3+ for the yellow/brown [69]; alkaline fluids were responsible for the pyrite oxidation probably giving rise to the formation of goethite (e.g., [68,70]). In fact, the surface oxidation products of pyrite vary with pH, with a marked transition occurring around pH 4, in aqueous air-saturated solutions, as observed by some authors [70]. They found that under alkaline conditions, the surface oxidation layer consists only of Fe3+ oxyhydroxide (probably goethite). Experiments performed by Bladh [71] on the weathering of iron sulphide-bearing felsic rocks shown that goethite is usually the first mineral containing ferric ion that forms during weathering. The presence of iron in the form of ferric iron, Fe3+ and ferrous iron, Fe2+ influences strongly the hue and durability of the stone being limestone’s colour related to the FeO/Fe2O3 ratio [57]. Studies regarding the genesis of carbonate breccia in South Korea [40] revealed that the greyish matrix breccia consists mainly of calcite and dolomite, and minor quartz and pyrite and the yellowish part consists of pyrite that was oxidised to goethite or iron oxi-hydroxides.



Research on Lower Globigerina Limestone from Malta pointed out that oxidation during the process of fragmentation might have changed the limestone colour from an original bluish-grey to yellow and ochre-brown as colour is caused by oxidizing or reducing processes at the time of sedimentation [72]. The limestone colour changed from bluish-green to yellow due to post-depositional oxidation resulting from water flowing through the cracks (ferric solutions). Furthermore, that findings pointed to the usual instability of the iron hydroxides or limonite minerals (pigments) if exposed to light and weathering, and to a reasonable correlation of colour with the Fe2O3 content. Concerning the results obtained in the present study and in a broad way, when Fe2+ content >> than Fe3+, the limestone is dark (bluish-grey); when Fe2+ content << than Fe3+, the limestone is yellow or brown (see Figure 5a).






5. Conclusions


The change of colour observed in bluish-grey limestones, namely, Azul Valverde and Atlantic Blue samples, which are important ornamental stones in buildings, but used in works of art as well, can be explained through the following factors:



	(1)

	
The UV radiation from the sun causes quick and severe bleaching or fading process on the dark blue/grey polished limestone placed outdoor during circa 3 months (natural weathering), visible to the naked eye; the presence of sulphates or microbial communities commonly associated to the weathering of the limestone were not detected.




	(2)

	
The presence of small quantities of Fe2+ and Fe3+ are responsible for the greyish and yellow/brown colour side by side in the same limestone sample, respectively; the study performed with synchrotron radiation (XANES) allowed us to disclose the iron speciation, by comparison to model minerals and also by deconvolution of the pre-edge structure into pseudo-Voigt components. The iron model minerals were selected to configure different oxidation states and metal coordination. The evaluation with calculated spectra, allowed us to conclude that in the bluish-grey limestone, both pyrite and pyrrhotite in a proportion of 2:1 are present, while in brown and yellow limestone, goethite is possibly present. Although, in the yellow limestone, a mixture of goethite and pyrite in a ratio of 10:1 was noticed. Indeed, the pyrite oxidation most likely gives rise to the formation of goethite by percolation of alkaline fluids that was probably the mechanism responsible for the sudden variation of colour side by side.







In fact, fading is possibly the first weathering effect that occurs. While this effect also happens in a quarry, it is much more visible in a polished sample. Both the UV radiation and the percolation of alkaline fluids could give rise to the pyrite oxidation. In that sense, for the preservation of the built heritage, for works of art, or even for decoration purposes in general, the limestone surfaces must be protected with adequate coatings to minimise the iron oxidation in the bluish-grey natural stones, as this is considered unaesthetic.
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Figure 1. Façade of the Paço Ducal de Vila Viçosa (Portugal): (a) before and (b) after the cleaning intervention (©Fundação da Casa de Bragança). 
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Figure 2. Geological map of the Maciço Calcário Estremenho, with the location of the Covão Alto (“Azul Valverde” stones) and Cadoiço (“Atlantic Blue” stones) quarrying areas (adapted from [32]). 
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Figure 3. Sudden colour changes from greyish-blue to beige in a quarry of the Covão Alto area. In (a) vertical and horizontal colour changes across and parallel to layering; (b) detail of (a) where it is evident that the colour change corresponds to an alteration halo parallel to a thin vertical joint. 
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Figure 4. Azul Valverde (AV) and Atlantic Blue (AB) polished limestone fragments subject to atmospheric conditions. 
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Figure 5. Images of the Azul Valverde limestone where the points studied with SR are assigned: (a) polychromatic fragment where the variation side by side between bluish-grey/brown/yellow is evident; (b) two independent bluish-grey and yellow fragments. 
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Figure 6. Plots of fixed-time counts variation along weeks (1st to 10th) for selected elements; Azul Valverde (AV) and Atlantic Blue (AB) polished limestone fragments. 
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Figure 7. Examples of XRD patterns of Azul Valverde (AV 27) and Atlantic Blue (AB 9) polished fragments, before and after exposure to outdoor atmospheric conditions; C—Calcite, CaCO3 (JCPDS card number: 5-0586), D—Dolomite, CaMg(CO3)2 (11-78), Q—Quartz, α-SiO2 (5-0490); the quartz peaks intensified by preferential orientation of the grains are assigned with an arrow ↑. 
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Figure 8. SEM images and EDS spectra, collected on the marked regions (white rectangles), of bluish-grey Azul Valverde polished limestone (AV 27), before (a) and after (b) exposure to atmospheric conditions; 1000X magnification. 






Figure 8. SEM images and EDS spectra, collected on the marked regions (white rectangles), of bluish-grey Azul Valverde polished limestone (AV 27), before (a) and after (b) exposure to atmospheric conditions; 1000X magnification.
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Figure 9. SEM images and EDS spectra of bluish-grey Atlantic Blue polished limestone (AB 9): (a) before exposure to outdoor atmospheric conditions (1000× magnification); (b) after exposure (1000×); (c) after exposure (50×); (d) detail of the selected area (500×), being spectrum (D) similar to (A). 
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Figure 10. (a) Photography of the Azul Valverde (AV) and Atlantic Blue (AB) polished limestone tiles (30 × 30 cm), before (t = 0) and after (t = 3 months) being exposed to outdoor atmospheric conditions; (b) L* a* b* colour coordinate chart of samples AV and AB samples before (t = 0) and after (t = 3 months) being exposed to outdoor. 
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Figure 11. XRD patterns of Azul Valverde bluish-grey, yellow and brown uneven fragments; C—Calcite, CaCO3 (JCPDS card number: 5-0586), G—Goethite, α-FeO(OH) (17-536), P—Pyrite, FeS2 (6-0710); Q—Quartz, α-SiO2 (5-0490). 
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Figure 12. SEM images and EDS spectra, collected on the marked regions (white rectangles), of Azul Valverde polished polychromatic limestone fragment from Covão Alto quarrying area (1000× magnification): (a) yellow area; (b) bluish-grey area. 
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Figure 13. DTA–TG heating curves of Azul Valverde limestone: (a) AV Bluish-grey (A); (b) AV Yellow (B). 
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Figure 14. EDXRF spectra of coloured limestone areas obtained with excitation energy of 18 keV. The intensity of the peaks close to the excitation energy is increased. Only the diagnostic peak (Kα) of each element is assigned. 
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Figure 15. Normalised Fe K-edge XANES spectra of the Azul Valverde limestones collected in the three coloured zones side by side and in the two independent fragments (A and B), shown in Figure 5. The solid and dashed lines, indicates the position of the pre-edge and main crest, respectively. Post-edge details (a–c) are also assigned. 
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Figure 16. Energy variation of iron K-edge for Azul Valverde limestone samples. The energy position of the K-edge for the bluish-grey and brown samples is assigned. 
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Figure 17. Normalised pre-edge spectra (Fe K-edge) obtained for Fe2+ and Fe3+ model minerals including that with mixing valences (o-octahedral and t-tetrahedral coordination). The energy of the centroid (dash-dot line) is assigned. 
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Figure 18. Total area vs. centroid position for pre-edges deconvolution: diamond—model minerals; square—bluish-grey, triangle—yellow and circle—brown limestone. 
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Figure 19. Normalised pre-edge spectra (Fe K-edge) and the best model calculated (using Fityk program). The centroid is assigned with a dash-dot line. 
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Figure 20. Normalised Fe K-edge XANES spectra of bluish-grey limestone samples compared to the experimental spectra of model minerals and to calculated spectra for the mixtures of minerals. 
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Table 1. Characteristics of the limestone fragments and analytical technique(s) used in their study; Azul Valverde (AV) and Atlantic Blue (AB); X-ray fluorescence spectrometry in wavelength dispersive mode (XRF-WDS); X-ray diffraction (XRD); scanning electron microscopy with energy dispersive spectroscopy (SEM/EDS); differential thermal analysis/thermogravimetry (DTA–TG); X-ray absorption near edge structure (XANES) and energy dispersive X-ray fluorescence (EDXRF); naturally weathered samples are assigned with *.
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Quarry

	
Limestone Designation

	
Sample Characteristics

	
Reference

	
Analytical Technique






	
Covão Alto

	
Azul Valverde

	
Polished, greyish

	
AV 27 *

	
XRF-WDS; XRD; SEM/EDS; colourimetry




	
Polished, greyish

	
AV 43 *

	
XRF-WDS; colourimetry




	
Polished, polychromatic

	
AV Yellow area

	
SEM/EDS




	

	
AV Bluish-grey area

	
SEM/EDS




	
Unpolished, polychromatic

	
AV Yellow (1) area

	
XRD; XANES; EDXRF




	

	
AV Brown (2) area

	
XRD; XANES; EDXRF




	

	
AV Bluish-grey (3) area

	
XRD; XANES; EDXRF




	
Unpolished

	
AV Bluish-grey (A)

	
XRD; DTA–TG; XANES




	
Unpolished

	
AV Yellow (B)

	
XRD; DTA–TG; XANES




	
Cadoiço

	
Atlantic Blue

	
Polished, greyish

	
AB 9 *

	
XRF-WDS; XRD; SEM/EDS; colourimetry




	

	

	
Polished, greyish

	
AB 48 *

	
XRF-WDS; colourimetry
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Table 2. Atmospheric conditions observed in Lisbon, during the experiment performed with polished limestone fragments subject to natural weathering, in 2016. Data from [57].
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	Month
	Average Temperature,

Minimum–Maximum (°C)
	Total Precipitation (mm)
	Maximum Wind Intensity (Kmh−1)
	Solar Irradiance (kWhm−2)





	May
	17.2, 11.1–30.8
	133.4
	65.2
	>194



	June
	21.4, 14.1–34.0
	1.4
	61.9
	>250



	July
	24.7, 15.0–36.5
	0.0
	65.2
	>222



	August
	25.0, 16.4–36.6
	0.0
	59.0
	>194
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