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Abstract
This article reports on the discovery of pararealgar and semi-amorphous pararealgar in Rembrandt's masterpiece The Night Watch. A large-scale research project named Operation Night Watch was started in 2019. A variety of non-invasive analytical imaging techniques, together with paint sample research, has provided new information about Rembrandt's pigments, materials, and techniques as well as the current condition of the painting. Macroscopic X-ray fluorescence, macroscopic X-ray powder diffraction and reflectance imaging spectroscopy identified the presence of arsenic sulfide pigments and degradation products of these pigments in the doublet sleeves and embroidered buff coat worn by Lieutenant Willem van Ruytenburch (central figure to the right of Captain Frans Banninck Cocq). Examination by light microscopy of two paint samples taken from this area shows a mixture of large sharp-edged tabular yellow and orange to red pigment particles, and scanning electron microscopy-energy dispersive X-ray analysis identified these particles as containing arsenic and sulfur. Using micro-Raman spectroscopy, the yellow particles were identified as pararealgar, and the orange to red particles as semi-amorphous pararealgar. Synchrotron-based X-ray diffraction allowed visualization of the presence of multiple degradation products associated with arsenic sulfides throughout the paint layer. The discovery of pararealgar and semi-amorphous pararealgar is a new addition to Rembrandt's pigment palette. To contextualize our findings and to hypothesize why, how, and where Rembrandt obtained the pigments, we studied related historical sources. A comprehensive review of historical sources gives insight into the types of artificial arsenic sulfides that were available and suggests that a broader range of arsenic pigments could have been available in Amsterdam in the seventeenth century than previously thought. This is supported by the use of a very similar mixture of pigments by Willem Kalf (1619–1693), a contemporary artist based in Amsterdam. Together with the condition of the particles in the paint cross sections, this brings us to the conclusion that Rembrandt intentionally used pararealgar and semi-amorphous pararealgar, together with lead–tin yellow and vermilion, to create an orange paint.
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Introduction
Throughout history, artists made use of both naturally occurring orpiment and realgar and artificially produced arsenic sulfide pigments to produce paint with yellow, orange or red hues. The naturally occurring minerals realgar (orange to red, As4S4) and orpiment (golden yellow, As2S3), are until now the most prevalently mentioned arsenic sulfide pigments in artworks and have been used by artists since antiquity. Although artificial arsenic sulfides are known to have been produced synthetically [1], they only rarely have been reported in artworks. By using a combination of analytical techniques such as Raman spectroscopy and X-ray powder diffraction, several types of artificial arsenic sulfides have been identified and differentiated in cultural heritage objects [2–7]. Arsenic sulfide pigments are not traditionally associated with Rembrandt van Rijn’s palette. Up to now, arsenic sulfide pigments have only been identified in two paintings from his late period, The Jewish Bride (c. 1665, Rijksmuseum) and The Man in a Red Cap (c. 1665, Museum Boijmans van Beuningen) [1, 6]. In both cases artificial orpiment was found. The arsenic sulfide pigments found in The Night Watch are, however, different. In this paper, the identification and origin of the arsenic sulfide pigments in The Night Watch will be discussed. This research is carried out in the context of Operation Night Watch, a large-scale multimodal investigation of the painting, which started in July 2019.
Within arsenic sulfides three classes can be distinguished: 1. the naturally occurring minerals, 2. artificial arsenic sulfides and 3. secondary arsenic-bearing phases. Orpiment and realgar are arsenic sulfide minerals encountered in nature (class 1). This class also includes arsenopyrite (FeAsS), duranusite (As4S), dimorphite (As4S3), bonazziite (As4S4), uzonite (As4S5), alacranite (As8S9) and wakabayashilite ((As,Sb)6As4S14). The artificial arsenic sulfides (class 2) are the man-made arsenic compounds such as artificial orpiment or arsenic sulfide glass. The secondary phases (class 3) are degradation products formed from the naturally occurring minerals or the artificial arsenic sulfides. This third class includes pararealgar (As4S4), arsenolite (As2O3, cubic), claudetite (As2O3, monoclinic) and other polymorphs such as the so-called χ-phase (As4S4) [2].
The mineral orpiment, also called ‘auripigmentum’ or ‘gold pigment’, was celebrated for its bright warm yellow tone and was recommended in several artist’s manuals for use as a pigment to imitate gold [8]. The pigment particles of natural orpiment are usually coarse and exhibit a typical foliated (layered) structure [9]. Orpiment was not only used as a pigment by painters but its use was extended in day to day practices from medicinal purposes [10, 11], hair removal creams and oils [12–16], wax seals [17], yellow ink [18], bookbinder green (where it is mixed with indigo [17]), as well as the treatment or coating of various metals (such as silver). Even more applications can be found in literature [10, 18–22]. Realgar is described in many different historical sources, dating back as early as the sixteenth to eleventh century B.C. on Egyptian offering lists [23]. Its use as a pigment for oil paintings was less common.
Artificially synthetized arsenic sulfides (class 2) have been mentioned in several artists’ treatises as early as the fifteenth century [24–27] and are listed in price lists across Europe under various terms such as ‘king's yellow’, ‘king's red’, ‘arsenico citrino’, ‘risagallo’ and ‘rauschgelb’ [8, 28–33]. The manufacture of artificial arsenic sulfides is described in German, Italian, French, Dutch, and Spanish sources from the fifteenth century onward including metallurgical, alchemical, and medicinal literature [8, 11, 13, 24, 25, 27, 34–52]. Based on the literature, a continuous development can be noted in the production processes of these pigments. This is undoubtedly due to the increased knowledge, invention, and improvements of specialized chemical equipment (such as furnaces, retorts and sublimation vessels), as well as of chemical procedures to improve the refining of ores and the extraction of metals by early alchemists and metallurgists.
Before the fifteenth century, primarily roasting and melting procedures of the natural ores (orpiment, realgar) are described as ways to obtain artificial arsenic sulfides [25–27]. From the sixteenth century onwards, various sublimation processes for the natural ores are introduced, specifically to obtain so called ‘arsenic flowers’, which consisted of pure arsenic or arsenic (tri)oxide [15, 44, 53]. Additionally, the introduction of arsenic or sulfur during the heating of natural ores is reported [39, 54, 55]. From the end of the seventeenth century and the beginning of the eighteenth century, various sources describe the fusion of these ‘arsenic flowers’, obtained from the sublimation of various arsenic-containing ores (e.g. cobaltite, orpiment, realgar, löllingite, or arsenopyrite) with solid sulfur [50, 52, 56–59]. This was done in various ratios: an As:S ratio of 10:1 to obtain a yellow product and a ratio of 5:1 to obtain an orange to red product [22, 51, 52, 60–62]. The above-mentioned methods are considered as the dry process methods. A variety of (end)products can be obtained from the dry process method depending on multiple factors of the production process, choice of starting materials, and post processing treatments. The chemical characterization of the possible end-products is complex and largely unexplored. Grundmann and Rötter describe in detail the classification of various artificially obtained arsenic sulfides specifically with orpiment as starting material. From the nineteenth century, also a wet process method was introduced which encompassed the precipitation of materials in solution [63–65].
The last class (class 3) comprises the secondary phases. Both arsenic-bearing minerals and synthetic arsenic sulfide pigments are prone to degradation. Orpiment degradation can occur upon exposure to light, which causes the formation of arsenic trioxide [66]. If orpiment is present in a medium, As(V) species are formed and can migrate throughout the medium [67–69]. Realgar on the other side, is known to degrade to pararealgar within days upon exposure to normal light levels [70]. Pararealgar can degrade further to arsenic trioxide. During the degradation also the metastable χ-phase is formed [71]. The As-containing components found in artworks are (therefore) often complex mixtures of several compounds and difficult to trace back to the original recipe.
In general, when arsenic sulfides pigments are present in oil paintings, these are often simply described as “orpiment and/or realgar”, even though, as described above, many other arsenic sulfide pigments were available from the fifteenth century onwards. Typically, the identification of arsenic sulfides is often based on visual appearance, light microscopy, and elemental analysis. With these methods, it is not always possible to distinguish arsenic-bearing minerals from synthetic arsenic sulfides and secondary phases. As for the latter, the degradation of realgar into pararealgar was not described in detail until 1996. Before this date, the historical sources mention that light exposed realgar forms orpiment, which led to misinterpretation and up until almost 30 years ago, the friable yellow pararealgar generally was identified as orpiment [71, 72].
It is important to realize that to differentiate between the three classes of arsenic compounds, additional analytical methods of high specificity such as Raman spectroscopy and X-ray powder diffraction are essential.
In this article, two types of arsenic sulfide pigments discovered in Rembrandt's oeuvre are presented: (regular) pararealgar, which is yellow, and a semi-amorphous variant that is orange to red. The historic use, complexity of identification and interpretation of arsenic sulfides is studied in relevant historical sources to explain their use by Rembrandt.
The presence of arsenic sulfides in The Night Watch was first detected by non-invasive imaging when the entire surface of the painting was scanned with macroscopic X-ray fluorescence imaging spectroscopy (MA-XRF) (Fig. 1c). Subsequent examination of the paint surface with stereomicroscopy revealed small areas of bright orange paint (Fig. 1d) in several areas at the surface and in the underpainting of the embroidery of Willem van Ruytenburch’s buff coat (the figure dressed in yellow in the middle of the painting) which correlate with highlights in the arsenic MA-XRF map (Fig. 1c). Two paint cross sections were taken (see Fig. 1b for the sample locations) to characterize in more detail the type of arsenic sulfide present and to investigate the presence of possible chemical degradation products related to arsenic sulfides. Below, the results of light microscopy, scanning electron microscopy combined with X-ray elemental analysis (SEM–EDX), micro-Raman spectroscopy and synchrotron-based X-ray diffraction (SR-XRD) performed on these two paint cross sections are described, as well as the production processes and origin of the arsenic sulfides found. Micro-Raman spectroscopy is a very suitable method to distinguish between different arsenic sulfide pigments [72, 73]. Furthermore, the availability of artificial arsenic sulfides in Amsterdam at Rembrandt’s time was investigated by studying historical sources and by reexamination of a paint cross section from a still life painting by Willem Kalf (1619–1693) (Figure S1-2). Kalf is a contemporary of Rembrandt and also worked in Amsterdam [74].[image: ]
Fig. 1a Rembrandt van Rijn (1606–1669), The Night Watch, 1642, oil on canvas, h 379.5 cm x w 453.5 cm, Rijksmuseum (inv. nr SK-C-5). b detail showing Willem van Ruytenburch’s embroidered buff coat and doublet sleeves with the locations of samples SK-C-5_016 and SK-C-5_017. c MA-XRF distribution map for arsenic (As-K) of a detail in the buff coat indicated with a white rectangle in (b). d stereomicroscope image of area marked by the red rectangle with arsenic hotspot indicated with a red arrow in c corresponding to bright orange paint in the stereomicroscope image (red arrow)



Results
Microscale analysis
After the discovery of arsenic-bearing paint with MA-XRF (Fig. 1C), based on the detection of arsenic independent of cobalt and nickel (indicative of the presence of the pigment smalt), further identification of the exact nature of the arsenic-containing pigments used in these areas was required. The presence of sulfur, co-localized with arsenic could not be established with MA-XRF, due to the low sensitivity of ambient MA-XRF to measure low energy X-rays emitted from low Z elements such as sulfur. Additionally, the S-K line emission lines are very close to Pb-M lines, which can result in the weak S lines to be masked by the strong Pb lines. The microscale study was done on two paint cross sections from the arsenic sulfide-rich areas. The first sample (SK-C-5_016) was taken in the proper right sleeve of Van Ruytenburch’s costume in a warm brown stripe (see Fig. 2a). During the sampling, we noticed that the paint was very brittle and crumbly, more so than in other areas of the painting. The distribution map of arsenic in this area shows that arsenic is mainly present in the warm brown stripes (Fig. 2b). The second sample (SK-C-5_017) was taken in the embroidery area of the coat, from a bright orange paint (see Fig. 2c, d). The orange paint is present in underlying layers and used as highlights in the shadows for the build-up of the gold embroidery. In some areas this layer is now exposed due to loss of the covering paint layers, and the orange paint of the underlayer can be seen by eye (see Fig. 1d).[image: ]
Fig. 2a Detail of the 5 µm resolution photograph of the sleeve of Van Ruytenburch’s costume. The blue ‘X’ indicates the location of sample SK-C-5_016 [75]. b As-K MA-XRF distribution map of the detail in a. c Detail of the 5 µm resolution photograph of the embroidered edge of Van Ruytenburch’s buff coat. The red ‘X’ indicates the sample location of SK-C-5_017 [75]. d As-K MA-XRF distribution map of the detail in c. Stereoscopic micrographs of the sample locations for SK-C-5_016 (e) and SK-C-5_017 (f) indicated respectively with a blue and red arrow. g Light microscope image of sample SK-C-5_016 in dark field (DF) mode. h Light microscope image of sample SK-C-5_017 in DF mode. i Light microscope image of sample SK-C-5_016 under UV (365 nm) light. j Light microscope image of sample SK-C-5_017 under UV (365 nm) light. k SEM backscattered-electron (BSE) image of sample SK-C-5_016. l SEM-BSE image of sample SK-C-5_017. White arrow indicates arsenic trioxide formation


Figure 2g and i show the light microscopy images of sample SK-C-5_016 under, respectively, dark field (DF) settings and under UV (365 nm) illumination. This sample was taken in Van Ruytenburch’s sleeve (Fig. 2a, e). The images show a yellow translucent degraded paint layer with only few distinct pigment particles. This translucent layer does not only consist of (low Z) organic material, as can be deduced from the brighter grey in this area in the SEM backscattered-electron (BSE) image. The grey value is brighter than the organic embedding medium (top and bottom) and other low Z materials in the sample. The brighter grey contrast is a consequence of the presence of arsenic and lead in this translucent layer, confirming that the paint is largely degraded. The presence of both arsenic and lead were confirmed by SEM–EDX (see Figure S5d,e). This translucent layer looks amorphous and rather homogenous. One large yellow As-containing particle can be found in the bottom part of the sample (see Figure S5e). Furthermore, we find a few large particles of lead–tin yellow and lead white, some carbon-based black and organic brown pigment (possibly Cassel earth), some tiny iron containing particles (possibly earth pigment) and several red lake particles.
The images of sample SK-C-5_017 in Fig. 2h and j show a dense layer of yellow and orange to red particles, and an occasional tiny bright red particle (probably vermilion). Additionally, some lead–tin yellow and gypsum are present in this layer. Especially in the light microscopy image under UV light (Fig. 2j) the large yellow and orange to red particles can be clearly distinguished from other paint components such as the binding medium. The particles have different sizes (up to 30 µm in diameter) and shapes, but the edges are always rather angular, reminiscent of glass-like pigments such as smalt [76]. This is especially visible when the cross section is studied with SEM (see BSE-SEM images of sample SK-C-5_017 in Fig. 2l). SEM–EDX measurements confirmed the presence of arsenic and sulfur in these particles. The bulky, sharp-edged particles have a very different morphology than the arsenic sulfide particles identified in two other paintings by Rembrandt that contain arsenic sulfides. In both The Jewish Bride and The Man in a Red Cap, small (2 to 5 µm in diameter) perfectly spherical yellow amorphous arsenic sulfide particles were identified by using a combination of light microscopy, SEM–EDX, XRD and Raman spectroscopy [4, 6]. This type of amorphous arsenic sulfide was identified as purified artificial orpiment glass, belonging to class 2 [63].
Raman spectroscopy was used to determine the exact arsenic sulfide species in the samples taken from The Night Watch. Measurements were performed on several large and small particles in cross Sections 016 and 017. In Fig. 3a, four measurement locations (A-D) in sample 017 are shown. The Raman spectra collected on the yellow particles in sample 017 all show similar characteristics. Two of these Raman spectra (A-B) are shown in Fig. 3c. The spectra include all Raman bands of pararealgar (As4S4). Especially the pattern of four distinct peaks between 300 and 400 cm−1 and the two strong peaks around 230 cm−1 are very characteristic for pararealgar [72]. The peak around 275 cm−1 is also a good indicator of pararealgar, as it does not overlap with any peaks related to orpiment or realgar. Figure S3 shows several Raman spectra taken in the large yellow particle of sample 016, which can also be identified as pararealgar.[image: ]
Fig. 3a Light microscope image in (DF) mode of sample SK-C-5_017 with the Raman measurements locations from A-D. b Light microscope image in (DF) mode of sample SK-A-199_R9/4 taken from the painting Still Life with a Silver Jug and a Porcelain Bowl by Willem Kalf with the Raman measurements locations from E–H. c Raman spectra taken in locations A-D of sample SK-C-5_017, with a reference spectrum of pararealgar (RRUFF database ID: R150123). d Raman spectra taken in locations E–H of sample SK-A-199_R9/4, with a reference spectrum of pararealgar (RRUFF database ID: R150123)


The Raman spectra of the orange to red particles (two representative spectra, collected in measurement locations C and D in Fig. 3a, are shown in Fig. 3c) are also very similar to one another. In comparison to the yellow particles, the Raman spectral range between 300 and 400 cm−1 shows much less defined peaks. The peaks around 175 and 203 are less intense in the red particles. Additionally, when looking at the ratio between the peak at 345 cm−1 and the peak at 275 cm−1, the peak at 275 cm−1 is relatively less intense in these particles. The broadening of the peaks between 300 and 400 cm−1 resembles an effect that can also be observed in the Raman spectra of amorphous arsenic sulfides [68]. The broadening of Raman bands is an indication of a more amorphous material compared to the crystalline phase and could have been caused by heating or subliming of pararealgar to obtain a more reddish hue [1, 27, 39, 41]. Because the typical peaks of pararealgar are still present and the broadening of the bands is not as severe as seen in total amorphous arsenic sulfides [65], we will refer to the orange to red particles as “semi-amorphous” pararealgar in the rest of the text.
In sample 017, the yellow (crystalline pararealgar) and orange to red particles (semi-amorphous pararealgar) are homogeneously distributed within the paint layer and no color change or gradient of color is observed within the particles. The edges of these particles are sharp and there is no disruption of the paint-pigment matrix observed both by SEM and light microscopy. In the top left (Fig. 2l, white arrow), an in-situ formed degradation product can be observed. In this particle, SEM–EDX confirmed the presence of mainly arsenic and oxygen, suggesting the presence of arsenic trioxide, a degradation product formed within the paint layer. The area around the particle appears disrupted and has more vacant space compared to the remainder of the paint layer. If the formation of pararealgar resulted from in-situ light-induced degradation, we would expect a similar effect around the yellow and orange to red particles. We would then also expect that the yellow particles (consisting of more crystalline pararealgar) would be located near the top of the paint sample and the orange to red particles (semi-amorphous pararealgar) near the bottom, where there was less exposure to light, as is the case with the formation of arsenolite from the arsenic sulfides in this study and from orpiment in a previous study [69]. However, this is not the case here. This suggests that in The Night Watch, both the pararealgar (yellow) and the semi-amorphous pararealgar (orange to red) were originally used by the artist and that neither is the result of in situ chemical alteration.
Sample from a painting by a contemporary 17th-century artist
To further explore the possibility of the use of pararealgar as a pigment, paint samples from different artists known to have used arsenic sulfides within the Rijksmuseum collection were examined with Raman spectroscopy. In one case, namely a cross section from Still Life with a Silver Jug and a Porcelain Bowl by Willem Kalf (1655 – 1660, Rijksmuseum, Amsterdam) a very similar paint mixture in comparison to the mixture in The Night Watch was found. Figure 3b shows the light microscope image of a paint cross section taken in the orange (fruit) in the decorative plate (see Supporting Information for a photo of the painting (Figure S1) and the UV light micrograph of the sample (Figure S2)). The upper paint layer contains a mixture of sharp-edged yellow and orange to red particles. SEM–EDX measurements indicate the presence of arsenic and sulfur in these particles. Two representative Raman spectra from the more yellow particles are shown in Fig. 3d, E–F. Similar to the yellow particles in The Night Watch, these particles can be identified as pararealgar. For the orange to red particles again we observe a similar Raman spectrum (two representative spectra shown in Fig. 3d, G-H), but with a broadening of the peaks between 300 and 400 cm−1 and a relative decrease of the Raman specific peak at 275 cm−1, indicative of the presence of semi-amorphous pararealgar. The painting by Willem Kalf is dated about 15 years after The Night Watch and both painters lived in Amsterdam. This seems to suggest that a variety of different arsenic sulfide pigments were available to artists working in Amsterdam at the time. The source of the arsenic sulfides and their presence in Amsterdam is further discussed in the discussion section.

Radiation damage
Pararealgar is known to be a light-induced degradation product of realgar as well as of the minerals in the alacranite (As8S9) series, both the natural and synthetic phases [2]. Light-induced degradation can also take place due to irradiation by the Raman laser. Literature shows that this mainly takes place upon irradiation with green light (506.0–544.0 nm) [77]. On the samples of The Night Watch, the measurements shown in this study were carried out with a red (785 nm) laser, but a few test measurements were done with a green (532 nm) laser. Laser intensities can be found in the Materials and Methods section. No changes in the spectra were observed after repeating the measurements. The paint sample of the painting by Willem Kalf was only measured with the 785 nm laser, and the spectra are very similar to those of The Night Watch. Again, the surface of the paint sample and the spectra did not change during the measurements.

SR-µ-XRD
A 2D SR-μ-XRD scan collected at beamline ID13 at ESRF (Grenoble, France) shows the presence of pararealgar in paint sample 017 of The Night Watch. The distribution of pararealgar shows small particles of pararealgar throughout the sample (see Fig. 4b). There is no visible correlation between the large yellow pigment particles we observed under the light microscope and the pararealgar distribution. This is likely due to the large size of the pigment particles (> 10 µm) with respect to the beam size (< 1–2 µm). Thus, the resulting distribution map of pararealgar is strongly dependent on the orientation of the large particles, instead of the presence or absence of the pigment. Additionally, the XRD results were obtained in transmission mode and the LM was performed in reflection mode.[image: ]
Fig. 4a Light microscope image in (DF) mode of sample SK-C-5_017 with SR-μ-XRD crystalline phase-specific distribution maps of the same area of the cross section showing b pararealgar, c arsenolite, d mimetite and e schultenite. The XRD maps are tilted a few degrees in respect to a. In b–e, a darker color corresponds to a higher scaling parameter and therefor a higher diffraction intensity of the given compound


Three degradation products related to arsenic sulfides were identified in sample 017: arsenolite (Fig. 4c, As2O3), mimetite (Fig. 4d, lead arsenate, Pb5(AsO4)2Cl) and schultenite (Fig. 4e, lead arsenate, PbHAsO4). Figure S4 shows the average XRD pattern of sample 017 (collected at beamline P06, PETRA III, DESY, Hamburg, Germany) and the identified crystalline components in the sample. Mimetite and schultenite are known degradation products of arsenic sulfides that form from mobile As(V) species (i.e., arsenate ions, degradation products of arsenic sulfides) [62–64] and lead ions [78–81]. Mimetite is a relatively stable and insoluble lead arsenate, stable in the pH range from 3 up to 12, depending on the total activity of the arsenates. Relative low concentrations of Pb(II) and As(V) ions are necessary for the formation of mimetite to take place [82]. Arsenolite is known to be a light-induced degradation product of orpiment and pararealgar, which explains why it is mainly present close to the surface and in the crack of the paint sample, where the highest levels of light exposure can be expected. Schultenite is a lead arsenate that is stable under more acidic conditions in comparison to mimetite, and higher concentrations of dissolved Pb(II) and As(V) ions need to be present compared to mimetite [82]. Mimetite was mainly present in the bottom area of the paint sample. The formation of either lead arsenates can be an indication of a difference in the local conditions at the interface between and within the paint layer(s). MA-XRF scans of The Night Watch show that lead is present throughout the entire painting. Lead is present as the commonly used pigment lead white, the yellow pigment lead–tin yellow, a lead-containing impregnation of the canvas [83] and possibly as addition to the oil or later varnish layers [84]. Lead–tin yellow was specifically used in the costume of Van Ruytenburch and particles were found in both cross sections, 017 and 016 (see Figures S4, S6); however, we are not able to assess whether this pigment is the source of the lead ions in the lead arsenates, or that they originate by dissolution of one of the other lead-containing components of the painting. Chloride ions, needed for the formation of mimetite, are often present in oil paintings. Either the lead white used in the painting or chloride ions present in the ambient environment of the painting are the most likely sources [78].
In sample 016, the paint looks much more degraded than the orange paint in 017. Mimetite was the main arsenic containing component identified by SR-μ-XRD. No recognizable XRD pattern for pararealgar was collected in the large pigment particle in the sample (large particle in Fig. 2g). Mimetite was present throughout the entire paint sample, as can be seen in Figure S5. This shows that mobile arsenate and lead ions were present within the entire paint layer, which was also confirmed with SEM–EDX (see Figure S5d and e).These arsenate ions initially derive from arsenic sulfides that have partly dissolved and then start migrating through the paint system [66–69, 85, 86]. Whether the presence of mimetite has changed the color of this area (now a warm brown) is difficult to assess as the number of pigment particles in this paint sample is limited. However, the formation of this degradation product might have an effect on the translucency of the paint layer [80]. The lead ions necessary for this formation might have derived from the lead white or lead–tin yellow pigment particles present in this paint layer (see Figure S5c for the lead–tin yellow distribution), but, as mentioned before, it is difficult to identify the exact source of the lead ions. The average XRD pattern of sample 016 can be found in Figure S6.


Historical sources
Next to the microscale technical analysis of the paint samples, we studied a large body of historical sources to investigate the production and availability of natural and artificial arsenic sulfides along with their trade routes, prices and how they were sold in seventeenth century Amsterdam. Based on the history of the production of artificial arsenic sulfides found in the historical sources and the creation date of The Night Watch, 1642, it is expected that the available artificial arsenic sulfides are an end-product of a roasting, melting or sublimation process with natural ores as a starting product with possibly the addition of arsenic or sulfur. We therefore not only looked for the artificial type, but also for arsenic and the natural ores in general. Based on this information, we were able to place our findings in historical context and hypothesize how pararealgar and semi-amorphous pararealgar ended up in The Night Watch.
Amsterdam
Based on historical sources, it is evident that a variety of natural and artificial arsenic sulfides were manufactured and traded during Rembrandt’s time and were available in Amsterdam. Due to the geological position of the Dutch Republic, which is not considered a significant mining country in terms of mineral resources, we know that the arsenic sulfides were imported. However, it remains uncertain whether the arsenic sulfides could have also been artificially treated or processed in the Netherlands and Amsterdam specifically for the purpose of selling them as artists pigments. No direct accounts have been found yet regarding a specialized (pigment) manufacturer of artificial arsenic sulfides in the seventeenth century. Nevertheless, the knowledge on subliming metals, including the sublimation of orpiment and arsenic have been reported in some of the Dutch (al)chemical, medicinal and metallurgical literature. Johan Rudolf Glauber, a German apothecary and chemist in Amsterdam describes the sublimation of various minerals in his description of new philosophical furnaces (1651) including a product made from arsenic and orpiment, which he notes are poisonous but useful for painters [87]. In Chimische medici (1647), Johannes Poppen includes a recipe on how to make arsenic fully red like a ruby by subliming orpiment with arsenolite, while Danish scientist Ole Worm, in his work Museum Wormianum, published in Amsterdam, describes the sublimation process of orpiment to obtain artificial realgar [45, 46]. The production is also described by painters Willem Beurs at the end of the seventeenth century and later in 1758 by Robert Dossie [8, 32]. The former describes ‘king's yellow’ as a product of roasting natural orpiment in the sun, while Robert Dossie provides detailed descriptions of two sublimation processes: one involving the combination of arsenic and sulfur, and the other involving the sublimation of natural orpiment.
The discussion on artificial arsenic sulfides in Dutch literature however are rather sporadic and later in time compared to the more extensive recipes in German and Italian literature that date back from the early fifteenth century. Although the Dutch painter Willem Beurs describes the manufacturing of roasting orpiment in the sun, it is unlikely that Rembrandt made the pigments himself but rather bought them readymade, similar to the other pigments in his palette. Painters were aware that arsenic sulfide pigments were highly toxic, and the roasting or subliming of arsenic sulfides required specific equipment. This was also the case for the production of other synthetically produced pigments such as dry-process vermilion, for which Amsterdam was famous in the seventeenth century and was done for instance by the manufacturer Pekstok in Amsterdam [17].

Production and import
In the seventeenth century, Amsterdam was an important center of commerce and with its lucrative position and easy access to southern Europe, England, Scandinavia and the Baltics, the city benefited from important overseas trade networks [88, 89]. Both the natural and artificial forms of arsenic sulfide found their way to Amsterdam, most likely through imports from Italy or Germany. Venice and Germany played pivotal roles as prominent trade centers and production sites in this context. Jacques Le Moine de L'Espine, in his work Le negoce d’Amsterdam (1694), and Jacques Savary des Brûlons, in his Dictionnaire Universel de commerce, highlight Venice as a significant city from where orpiment was shipped [90–92]. Similarly, Brûlons, Nicolas Lémery (1743), and Robert de Farvacques (1741) specifically mention Germany as the source of artificial arsenic sulfides, which were produced and distributed throughout Europe [60, 61, 93]. The production of artificial arsenic sulfides appear to have been closely intertwined with the mining of arsenic-containing ores such as cobaltite and arsenopyrite [22, 53, 93–97]. Specialized arsenic smelters in Germany employed roasting techniques to eliminate the arsenic content from cobalt ores, for instance with the aim of producing zaffre, the intermediate product that is used to make the pigment smalt, as illustrated (Fig. 5a, b) and described in Johann Kunckel’s Ars Vitraria Experimentalis (1679) [47, 98]. Cronstedt in 1788 notes that the majority of the commercially traded arsenic derived from the cobalt works in Saxony, where zaffre was produced [10]. Grundmann et al. noted the presence of those smelters in for instance Ehrenfreidersdorf, Freiberg and Reichenstein in East Germany, Joachimsthal and Strassegg, Rotgülden and Walchen in Austria [73, 99]. From the sixteenth century there was also an intensive trade in white arsenic oxide and in yellow and red artificial arsenic sulfides (rauschgelbe, rauschrot) from arsenic smelters in Austria to Venice [73].[image: ]
Fig.  5a, b Pages from Johann Kunckel’s Ars Vitraria Experimentalis (Franckfurt und Leipzig, 1679)[47] showing a A furnace for roasting cobalt ores, with the long horizontal chimney duct for the recovery of arsenic, b a furnace for the sublimation of arsenic recovered from the long horizontal duct of the master chimney shown in (a). In this furnace, the arsenic powder is heated, and the sublimate is made into solid pieces. The source describes that both yellow and red arsenic end products are produced here. c A page from the Weimar taxa of 1674 which includes the prices for white, yellow and red arsenic (‘Arsenici albi, citrini, rubri’) and both common and ‘the best’ orpiment (‘auripigmenti comm., optimi’) (SUB Göttingen library, 8 MED FOR 38_11) [102]


Both the natural and the artificial arsenic sulfides are listed already at the end of the fourteenth century in an inventory of Pietro Fasolis, a merchant/dealer in pigments in Piemonte, as ‘risalgardi’: pigments with an intense orange color, consisting of arsenic and sulfur, similar to natural orpiment but also available in synthetic form (“pigmento di colore arancio intenso constituito da solfuro di arsenico, come l’orpimento, noto sia in forma naturale che di sintesi”) [33]. The inventory of the Venetian merchant Jacopo de Benedetti (1594) lists various qualities and types (at 860 kg) (“oropimento comun [sic]m[asenda]do; oropimento intt cernido; oropimento c[hiaro]; Oropimento mezan”) and indicates that they represent an important weight fraction of his supply [100, 101]. Amsterdam had an important trade route with Venice and orpiment is specifically listed as one of the items imported to Amsterdam, which might have easily encompassed the artificial arsenic sulfides [90].

Price and availability
The artificial arsenic sulfides were probably sold in Amsterdam by apothecaries or local merchants together with the natural minerals. Local merchants cooperated with traders from other towns, and products were also sold via public sales events in Amsterdam. The inn ‘De Bracke Gront’, for example, which was only a short distance from Rembrandt's home in the Sint Antoniesbreestraat, hosted public sales on “drogeries waren”, chemical or pharmaceutical goods, among which dyes, dried fruits, and probably pigments [90, 103]. Given their toxicity, the permission to trade and sell arsenic goods were likely more regulated than that of other chemicals. A Copenhagen pharmacopeia from 1672 for example states that only pharmacists were allowed to buy and sell ‘arsenicum’ [104]. A permission from the Utrecht city council on February 12, 1669 is granted to two painters to trade in red ‘arsenicum’, perchance the artificial kind. The document furthermore specifies that aside from pharmacies only pigment merchants with granted authorization were allowed to trade this pigment and that they have to keep a record of the name, place of residence, quantity and time of purchase of the buyers [105]. Around fifteen artificial arsenic sulfides with different physical properties were also found in a miniature apothecary of a collector’s cabinet from 1730, likely originating from Delft and now in the collection of the Rijksmuseum (BK-1956–44)[106]. Although the cabinet does not have a historical inventory list of the content, the minerals and artificial arsenic sulfide match closely to the detailed description of some artificial arsenic sulfides described by Abraham Gottlob Werner (1791) of a similar mineral cabinet [107]. This demonstrates that various and different types of artificial arsenic sulfides were available and collected.
To investigate the pricing and availability of various types of arsenic sulfides, we examined seventeenth century pharmacopeias and price lists (see Table S1 in Supporting Information). Unfortunately, Dutch pharmacopeias provide less comprehensive information compared to their German and Danish counterparts. They lack price lists and offer less detailed descriptions of the products. While the Dutch sources frequently mention orpiment and the general term "arsenic," the German sources from the early sixteenth and seventeenth centuries provide specific references to several artificial arsenic sulfides, along with their corresponding prices. This is likely due to the regional proximity of the cities or known trade routes to the manufacturing source. The artificial arsenic sulfides (described as ‘arsenic citrin’, ‘gelber arsenic’, ‘arsenic rubr. or rubei’, ‘Rauschgelbe’) in the initial years of the seventeenth century generally have the same price as natural orpiment while later in the seventeenth century they can become twice as expensive (Fig. 5c). The difference in price is probably linked to the manufacturing: while in the sixteenth century, the natural ores were used as a starting product, during the seventeenth century the process refined, and products were obtained from the sublimation of white arsenic and sulfur. In comparison to other pigments, both the natural and artificial arsenic sulfide pigments were priced averagely. Based on the pharmacy taxae, they are generally twice as expensive as lead white, comparable to or a bit more expensive than lead–tin yellow and consistently cheaper than vermilion.



Discussion
The results from the analytical analyses with light microscopy, SEM–EDX, micro-Raman spectroscopy, and SR-μ-XRD of samples SK-C-5_017 and SK-C-5_016 suggest that Rembrandt used a mixture of yellow pararealgar and an orange to red semi-amorphous pararealgar to obtain the bright orange paint in Van Ruytenburch’s buff coat.
Three explanations can be given for the presence of (either crystalline or semi-amorphous) pararealgar in The Night Watch:	1)
Pararealgar has formed in the paint layer due to degradation of the originally used arsenic sulfides.

 

	2)
Pararealgar was present as a contaminant in the original pigments which the painter used, the result of degradation during mining, processing, transport, trade and/or sale of the arsenic sulfide pigments. In this case the pararealgar was unintentionally used by the artist.

 

	3)
Pararealgar and semi-amorphous pararealgar were intentionally used as pigment. Either the two pigments were mixed by the artist, or the mixture of pigments was sold in Amsterdam. Although Rembrandt was known for his complex pigment mixtures, the very similar pigment mixture observed in the painting by Willem Kalf suggests the second scenario.

 




To date, the presence of pararealgar in European paintings and art objects has only been confirmed in a few cases. In 1995, the first finding of pararealgar in an Italian painting was done by Corbeil and Helwig, where they used XRD to identify pararealgar in Holy Family and Saint (tentatively attributed to school of Titian). Around that same time, Trentelman et al. identified pararealgar in Tintoretto’s The Dreams of Men [72]. This work presents the first Raman spectrum of pararealgar recorded. Both these studies already mention that it is difficult to determine if the pararealgar was used as a pigment or whether it has degraded from realgar. Vermeulen et al. identified pararealgar in a seventeenth century still life painting by Abraham Mignon Festoon of flowers and insects and a polychrome sculpture The holy family by Walter Pompe, dated ca. 1760 [5]. Pararealgar was also identified in Domenico Tintoretto’s Entry of Philip II into Mantua by Grundmann et al. [73]. Vermeulen et al. consider the pararealgar to be a possible intended painting material or at least the starting material for producing artificial arsenic sulfides, while Grundmann et al. consider the pararealgar detected in Tintoretto as a degradation of an ‘originally’ employed artificial realgar. Also in other artworks and heritage objects, pararealgar has been identified and multiple authors suggest that the pararealgar could have been used as a pigment [108–113]. Zuena et al. suggest the use of pararealgar as starting product to make an amorphous arsenic sulfide [114]. In two cases where pararealgar was identified in paintings it was found together with remnants of realgar and the paint was very degraded. In this case, the authors assume that the pararealgar has formed in-situ [115, 116]. These remnants could also be contaminants picked up during the collection of the pararealgar from an ore.
In the case of The Night Watch, the in-situ formation of (artificial) realgar into pararealgar seems unlikely since there is no indication of the presence or remnants of realgar, crystalline or amorphous, in the paint cross sections. As described earlier, both the yellow and orange to red particles are sharp edged and the particles and the surroundings look unaltered, unlike in light-degraded areas. Additionally, in the case of formation of pararealgar due to light degradation, we would expect to see a gradient of in-situ formed pararealgar from the top towards the bottom of the paint cross section. This leads us to the conclusion that a mixture of pararealgar (yellow) and the semi-amorphous pararealgar (orange to red) were originally used by the artist, probably for its specific hue, making the third hypothesis cited above the most likely scenario.
The morphology of the arsenic sulfide particles closely corresponds to the pararealgar particles found in Domenico Tintoretto’s Entry of Philip II into Mantua (part of the Gonzaga cycle, 1579/80, Alte Pinakothek, Munich). Grundmann et al. hypothesize that all pararealgar particles have converted from artificial realgar or alacranite to pararealgar in the paint layer [73]. As their Raman results do not show presence of any other arsenic sulfides apart from pararealgar, or any gradient of degradation in the paint layer, we expect that also in this case pararealgar could have been used by the artist.
The use of pararealgar as a pigment or as a starting material to obtain an artificial arsenic sulfide pigment, however, is not entirely surprising. The degradation rate of realgar into pararealgar is relatively fast. A short exposure to sunlight, possibly aided by some mechanical grinding of the realgar particles while preparing the paint, already starts the process. As mentioned above, before the discovery of pararealgar in 1980 [117], this light-induced polymorph of realgar was generally assumed to be orpiment based on its yellow color [72]. The preparation of artificial arsenic sulfides from orpiment is described in numerous sources from the early fifteenth century onwards. It is therefore possible that between the mining, processing, transport, grinding, the selling and the use by the artist, realgar has already altered to pararealgar. We have to assume that some of the material sold in seventeenth century Amsterdam as orpiment, contained or consisted of pararealgar, or was sold as a different hue or grade of orpiment as listed in the inventory of the Venetian merchant Jacopo de Benedetti. It is therefore plausible that pararealgar was employed as a pigment, as we have seen here in The Night Watch and in Still Life with a Silver Jug and a Porcelain Bowl by Willem Kalf, and was mentioned in previous studies finding pararealgar in paintings and other cultural heritage objects.
The literature describing the manufacturing of artificial arsenic sulfides, largely focusses on the transmutation or ability to change the colors of minerals to obtain various shades from bright yellow, golden, warm yellow, orange, red to deep red. In the Paduan manuscript from 1585 we read: “to make a most beautiful orange yellow color” out of orpiment; in the bnf Ms fr. 640 manuscript sublimation of orpiment is suggested with a little arsenic to obtain orange [27, 118]. Raffaello Borghini describes that burning orpiment “makes another strong color” [41]. And an anonymous Spanish treatise describes roasting and burning the natural orpiment to obtain half-tints [1]. Brûlons also notes that the artificial red arsenic sulfide, the product of heating orpiment, is only used by painters and chosen in big pieces, heavy, brilliant and deep in color [92]. A recent publication by Cruz et al. also describes the use and the variety of artificial arsenic sulfide pigments in Europe as understudied and probably underestimated in current literature[3].
Rembrandt’s choice
As vermilion and lead–tin yellow were also found in the paint mixture, Rembrandt clearly aimed for a bright orange tone with a high color strength that allowed to create an illusion of the gold thread embroidery in Van Ruytenburch’s costume. The artificial orange to red arsenic sulfide might have offered different optical and rheological paint properties as compared to the mineral form of orpiment and realgar. However, as far as we know no reconstruction-based research has been conducted to compare the paint properties between the natural and artificially produced arsenic sulfides. Van Loon et al. proposed, with regard to Rembrandt’s The Jewish Bride (Rijksmuseum), that the bright yellow particles (2 to 5 µm in diameter), a purified form of artificial orpiment glass obtained by a sublimation reaction (dry process), found in a complex mixture with lead–tin yellow, vermilion, a little earth pigment and significant amounts of lake, were thought to have been added to give brightness and intensity to the brown shadow tones of Isaac’s sleeve [6]. In the same way, Rembrandt often added a few tiny bright red particles of vermilion to ‘lift and brighten’ the color of the paint [119].


Conclusion
Microscopic research using light microscopy, SEM–EDX, micro-Raman spectroscopy and SR-µ-XRD has identified the presence of two types of arsenic sulfide pigments in The Night Watch: the yellow pararealgar and an orange to red semi-amorphous pararealgar. These arsenic sulfides were not found before in the oeuvre of Rembrandt. Although pararealgar has so far mainly been thought of as a degradation product of realgar and other arsenic sulfides, we propose that pararealgar was available in seventeenth century Amsterdam as a pigment and that Rembrandt used it to paint with. There is no evidence to suggest it was formed in-situ due to chemical alteration of the paint. The orange to red semi-amorphous particles also exhibit some characteristics of pararealgar. This might be due to partial degradation of a fully amorphous arsenic sulfide, but we would rather propose that these semi-amorphous orange to red particles were obtained by intentionally heating pararealgar particles to obtain a pigment with a more pronounced orange to red hue.
Although most heritage-related literature still refer to orpiment and realgar in relation to arsenic sulfide pigments, this research as well as other studies, propose that there was a broader spectrum of arsenic sulfide pigments available to (Dutch) artists in the seventeenth century. This is in accordance with historical sources as well as catalogues of collection cabinets that describe long lists of different arsenic sulfides, both natural and artificial and with different colors ranging from yellow, through orange, to red. The use of yellow pararealgar and an orange to red semi-amorphous pararealgar by Rembrandt in Amsterdam in the seventeenth century is supported by the identification of a very similar paint mixture in a painting by Willem Kalf that was painted in the same city some 15 years later. Extensive literature research of historical sources also shows the contemporary knowledge of manipulating both natural or artificial arsenic sulfides to obtain different shades of yellow to red. These findings confirm that identifying arsenic sulfides pigments in cultural heritage objects should be done by molecule specific techniques such as Raman spectroscopy and/or XRD to identify the exact species. It highlights that the collection of arsenic sulfide pigments used by artists in the seventeenth century was much larger than commonly perceived. Also in the case of Dutch seventeenth century oil paintings, pararealgar should not only be considered as an in-situ formed degradation product, but as a separate pigment as well.

Materials and methods
Macro-scale analysis
Macro X-ray fluorescence (MA-XRF) imaging
Elemental maps of The Night Watch were acquired with the commercially available MA-XRF scanner M6 Jetstream from Bruker Nano GmbH (Berlin, Germany). The M6 Jetstream consists of a measuring head equipped with a 30 W Rh-target microfocus X-ray tube, a polycapillary lens, and a dual 60 mm2 X-Flash silicon drift detector (SDD) with a beryllium window (energy resolution < 145 eV at Mn-Kα) that is moved over the surface of the painting by means of an X, Y-motorized stage, enabling a scan area of 80 × 60 cm2. The entire painting was scanned at 50 kV, a current of 200 µA, with a 500 µm step size, and a dwell time of 35 ms.
A total of 56 scans, 8 rows and 7 columns, with an overlap of approximately 20% (horizontal and vertical) were needed to scan the whole painting. The M6 Jetstream was securely fastened with a custom-made rotating platform (Bronnenberg) on the scissor lifts. To retain a constant instrument-to- painting distance (ca. 10 mm from the x-ray snout and the painting), maintaining an approximate 240 µm spot size and reducing fluctuation of the attenuation of the x-ray fluorescence signals in ambient air, the scanner was carefully positioned and aligned for every scan.
The resulting spectral data cubes of the MA-XRF scanning, shown in this paper, were processed using data analysis software packages PyMCA (Python Multichannel Analyzer) and Datamuncher gamma 1.4 and 1.5 [120, 121]. PyMCA was used to perform spectral fitting and deconvolution, in order to resolve overlapping peaks of different elements using the MCA Hypermet function, in this case relevant for the overlapping K lines of arsenic with the lead L lines. After spectral deconvolution, the separate elemental distribution images were compiled with the Datamuncher software. In the ensuing 2D distribution maps, each pixel carries information on the calculated net peak intensities of the emission lines of the element, with a grey scale linear to the detected intensities.


Micro-scale analysis
Light microscopy
In 2020, two paint cross sections were taken from the arsenic containing areas of the costume of Van Ruytenburch. Sample SK-C-5_016 was taken in the proper right sleeve of Van Ruytenburch’s costume in a warm brown stripe. Sample SK-C-5_017 was taken from the embroidered border of the sleeveless buff coat in an orange highlight on top of a brown underlayer. Sample SK-A-199_R9/4 was taken by Arie Wallert in 1997, from a location in the orange color in the middle orange (fruit). The paint samples were embedded in— Poly-pol PS230: a two-component polyester mounting resin (Poly-Service Amsterdam, the Netherlands) and polished using a sample holder and Micromesh sheets up to grade 12,000 (Micro-Surface Finishing Products Inc., Wilton, Iowa, USA) [122].
The cross sections were photographed in bright field (BF) and dark field (DF) mode, and under ultraviolet radiation (UV365 nm) at spatial resolutions of 0.27 µm/pixel (200 ×) and 0.11 µm/pixel (500 ×) with a Zeiss Axio Imager.A2m microscope (Carl Zeiss Microscopy, LLC, United States) equipped with a Zeiss AxioCam 506 color digital camera. White light was provided by a LED lamp and a Colibri 2 controller for UV-fluorescence microscopy (LED light source at 365 nm, using a filter cube composed of a 365 nm excitation filter (EX G 365), a beam splitter at 395 nm (BS FT 395), and an emission long-pass filter at 420 nm (EM LP 420)). All images were obtained and processed in the image-acquisition software Zen 2 pro (blue edition) with extended depth of focus (MEDF) facilities and observed on a calibrated Eizo Color Edge CG277 BK computer screen.

SEM–EDX
Scanning electron microscopy studies in combination with energy dispersive X-ray spectroscopy (SEM–EDX) were performed on a FEI NovaNano SEM 450 variable pressure electron microscope equipped with a ThermoFisher NSS EDX system. The uncoated samples were examined under low vacuum and BSE images were obtained with an acceleration voltage of 15 kV, spot 3, GAD detector, 90 Pa and a 5 mm eucentric working distance. The samples were analyzed in high vacuum with a 4 nm thick tungsten coating to improve surface conductivity, using a Leica EM ACE600 Coater (8E−3 mbar). BSE-images were obtained with an accelerating voltage of 15 kV, spot 3, 6 mm working distance. The EDX maps were also collected under high vacuum conditions, with an accelerating voltage of 20 kV, spot 5 and a map resolution of 512 by 340 pixels and a magnification of 650x.

Synchrotron µ-XRPD
ID13, ESRF
2D SR-µ-XRD imaging was carried out on cross section SK-C-5_017 at ID13 beamline of the ESRF storage ring (ESRF, The European Synchrotron, 71 Avenue des Martyrs, CS40220, 38043 Grenoble Cedex 9, France). This research was done via the “Historical Materials BAG”, which is a community proposal that gives 10 European institutes the opportunity for guaranteed beamtime at two X-ray powder diffraction (XRPD) beamlines ID13 and ID22 at the ESRF [123, 124]. ID13 is an ESRF undulator beamline dedicated to high-lateral resolution diffraction and scattering experiments using focused monochromatic X-ray beams [124]. Samples were mounted vertically, perpendicular to the 13 keV x-ray beam and the beam was focused to achieve a size of 2 × 2 μm2 (h × v). An optical microscope looking upstream towards the samples allowed for positioning of the sample. Diffraction signals were recorded in transmission geometry using an EIGER-X 4 M single photon counting detector (Dectris Ltd., Switzerland) and calibration of the diffraction setup was performed by means of a corundum (Al2O3) reference sample. The embedding medium of the cross section was thinned down to ca. 1–2 mm before the measurements.
An area of 70 × 125 µm2 was mapped using a step size of 2 µm in horizontal direction and 2 µm in vertical direction. A dwell time of 10 ms was used to acquire the diffraction patterns.
Azimuthal integration was performed using a dedicated Jupyter Notebook [123]. The software package XRDUA was employed to perform compound identification and execute quantitative analysis by Rietveld refinement [125]. The obtained 2D distributions shown in this article are based on the global scaling factor obtained from the fitting procedure.

P06 beamline, PETRA III, DESY
Samples SK-C-5_016 was analyzed with SR-μ-XRD at beamline P06, PETRA III, DESY (Hamburg, Germany). This hard X-ray micro- and nano-probe beamline is suited for X-ray powder diffraction imaging experiments at the (sub-)micrometric scale. A Kirkpatrick-Baez optical system was used to focus the 21 keV beam to a diameter of 0.5 μm and a flux of ca. 1010 photons/s. The sample was mounted on a plastic frame that could be moved in the XYZ directions. An EIGER-X 4 M detector (Dectris Ltd., Switzerland) was used to collect the diffraction signals. The sample was placed 18 cm in front of the detector to achieve a sufficiently wide angular range.
An area of 150 by 270 µm2 was mapped using a step size of 1 µm in both directions. A dwell time of 0.25 s was used.


Micro Raman spectroscopy
Raman spectra shown in this study were acquired with a Renishaw inVia confocal micro-Raman spectrometer with a Peltier-cooled (-60°) CCD detector (1020 × 256 px), using a Renishaw HPNIR 785 nm diode laser as excitation source, in combination with a 1200 l/mm grating. A silicon reference sample was used to calibrate the instrument. To avoid laser induced damage, a laser power of less than 0.0001% of the maximum intensity was used for the first measurements, and then the power was carefully increased until a satisfactory spectrum was collected. The spectra shown in this study were collected with a laser power of 2.1 mW with neutral density filters (0.5% of the maximum laser intensity). Spectra were collected using a 100 × objective and an exposure time of 1 s and 3 accumulations. WiRE 4 Raman software was used for the data collection and to remove the baseline. An in-house written MATLAB script was used to normalize the spectra. Measurements were acquired on several big and small particles in samples 016 and 017 with variations in laser power, acquisition time and accumulations. Not all spectra are shown in this study. Additionally, some spectra were collected using a Renishaw 532 nm (RL532C50) solid state laser as excitation source, using a 50 × objective and a laser power of approximately 0.03–0.13 mW.
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