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Abstract 

A new imaging modality in Raman microscopy, Micro-Spatially Offset Raman Spectroscopy (micro-SORS) to 
explore the subsurface of materials in non-destructive and non-invasive way has been developed recently. 
Micro-SORS facilitates the investigation of the chemical composition of subsurface, micrometer-scale-thick 
diffusely scattering layers at depths more than an order of magnitude larger than those accessible with the 
depth resolving power of conventional confocal Raman microscopy, avoiding need to resort to cross 
sectional analysis. This article provides an overall view of the research carried out at CNR-ICVBC in the last 
five years concerning the development, optimization and application of micro-SORS to Cultural Heritage 
materials. Moreover, two illustrative micro-samples obtained from medieval polychrome sculptures of the 
Parma baptistery and Ferrara cathedral have been non-destructively investigated with micro-SORS, 
supporting its potential in Cultural Heritage field.  

 

 

 

 

 



Introduction 

One of the aims of conservation science is the identification of materials used in Cultural Heritage objects 
and monuments, as well as the investigation of their decay. These materials often exhibit a multi-layered, 
micro-metre scale structure as in the case of painted stratigraphies, over a thicker substrate (millimetres or 
more).   

The retrieving of the complete compositional information, from their surface to the inner portions, is 
crucial since it allows acquiring indispensable knowledge for reconstructing artwork’s and artist’s histories, 
the decay processes affecting the most internal areas and the presence and diffusion of conservation 
products within the substrates. However, for several decades the analysis of sample cross sections, which is 
an invasive and destructive approach, had been the only way for the selective investigation of subsurface 
materials.  

Search for non-invasive and non-destructive methods able to characterize what is beneath the surface of 
artworks is one of the key endeavours of the current research in conservation science. Recently, a number 
of techniques have been proposed in Cultural Heritage field for this purpose, such as multispectral and 
hyperspectral imaging [1-2], Terahertz imaging [3], X-ray radiography (XRR) and infrared reflectography 
(IRR) [4], scanning macro X-Ray fluorescence (MA-XRF) [5], macroscopic X-ray powder diffraction mapping 
(MA-XRPD) [6], confocal X-Ray fluorescence (confocal XRF) [7] and optical coherence tomography (OCT) [8].  

Each of these techniques provides its own specific and valuable contribution to the knowledge of 
subsurface analysis by non-invasive means; however, the direct retrieval of molecular composition, which is 
extremely important for the unequivocal identification of the present compounds, is not fully accomplished 
by these techniques. 

In the last few years, a non-invasive Raman spectroscopy method for the investigation of the molecular 
composition of subsurface layers (Micro Spatially Offset Raman Spectroscopy – micro-SORS) has been 
proposed and demonstrated [9-10] by a collaboration between the CNR Institute for the Conservation and 
Valorisation of Cultural Heritage (ICVBC) and the Rutherford Appleton Laboratory (RAL - UK). This method is 
related to (macro)-SORS, Spatially Offset Raman Spectroscopy [11-12], a technique developed at RAL more 
than ten years ago; a specific feature of macro- and  micro-SORS is their capability to resolve the molecular 
composition of compounds located under turbid, highly diffusely scattering surfaces, as encountered with 
paint, stones and in many situations related to the art field as well as in polymer, biomedical, 
pharmaceutical, forensic and security areas. Macro and micro-SORS rely on photon migration processes in 
which Raman photons generated deeper within the sample are more likely to migrate laterally from the 
illumination zone more before being emitted from the sample surface than photons generated in shallower 
layers. In fact, due to a large number of scattering events, in turbid matrices the photons direction is 
completely randomised resulting in sideway areas yielding deeper photons. Macro-SORS is applicable to 
relatively thick layers (on the order of millimetre or higher), whereas micro-SORS to micrometre thick 
layers; in artworks the concealed substances are often on the order of micro-metres, thus micro-SORS is 
the most suited method for their non-invasive detection. With such sample conventional confocal Raman 
spectroscopy is typically severely limited much shallower depths due to its inability to form direct optical 
images of inner components in turbid matrices.  

A wide micro-SORS literature has been produced in the last few years reporting several possible micro-
SORS variants, from the most basic set-up (defocusing micro-SORS) [9] to more sophisticated and effective 
modalities including the separation of laser illumination and collection areas (full micro-SORS) by using an 



external laser probe [13] or fiber optics [14], by moving a laser spot across the focal plane with “beam-
steer” mirrors [15-16], by a CCD spatially resolved read out [17], by moving the tip of the Raman detection 
fiber from the confocal position [18], by using a digital micro-mirror device in the detection optical path 
[19] or by combining hyperspectral SORS and defocusing micro-SORS [20]. Up to date, heritage sciences 
[21-23] and biomedical field [15-18, 20] constitute the main micro-SORS application areas, even though 
their analytical capability has also been demonstrated with stratified polymers and papers and with 
samples coming from biology field [24].  

The main micro-SORS achievements in Cultural Heritage field till now concern the non-destructive 
investigation of pigments used in painted stratigraphies of terracotta polychrome sculptures [21] and in 
street art paintings [23], performing measurements on the intact fragments taken from the artworks 
without any sample preparation. Moreover, micro-SORS allowed the non-invasive identification of a 
preparation layer under a porcelain card decoration, placing the card directly under the microscope 
objective of the spectrometer [22]. These outcomes have paved the way for establishing micro-SORS as one 
of the emerging Raman techniques in Cultural Heritage [25-26].  

More complex situations, often encountered in Cultural Heritage have also been explored with micro-SORS 
using mock-up samples, mimicking real situations of painted stratigraphies with highly heterogeneous 
composition [27], hidden paintings or drawings covered by superimposed painted layers or whitewash [28], 
layers covered by intensely fluorescing turbid over-layers [29]. Moreover, the determination of the 
thickness of investigated overlayer was also attempted, with promising results, in case of calibrated 
systems [30].  

One of major challenges is a provision of portable micro-SORS. Such device would unlock the possibility of 
in-situ measurements, in museum collections, conservation and archaeological sites; to date, two 
prototypes have been proposed and demonstrated based around a modified conventional portable Raman 
spectrometer to deliver both defocusing [31] and full micro-SORS [32]. Even though promising results have 
been obtained, further system optimizations are needed for developing a more effective and more 
compact device capable of obtaining accurate and consistent results even under suboptimal measurement 
conditions.    

About five years of micro-SORS development, optimization and experiments have provided appropriate 
time for the evaluation of its potentiality but also of its limitations, since it is apparent that micro-SORS is 
not applicable to all multilayer problems; the most important limits comes from excessive fluorescence 
originating from a target layer, the presence of a strong Raman scattering cross section compound in the 
top position combined with a weak one below surface, high absorption of the laser or Raman photons in 
the sample and the presence of extremely thin layers (less than 10 m). To overcome some of these 
limitations the research has also focussed on combining micro-SORS with other emerging non-destructive 
techniques as confocal X-Ray fluorescence [33], grazing incidence X-Ray diffraction [34] or Frequency offset 
Raman spectroscopy, already coupled with SORS [35]. The complementarities of the results achieved by 
these methods open prospects for the provision of a more comprehensive non-destructive and non-
invasive analysis tool for Cultural Heritage.  

Research aim  

Here, we provide a demonstration of micro-SORS capability to elucidate the composition of hidden 
compounds through the non-destructive analysis of micro-samples taken from medieval painted stone 
sculptures of the Parma baptistery and Ferrara Cathedral. Two illustrative examples are reported where the 



pigment stratigraphy and the decay products are identified without resorting to cross sectional analysis 
allowing the use of the intact micro-samples subsequently in other, destructive analyses, such as GC-MS or 
ATR-FTIR. It is worth to highlight the importance of collecting data on polychrome stone sculptures; in fact, 
scientific studies on decorated stones items are scarce in the literature [36] mainly because the original 
polychromies applied in the past have largely been lost for stylistic changes and decay reasons. 
Conservation scientists should analyse these precious traces in non-invasive way or, at least, in non-
destructive way, with the attempt to extract as much information as possible.  

 

Materials 

Sample 1 (S1) was obtained from a painted sculpture of the Ferrara cathedral portal during the last 
restoration work dating back to 1970s. The sculpture is located in the loggia, the upper part of the porch, 
and was sculptured in around 1230-40 by an unknown master [37] and decorated with a depiction of the 
Last Judgement.  

Sample 2 (S2) was acquired from a painted sculpture of the baptistery of Parma, one of the most important 
Medieval monuments in Europe, during the last restoration work dating back to 1980s. Its construction 
began in 1196 and was unlikely completed in its architectural entirety until ca. 1281 [38], the baptistery 
was designed by Benedetto Antelami, an Italian architect and sculptor of the Romanesque school. Largely 
surviving polichromy is present on the west, north and south portals. S2 originates from the south portal 
dedicated to the legend of Barlaam and Josaphat. The stone used for both the sculptures is Pietra di 
Verona, a carbonatic lithotype.  

 

Methods  

The experiments were carried out using a dispersive Raman microscope (Senterra, Bruker Optik GmbH) 
equipped with a Peltier cooled charge-coupled (CCD) detector (1,024 × 256 pixels). The laser excitation 
wavelength was 785 nm and the spectra were acquired using a 50 × 1000 μm slit, a 20× microscope 
objective, a laser power of 10 mW and acquisition times of 100 s. In the present study, micro-SORS 
experiments were carried out using the most basic variant of micro-SORS (defocusing) in which Raman 
spectra are collected at imaged (in focus) position and, afterwards, at several defocused positions by simply 
moving the microscope objective away from the sample. Three defocusing series for each sample were 
collected to average out their heterogeneity. The spectra were cut, baseline corrected and normalized to a 
Raman band of each compound to highlight the relative signal intensities changes among substances 
located at different depths. Moreover, the integration of a main Raman band for each compound was 
carried out in order to calculate the changes of the intensity ratios as a function of defocusing distances. All 
spectral manipulations were carried out using OPUS software. 

 

Results  

The spectra acquired from sample S1 at imaged position, which corresponds to conventional backscattering 
confocal Raman microscopy, exhibit the most characteristic signatures of cinnabar (HgS), minium 
(2PbO·PbO2) and white lead [(PbCO3)2·Pb(OH)2]. Gypsum (CaSO4·2H2O) and anglesite (PbSO4) are 



occasionally present, demonstrating that these are randomly distributed. The spectra acquired at different 
z distances show a change in the relative intensities of the Raman bands, suggesting a different 
distribution of these compounds with depth (Figure 1).  

First, the averaged spectra for each z distances of the three series were extracted (Figure 1); then, the 
intensity ratios were calculated relatively to one band for each compound, at 549, 626, 977, 1008 and 1052 
cm-1 for minium, cinnabar, anglesite, gypsum and white lead, respectively (Figure 2). These ratios suggest 
the presence of distinct trends in particular when minium, cinnabar and white lead are considered. In fact, 
they allow to unequivocally ascertain that white lead is mainly located below cinnabar, and minium below 
white lead. As for gypsum and anglesite, despite their signals being rather random, a general distribution 
could be hypothesized looking at the intensity ratios: they are predominantly below cinnabar and over 
minium and white lead, even though their relation with white lead is not linear and fully understandable. 
This behaviour could be connected with decay processes, rather than a constituency of the stratigraphy, as 
also confirmed by the random distribution on the sample surface. Anglesite is commonly found in painted 
stratigraphies due to sulphation processes of white lead and gypsum is most likely due to the decay of the 
stone substrate mainly made of calcite.  

These findings lead to a suggestion that the stratigraphy is mainly composed of cinnabar at the external 
position, white lead in the middle position and minium in the most internal layer. However, the presence of 
coarse grains of white lead, often encountered in painted stratigraphy, in mixture with cinnabar or minium 
could also justify the increase of white lead signal with depth. Gypsum and anglesite are randomly 
distributed within the first two layers, whereas they are scarce or even absent in the minium layer. It is 
important to be aware of the fact that micro-SORS provides information on the most abundant 
constituents of a specific layer, and the detection of some species does not exclude the presence of other 
pigments in mixture with it. For instance, it is likely that white lead is also present with cinnabar at the top 
position and with minium at the bottom layer, even if at a minor extent; however, the micro-SORS result 
indicate that a higher amount of this pigment is present between cinnabar and minium.  

For the sake of clarity it is worth noting that the suggested stratigraphy could be incomplete, since other 
layers could be present below minium that are not detectable due to the limited spatial resolution of the 
method.   

Sample 2 shows a highly heterogeneous surface, where most of the areas are covered by a black layer of 
dust and carbonaceous particles, related to pollution. From these areas no Raman signal could have been 
collected due to severe photon absorption. In the areas not covered by the black deposits, micro-SORS 
sequences was acquired successfully from the present blue crystals.  

The imaged position spectra are dominated by the presence of the most characteristic bands of azurite 
[Cu3(CO3)2(OH)2] and calcite (CaCO3). Gypsum (CaSO4·2H2O) and weddellite [Ca(C2O4)·2(H2O)] are 
occasionally present, indicating their random distribution on the surface (Figure 3). 

The overall trend of the relative intensity change of the compounds has been evaluated by averaging the 
micro-SORS spectra (Figure 3) and relative intensity ratios calculated (Figure 4).  

First notable point is that the micro-SORS spectra show an increasing contribution of the calcite signal 
ascribable to the substrate for increasing defocusing. This suggests that the sample is characterized largely 
by the entire stratigraphy, from the external layer to the stone mostly made of calcite.  



Assuming the heterogeneities have been well averaged, it is also unequivocal that azurite is on top of all 
the other layers represented by the other detected compounds. Weddellite is related to decay processes, 
indicating the presence of calcium oxalate films, observed on the surface of several monuments; the origin 
of these films is still controversial and, nowadays, the extensive lichen colonization of stone surfaces, the 
oxidative degradation of organic compounds applied to the stone surface during past conservation works 
and the reaction of oxalic acid of the atmosphere due fuel combustion processes are the main hypotheses 
[39-40]. As for S1, gypsum could be originated from the sulphation processes of calcite from the substrate. 
Considering the individual series, it is apparent that there is a complex distribution of gypsum and 
weddellite with depth; however, the average spectra show that they are mainly located below azurite and 
over calcite; as already mentioned, a minor contribution of these compounds in the surface layer with 
azurite cannot be excluded.  

The analysis of the single micro-SORS series provides additional information about this heterogeneous 
sample. A sequence (Figure 5) shows the presence of the more stable calcium oxalate phase, whewellite 
[Ca(C2O4)·(H2O)]. Previous studies [41] have been carried out to find a mutual relation between the position 
of whewellite and weddellite within calcium oxalate films formed on stone substrates of historical 
monuments, which could provide important information on the controversial origin of these films. To date, 
in literature the analyses have been carried out by Raman microscopy only on sample cross sections; here 
for the first time, the information on the location and the composition of the two phases is obtained in a 
non-destructive way, showing, in this specific area, the predominant presence of whewellite on top of 
weddellite.  

 

Conclusions 

An overall view of the recently developed micro-SORS technique was presented here, including a number 
of available variants, its analytical capability and its potential in Cultural Heritage outlined. Furthermore, a 
case study applying micro-SORS to non-destructively reconstruct the stratigraphy and degradation 
processes of two painted stone samples was presented. The study demonstrates the applicability of micro-
SORS to this type of samples extending the depth applicability of Raman spectroscopy and with its 
inherently high chemical specificity expanding the portfolio of existing non-destructive analytical tools in 
Cultural Heritage. Limitations of the method are also presented, highlighting the need of a non-
destructive/non-invasive multi-analytical approach for a comprehensive investigation of materials 
subsurface layers.   
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Figure 1: S1 – micro-SORS average sequence normalized to cinnabar. The values in the graph indicate the 
defocusing steps.  

  



 

 

 

 

Figure 2: S1 – relative intensity ratios calculated for the main detected phases as a function of the 
defocusing steps. 

 

 

 



 

 

Figure 3: S2 – micro-SORS average sequence normalized to azurite. The values in the graph indicate the 
defocusing steps.  

  



 

 

 

 

 

 

Figure 4: S2 – relative intensity ratios calculated for the main detected bands as a function of the 
defocusing steps. 

 



 

Figure 5: S2 – micro-SORS sequence in the range of the main bands of whewellite (WH) weddellite (WD) 
phases (reference spectra in red). The values in the graph indicate the defocusing steps.  

 

 

 

 


