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Abstract 

The penetration depth assessment of conservation treatments applied to cultural heritage stone 
materials is a burning issue in conservation science. Several analytical approaches have been 
proposed but, at present, many of them are not fully exhaustive to define, in a direct way, the 
composition and location of the conservation products formed after inorganic mineral treatments. 
Here, we explored, for the first time, the analytical capability of synchrotron radiation μX-ray 
diffraction in transmission geometry (SR-μTXRD) for the study of the crystal-chemistry and 
penetration depth of the consolidating phases formed after the diammonium hydrogenphosphate 
(DAP) application to a porous carbonatic stone (Noto limestone). The SR-μTXRD approach provided 
unambiguous information on the nature of the newly-formed calcium phosphates (hydroxyapatite, 
HAP and octacalcium phosphate, OCP) with depth, supplying important indications on the diffusion 
mechanism and the reactivity of the substrate. Qualitative and semi-quantitative data were obtained 
at the microscale with a non-destructive protocol, and an outstanding signal-to-noise ratio. The SR-
μTXRD approach opens a new analytical scenario for the investigation of a wide range of cultural 
heritage materials, including natural and artificial stone materials, painted stratigraphies, metals, 
glasses and their decay products. Furthermore, it can be potentially used to characterize the 
penetration depth of a phase “A” (or more crystalline phases) in a matrix “B” also beyond cultural 
heritage field, demonstrating the potential wide impact of the study. 
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1 Introduction 

Inorganic mineral treatments are applied with conservation purposes to decayed stone materials of 
cultural heritage. Among several conservation treatments available for carbonatic matrixes, the 
diammonium hydrogenphosphate (DAP, (NH4)2HPO4) is one of the most recent 1–6. DAP reacts with 
the carbonatic substrates, partially transforming the original minerals of the substrate (typically, 
calcite) into newly-formed phases (typically, calcium phosphates) 7,8,4,1,6,9. 
When dealing with inorganic mineral treatments, the characterization of the newly-formed phases 
and their location within the substrate is a key factor to determine the properties of the “stone-
treatment” system. However, the investigation of the crystal-chemistry and the spatial distribution of 
the newly-formed phases is not straightforward, as they are composed by a complex mixture of micro- 
and submicro-crystals 4,5,10–16. Concerning the characterization of these phases, several analytical 
protocols were already explored, including the elemental analysis combined with the electron 
microscopy (SEM-EDS), vibrational spectroscopies and the neutron radiography or tomography. 
SEM-EDS measurements investigate the marker elements of the reaction products (calcium, 
phosphorous and their characteristic Ca/P molar ratio), but the approach meets an intrinsic limitation 
of the “stone-treatment” system, namely the formation of non-stoichiometric partially-substituted 
calcium phosphate phases, which alter the peculiar Ca/P molar ratio reported in literature for specific 
crystalline phases 5,13. 
As for the vibrational spectroscopies, both conventional FTIR (bulk analysis by scratching powder 
samples from different depths of treated samples 6,17–19) and high resolution ATR µ-FTIR 
investigations (with a spatial resolution close to the diffraction limits 13,20,21) are already explored 
analytical routes, but the identification of the phosphate compounds in complex mixtures is not 
straightforward even at the microscale 13. 
μ-Raman mapping has been extensively used to study the diffusion of inorganic treatments 22,23, due 
to its high lateral resolution and inherent chemical selectivity. However, the technique suffers from 
strong limitations as, e.g., fluorescence emitted by some compounds/lithotypes, the weak Raman 
signal of the target mineral (as phosphates) and extremely heterogeneous matrixes (as stone 
substrates)5,11,14,24. 
Lastly, an imaging approach based on neutron radiography and/or tomography is able to provide 
indications on the distribution of the phases which contain high neutron cross-section elements, as 
e.g. hydrogen 17,25–29, but it fails to identify the nature of the specific crystalline phases. 
A diffractometric approach (X-ray diffraction, XRD) is expected to be the most suitable strategy to 
characterize the crystalline reaction products and their diffusion below the surface 30. Focusing on 
DAP treatments, recent studies carried out by X-ray powder diffraction (XRPD) 4,11–13,17,31 
investigated the phosphate phases formed on different carbonatic stone substrates by selecting the 
sample powder at different depths from the DAP-treated surface. However, problems arises from 
conventional XRPD, due to: i) the prevalence of strong reflection peaks of calcite with respect to 
calcium phosphate phases, which are minor phases; ii) the presence, in the bulk analysis, of a complex 
mixture of crystalline phases which have similar lattice parameters, as in the case of calcium 
phosphates, with the overlapping of their marker reflection peaks; iii) the formation of non-
stoichiometric, ionic substituted, calcium-deficient or poorly crystalline phases; iv) the destructive 
nature of the investigation (scratching and grinding) coupled with the poor selectivity of the sampling 
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procedure (conventional XRPD requires a relatively high amount of material, which involves a coarse 
sampling of treated stone). 
The analytical outcome of XRD can be positively improved by using a synchrotron radiation (SR) 
source, as the perfectly monochromatic, collimated and highly brilliant beam provides a lower 
detection limits and a higher spatial and spectral resolution with a micro-sized beamsize. In this view, 
a series of experiments have been carried out by SR-based grazing incidence XRD (GIXRD) 10, with 
the investigation of phosphate phases formed on marble specimens and their interdependence with 
the minerals of the underlying marble portion. In the GIXRD experiments, the penetration depth of 
the X-rays within the stone matrix depends on several variables, including the elemental composition 
of the investigated materials, the X-ray energy and the incidence angle (Φ). On a given sample and 
by using a given X-ray energy, the principal variable which determines the penetration depth is Φ. 
This implies that when the measurements are carried out at very low Φ, the region investigated by the 
X-rays is confined to a superficial portion. 
However, when dealing with consolidants, which reach a higher penetration depth than protective 
treatments and superficial coatings, a more complete overview on their diffusion is needed and a 
different XRD approach becomes essential. SR micro-XRD in transmission geometry (SR-μTXRD) 
allows investigating the sample in transmission mode (proper samples, as e.g., small fragments or 
thin sections, permit the X-rays penetration into the bulk). In this way, the SR-μTXRD approach 
provides crystallochemical information of the crystalline phases, by collecting the diffraction pattern 
with a high spatial resolution of the whole investigated volume 32. 
The SR-TXRD is a well established technique in materials science and soil chemistry 33, as well as 
in heritage science (e.g., in the investigation of pigments) 32,34–38, to characterize polycrystalline 
materials even in complex phase associations without resorting to further micro-samplings or to 
destructive sample preparations. 
However, no data are available on its utilization in conservation science to identify and localize the 
reaction products formed after inorganic-mineral conservation treatments on stone substrates. 
Thus, here we report, for the first time, the application of SR-μTXRD for an in situ, spatially-resolved 
and non-destructive study of the calcium phosphates formed as reaction products after a DAP-based 
consolidating treatment, aimed to explore their possible phase changes within the sample and 
penetration depth. The goal is to explore the potential and limits of the SR-μTXRD method to provide 
unambiguous information on the nature, localization with respect to the substrate and possible 
orientations of crystalline reaction products formed by the conservation treatments. The analyses were 
performed on thin sections of porous carbonatic lithotype (the Noto yellowish limestone) specimens 
treated by poultice with 0.76 M DAP solutions and the investigations were carried out considering 
the strong heterogeneity of the stone material and by exploring the formation of structurally similar 
crystalline phases. The feasibility of this innovative SR-μTXRD approach is here demonstrated on a 
quite challenging case-study.  
 



4 
 

2 Materials and Methods 

2.1 Materials 

The study was carried out on prismatic specimens (5×5×2 cm3) of freshly quarried Noto limestone, a 
calcarenite outcropping in the Val di Noto (south-eastern Sicily) widely used as building and 
ornamental stone for the Baroque monuments 39–43. The Noto Yellowish Limestone variety was 
selected for the study among the several varieties of limestones outcropping in the Iblean Plateau. 
The lithotype is a biomicrite 42 mainly made of calcite, with secondary clay minerals, quartz and iron 
oxides, and high porosity (25–37%) in the range of the micro-pores 40,43. The Noto limestone was 
consolidated by applying a poultice with a 0.76 M DAP water solution (DAP CAS Number 7783–
28-0, assay ≥99.0%, reagent grade; dry cellulose pulp MH 300 Phase, Italy; poultice ratio DAP 
solution: cellulose pulp 5:1) on the 5×5 cm2 external surface of the specimens. The treatment protocol 
(DAP molarity, application method) was defined, among the wide range of possibilities explored in 
the field 7,8, on the basis of our previous experiments 5,10,11,13,44, literature 18 and on the restoration 
practice 45. The treatment timeframe is also a key point in the DAP consolidation, as it favours the 
crystallization of specific crystalline phases and/or inhibits the formations of others 5; however, no 
data are available on the influence of the treatment duration on the DAP reaction with bulk Noto 
limestone. Then, two treatment times were selected (i.e., 2 h and 24 h), in order to study their influence 
on the composition and spatial distribution of the reaction products. During the treatment, the 
specimens (three for each treatment time) were wrapped in a plastic film to avoid the evaporation of 
the DAP solution. At the end of the treatment, the plastic film was removed and the specimens were 
dried at room temperature for 24 h with the poultice on top. Then, the poultice was removed and all 
the specimens were rinsed three times by immersion in deionised water and dried again. 
Finally, the 5×5×2 cm3 specimens were cut into 3×3×2 cm3 specimens to eliminate any possible 
“boundary effects” (dropping of the DAP solution, drying of the treatment) but preserving the treated 
surface. The 3×3×2 cm3 specimens were further cut into smaller samples (transversal cut: from the 
treated surface to the opposite side of the specimens, parallel to the diffusion direction of the 
treatment). Some of them, hereby defined cross sections, were used without any additional sample 
preparation (samples for the conventional X-ray powder diffraction); others were embedded in epoxy 
resin and prepared as polished cross sections (samples for SEM-EDS) and petrographic “thin” 
sections (thickness of ~ 400-700 µm, samples for SR-μTXRD). All the sections were prepared by 
polishing the transversal side. 
 

2.2 Methods 

The elemental composition and the morphology of the specimens before and after the DAP 
consolidation were investigated by a JEOL 5910 LV scanning electron microscope (SEM) coupled 
with an IXRF-2000 energy dispersive X-ray spectrometer (EDS) on polished cross sections. 



5 
 

2.2.1 Conventional X-ray powder diffraction (XRPD) 

The preliminary characterization of the crystalline phases nucleated on the Noto limestone, from the 
surface to the inner portion, were collected with a conventional Panalytical X’Pert PRO X-ray powder 

diffractometer, equipped with a Cu-Kα radiation source (λ ∼ 1.54 Å), a PW 3050/60 goniometer, 

anti-scatter slit and divergence slit (1° and 1/2°, respectively), a PW3040/60 generator and a 
X’Celerator solid state detector PW3015/20 (nickel filtered). The penetration depth and composition 
of the newly-formed calcium phosphate phases was investigated on cross sections by scratching 
powder samples selected from the surface and at each millimetre from the treated surface. The depth 
of the powder sampling was checked and measured by optical microscopy. The samples were finely 
ground and spread on zero background holders. The XRD patterns were collected in Bragg–Brentano 
geometry in the angular range 3.5°–75° of 2θ, with a stepsize of 0.017°, accelerating voltage of 40 
kV and electric current at the Cu anode of 40 mA. A long scan-step time (200 s) was used to enhance 
the signal-to-noise ratio. 

2.2.2 Synchrotron radiation X-ray diffraction in transmission geometry on thin section (SR-
μTXRD) 

The XRD measurements were performed in transmission geometry on thin sections of treated Noto 
limestone. SR was necessary to detect weak XRD Bragg peaks emitted from minor phases or from 
low weight fractions of phases nucleated in the inner portion of the stone matrixes, and to discriminate 
slight differences between similar crystalline structures. 
The SR-μTXRD measurements were performed in two different experimental sessions in order to: 

 Explore the penetration depth of the calcium phosphates phases in the whole porous stone matrix. 

The experiments were carried out at the XRD1 beamline 46 of the Elettra - Synchrotron Trieste 
S.c.P.A. (Basovizza – Italy). The diffraction data were collected with a monochromatic beam λ 
= 0.688800(1) Å, in the 2θ angular range 1.5–50° and angular stepsize of 0.01°. The beamsize 
was of 40×40 µm2 and the linear stepsize was 30 µm, providing an oversampling of ~10 µm 
between two adjacent measurements. 

 Explore the possible phase evolution of different calcium phosphates in the portion of stone 
material closer to the surface. The experiments were carried out at the ID15b beamline 47 of the 
European Synchrotron Radiation Facility E.S.R.F. (Grenoble – France). The diffraction data 
were collected with a monochromatic beam λ = 0.410500(3) Å, in the 2θ angular range of 1.5–
45° and angular stepsize of 0.01°. The measurements were carried out by using a smaller 
beamsize (10×10 µm2) and a linear stepsize of 200 µm, which avoids the oversampling between 
two adjacent measurements. 

The depth of the SR-μTXRD measurement was checked by the high spatial and zenithal resolution 
setup of the beamlines. The Rietveld refinement on a silicon standard with the GSAS package was 
used to estimate the uncertainty of the experimental SR wavelengths. 
 
Both the XRPD and the SR-μTXRD investigations were carried out on three replicates for each 
specimen. 
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3 Results and discussion 

The reaction of DAP solutions with calcite of Noto limestone produces a slight dissolution of the 
substrate followed by the crystallization of new phases on the reaction profile of carbonate grains. 
These newly-formed phases form a shell, namely a crystal network, which grows on the reaction 
profile of calcite grains and between grain boundaries5,11. As showed by the SEM-EDS morphological 
investigations and elemental analysis (Fig. 1), the DAP consolidating treatment develops a 
noteworthy crystallization of Ca- and P-bearing compounds in the matrix down to several millimetres 
from the treated surface. The EDS investigations carried out in several areas of the shell show that 
calcium phosphates exhibit a different Ca/P molar ratio, suggesting the formation of different 
crystalline phases. By using EDS, it is not possible to unambiguously define the nature of these phases 
because the calcium phosphates formed by the DAP treatments are generally non-stoichiometric and 
their crystal-chemistry strongly depends on the reaction conditions 5,11–13 

 

Fig.1 SEM images (BS) collected on polished cross section of Noto limestone treated with the DAP solution and showing the nucleation 
of the shell of calcium phosphates in a pore within the matrix (a) and detail at higher magnification (b). The SEM images are collected 
at a depth of 3 mm. 

In order to explore the composition of the newly-formed phosphate phases and their penetration 
depth, a set of XRD investigations were carried out. 
Fig. 2 shows a comparison among the X-ray powder diffraction patterns, collected with a 
conventional lab instrument, of the treated and untreated Noto limestone at different depth. The 
XRPD patterns mainly show the peaks of calcite (foremost peaks at 3.85(d012), 3.03(d104), 2.49(d110), 
2.28(d113), 2.09(d202) Å), sometimes associated with quartz (peak located at 3.34(d101) Å), and of a 
newly-formed calcium phosphate phase. As demonstrated by recent studies 11,13, the peaks located at 
3.42 Å(d002) and 1.71 Å(d004), and the broad peak between 2.89-2.53 Å can be ascribed to a poorly-
crystalline and partially-substituted hydroxyapatite (HAP, ideally Ca10(PO4)6(OH)2). The presence of 
octacalcium phosphate (OCP, Ca8(HPO4)2(PO4)4ꞏ5H2O), a calcium phosphate phase often associated 
with HAP after DAP treatments 4,10,11,13,17, cannot be confirmed due to the high intensity of the 
background that likely hide its possible marker peaks (peaks at 18.56 Å (d010), 9.36 Å (d020), 9.03 Å 
(d110) and 5.49 Å (d-101)). 
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In general, the newly-formed phases are so poorly-crystalline and in such a low fraction with respect 
to calcite of the matrix, that their XRD peaks are hardly detectable below a depth of 1-2 mm from the 
surface. As a consequence, their investigation with conventional XRPD is poorly exhaustive to 
identify the mineralogical composition or to determine the penetration depth. 

 

Fig. 2 XRPD patterns of the untreated (Untr.) and DAP-treated Noto limestone specimens: powders were sampled on the surface 
(Surf.), at 1 mm (-1mm) and 2 mm (-2mm) from the treated surface. The Bragg peaks of newly-formed calcium phosphates (HAP = 
hydroxyapatite and possible OCP = octacalcium phosphate) are so weak that they are hardly detectable on the surface of the treated 
lithotype and in the most superficial portion of stone materials. Below 2 mm depth, their detection became ambiguous. Cal = calcite, 
Qtz = quartz.  

 
The synchrotron radiation X-ray diffraction measurements carried out in transmission geometry on 
thin sections (SR-μTXRD) are used to overcome the analytical limits of the conventional XRPD 
approach. In particular, thanks to the micro-sized beam and the spatially resolved stepsize, the SR-
μTXRD investigations allowed investigating with a high resolution and selectivity the nature of the 
reaction phases, their penetration depth and the possible phase variations along with the distance from 
the surface. 
Fig. 3 shows a first sequence of SR-μTXRD measurements carried out with a beamsize 40×40 µm2 
and a stepsize of 30 µm, which provided an oversampling of ~10 µm between two adjacent 
measurements. In this way, the SR-μTXRD measurements explore all the possible crystalline phases 
present along the penetration profile. For clarity’s sake, the most representative XRD patterns are 
reported in Fig. 3. 
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Fig. 3 SR-μTXRD patterns of treated Noto limestone from the surface down to 12.61 mm depth, showing the unambiguous presence 
HAP peaks. Possible peaks due to OCP are showed as well. Cal = calcite, Qtz = quartz, * = clay minerals. 

 
The SR-μTXRD patterns provide high quality data (in terms of spectral resolution, spatial resolution, 
signal-to-noise ratio) and they allow to detect the Bragg peaks of newly-formed calcium phosphates 
besides the minerals of the lithotype (calcite and other minor phases). 
Focusing on secondary minerals of the stone matrix, the XRD patterns highlight the presence of 
kaolinite (main peak at 7.17-7.20 Å (d001)), clay minerals such as smectite/montmorillonite or illite 
(broad peaks at 4.48 Å and 2.57 Å), and quartz (4.25 Å (d100) and 3.34 Å). In all the cases, the intensity 
of their peaks is very low, and their relative abundance is randomised, most likely due to the 
compositional micro-heterogeneity of the stone matrix. 
The characteristic diffraction peaks of HAP are visible at 3.43 Å (d002), 2.79 Å (d112) and 1.71 Å (d004) 
and they are unambiguously detected down 10-11 mm from the treated surface. Below this depth, 
HAP peaks became less homogeneous and in many cases is not easy to distinguish the peaks of a 
possible HAP from the background fluctuations. 
As regards the HAP peaks intensity, the SR-μTXRD patterns show a gradient: the signal is higher 
closer to the surface and progressively decreases as long as the data are collected from the inner 
portion of stone material. 
This intensity gradient has to be considered only in terms of semi-quantitative evaluations and nor as 
quantitative, as the stone matrix is micro-heterogeneous and a HAP enrichment might spotty occurs 
close to the voids, in pore throats and micro-cracks. However, this gradient can be correlated to the 
reactivity of the substrate and to the diffusion of the DAP solution. In fact, when the DAP poultice is 
applied to the stone specimens, the portion of stone material closer to the surface is reached by a 
highly reactive DAP solution and the crystallization of calcium phosphates is pronounced. As long 
as the reaction continues, the solution diffuses in the pore network by capillarity, reaching the inner 
portions, and it is progressively depleted of reagent. At the same time, a new fraction of highly 
reactive solution is released from the poultice at the interface poultice/surface, it penetrates through 
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the portion of stone material close to the surface (which experiences a new reaction with a fresh 
solution) and then is transmitted by capillarity toward the core and the bottom of the specimens. 
Regarding the possible crystallization of other phosphate phases, in some SR-μTXRD patterns 
collected close to the surface there is a weak shoulder at ~ 18.70 Å, that is compatible with OCP. 
However, the presence of a humped baseline of the initial spectrum regions prevents the unambiguous 
identification of OCP. 
The exhaustive characterization of the crystalline phases formed after the DAP consolidation in the 
most external portion (i.e., the first hundreds of micrometers) of the treated stone materials is crucial, 
as this external region is the stone portion that will firstly interact with the environmental outdoor 
factors affected by, e.g., pollution and acid rains. It follows that a study of the diffraction patterns in 
the low theta region is needed in order to completely explore the possible presence of other phases. 
For this reason, a further set of investigations was carried out in the first millimetre of treated Noto 
limestone with a highly energetic SR beam, a smaller beamsize (10×10 µm2) and a stepsize of 200 
µm. This allowed exploring the possible phase variations in this sample region without any 
overlapping between two adjacent measurements, then avoiding any ambiguity on the spatial 
distribution of specific phases. 
Fig. 4 shows the diffraction patterns collected at the E.S.R.F. synchrotron facility on the treated Noto 
limestone, from the surface down to the first millimetre of penetration depth. The high brilliance of 
the SR beam and the high sensitivity detector available at the beamline47 allowed to collect XRD 
patterns with a good signal-to-noise ratio and a very flat baseline, and therefore to identify crystalline 
phases with high interplanar distances. 
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Fig. 4 SR-μTXRD patterns at different depth from the surface of treated Noto limestone (a). Zoom of the SR-μTXRD patterns in the 
region at high interplanar distances (b). Cal = calcite, Qtz = quartz, HAP = hydroxyapatite, OCP = octacalcium phosphate, * = clay 
minerals (smectite/montmorillonite or illite), ° = kaolinite, § = unreacted DAP, & = unreacted ADP. HAP is present in all the patterns, 
while OCP is present from the surface down to 600-800 micrometers. 

 
The first difference with the previous measurements is the detection of peaks due to the reagent (DAP 
peaks at 5.59 Å, 5.06 Å, 5.01 Å shoulder, 4.95 Å) and to ammonium dihydrogen phosphate (ADP, 
NH4H2PO4, peaks at 5.33 Å, 3.76 Å, 2.37 Å), an acid by-product of the reaction. These two phases 
are detected only in the diffraction pattern referred to the surface, thus indicating that they are 
confined to the most superficial portion (i.e., a few micrometres). 
DAP and ADP are highly soluble phases but they persist close to the surface of treated Noto 
limestone. This occurs on substrates with a high reactivity, such as micritic sedimentary matrixes 12, 
where the crystal network of Ca phosphates partially embeds ADP and DAP. On the contrary, no 
soluble ammonium phosphates are detected after the DAP treatments on compact Carrara marble 
(unpublished results). Besides, the presence of ADP suggests a slight acidification of the solution in 
the most superficial portion of stone materials, a phenomenon previously hypothesised 13. 
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Concerning the calcium phosphates, HAP peaks are clearly detected in all the XRD patterns, thus 
confirming its widespread crystallization. Moreover, OCP is unequivocally detected as well by the 
peaks at 9.49-9.10 Å and at 5.51 Å in the patterns collected from 200 µm to 600-800 µm depth. The 
weak shoulder at 9.10 Å in the SR-μTXRD pattern collected in the most external portion suggests 
that OCP might be present also on the surface, even if the secondary peak at 5.51 Å is overlapped 
with a DAP peak. Below 600-800 µm depth, the identification of OCP becomes ambiguous. 
In the course of crystal growth, OCP is probably formed as sub-micrometric crystals or contains 
structural defects and vacancies, as its XRD peaks are broad and weak. OCP is an acid calcium 
phosphate and its formation is most likely due to the decrease of pH in the reaction environment 
during the last steps of the reaction 12,13. The lowering of the pH, also suggested by the detection of 
ADP, probably occurs in the whole matrix even though its effects are more evident in the outer part 
of the treated lithotypes, namely at the interface with the treatment poultice and at the interface with 
the air where the evaporation occurs. Furthermore, the formation of OCP (and HAP, as well) depends 
also on the Ca2+ availability and its fluctuations during the reaction. It follows that the formation of 
OCP, which has a lower Ca/P molar ratio than HAP 15, reflects a variation in the Ca2+ ionic strength 
in the DAP solution close to the treated surface, due to the “consumption” of calcium ions of the 
lithotype in this highly reactive stone region. 
In any case, HAP and OCP always generate powder-like XRD patterns, with peak intensities 
comparable to those reported for standard reference materials. These features show that their 
crystallization does not follows preferential orientations or textures but the crystallites are randomly 
distributed in the three dimensions within the stone matrix instead. On the contrary, preferential 
orientations of crystallites should generate anomalous intensities of some given diffraction peaks. 
The results, in terms of composition and localization of the crystalline phases, are similar between 
the specimens treated for 2 h or for 24 h, indicating that the crystallization and localization of OCP 
and HAP is irrespective of the treatment duration. This suggests that substantial results for stone 
conservation can be achieved even with a treatment duration shorter than 24 h, as long as the DAP 
poultice is left to dry (for 24 h) on the treated surface. A significant finding of the study is that, by 
varying the treatment duration, no other calcium phosphates are formed during the treatment. 
Concerning the properties of the newly-formed phases, OCP is slightly more soluble than HAP (Ksp 
25°C mol/l: OCP 2.8×10-97; HAP 1.6×10-117) and it is a metastable phase. However, its crystallization 
in mixture with HAP is not a limitation for the conservation of the treated stones, as: i) both the phases 
are definitely less soluble than calcite of the substrate (Ksp 25°C mol/l 4.8×10-9); ii) OCP is a HAP 
precursor and it tends to hydrolyze and to topotaxially transform into HAP in case of pH variations 
and in presence of water 15, frequent outdoor conditions for treated stones. Therefore, these data 
supply important indications on the diffusion of the DAP treatments, on reactivity of the substrate 
and on the evolution of the “stone matrix-conservation product” system, and they represent a 
scientific background for supporting the conservation of stone materials in pilot worksites. 
 



12 
 

4 Conclusions 

For the first time, a novel analytical approach based on SR-μTXRD has been used to study cultural 
heritage stone materials. The experimental findings of this study demonstrate that the SR-μTXRD 
protocol can be successfully used to investigate the mineralogical composition and penetration depth 
of inorganic – mineral treatment in stone matrixes with a high spatial resolution. 
The approach is non-destructive, which is extremely useful when studying heterogeneous stone 
matrixes, as the specimens can be used for further investigations (e.g., computed tomography or 
morphological studies by optical microscopy and SEM). 
Furthermore, the developed SR-μTXRD protocol provides information about the volume irradiated 
and transmitted. This implies that, in spite of the micrometric beamsize used, the technique can be 
considered a bulk analysis as long as the optical path carried out by the X-ray beam through the 
sample contains a representative number of crystal grains. In this way, it averages the possible micro-
heterogeneity of the stone matrix and overcomes the limits of point-by-point analysis and surface 
techniques. In addition, by further reducing the beamsize and preparing thinner sections, it could be 
possible to explore the reaction of inorganic treatment with an even higher spatial resolution. A 
similar approach could improve the study of conservation products crystallized within stones with 
heterogeneous composition or, e.g., the reactivity of carbonatic aggregates to treatments applied to 
mortars and plasters. 
Limitations of SR-μTXRD protocol include the inability to achieve quantitative data and ambiguous 
analyses in presence of grains bigger than the beamsize or not randomly arranged; in this case, the 
collected patterns are not fully comparable to “powder-like” ones. Moreover, being an XRD 
technique, it might be blind to the presence of newly formed amorphous compounds. 
Focusing on the broader impact of the study, the SR-μTXRD protocol represents a new analytical 
route of high potential in material sciences. In fact, the SR-μTXRD approach can be used to 
characterize the penetration depth of a crystalline phase “A” (or more phases) in a matrix “B”, 
permitting new diffusion studies for a wide range of materials, including other inorganic treatments 
applied to natural and artificial stone materials (e.g., frescos and wall paintings, mortars and plasters, 
ceramic materials and cements, stuccoes), as well as to painted stratigraphies, metals, glasses, and the 
diffusion of their decay products (e.g., soluble salts, crusts, deposits, corrosion products, patinas). 
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