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Abstract
This manuscript explores the potential of macro-X-ray fluorescence (MA-XRF) for the non-invasive analysis of heritage textiles. XRF, especially with the portable instruments, is a well-known technique for the non-destructive examination of various cultural heritage objects. It allows analysis of elemental composition based on single-point measurements. However, large, or complex textiles require numerous analysis points to identify the materials used and correctly interpret the spectra. MA-XRF takes this type of research to the next level, as it is possible to visualise the element distribution over an entire mapped area. In this paper, we discuss the application of this technique to the study of complex and multi-layered textile objects from exceptional Belgian heritage collections, including two mitres attributed to Bishop Jacques de Vitry, dating between twelfth and thirteenth century, and two of the seven extremely fine medieval reliquary purses from Namur. These are very fragile, richly decorated textile objects whose current state of preservation is a major impediment to sampling. MA-XRF mapping was applied for the identification of the elements of different materials in a non-invasive manner, including metal threads, ink, dyes, and various materials used in illuminations. In addition to material identification, stratigraphic information was obtained from the visualisation of element distributions, and hidden structural details were discovered. MA-XRF was also tested on some areas with more relief, such as the embroidery and braid made with metal threads, and the undulated multi-layered structure of the parchment mitre. Even though the analyses here could not be carried out in optimal conditions, these locations could also be analysed, albeit at a lower resolution. Finally, the technique proved very effective as a tool for screening, allowing samples to be taken at a more informative and representative location and minimising sampling.
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Abbreviations
	MA-XRF
	Macro-X-ray fluorescence

	SEM-EDS
	Scanning electron microscopy with energy dispersive X-ray spectroscopy

	(HP)LC
	(High performance) liquid chromatography

	DAD
	Diode array detection

	GC
	Gas chromatography

	MRS
	Micro-Raman spectroscopy

	(ATR)-FTIR
	(Attenuated total reflectance) Fourier transform infrared spectroscopy
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Introduction
Heritage textiles are an important testimony to past societies. They not only provide information about material knowledge and skills; their study can provide clues to the influences, interactions, and trade practices between societies. However, the material investigation of textiles is often complex. Textile objects are discovered only sporadically, and since they consist mainly of organic material, they are often found in a highly altered state, with the extent of degradation varying greatly due to different burial or preservation conditions and other external influences [1–6].
This results in specific challenges for the material identification of preserved textiles. Identification of the different components of the textile, including fibres, dyes or pigments, mordants and metal threads, and of the thread and weave structure as such, is complicated by the state of degradation of each material. Furthermore, the overall impaired to poor condition of the textile may complicate the manipulation of the object. Drastic conservation treatments may be necessary to save the textile from further decay, and such situations may complicate or prevent sampling.
Established techniques to elucidate the organic and/or inorganic constituents in textile artefacts include optical microscopy, liquid (LC) and gas (GC) chromatography, micro-Raman spectroscopy (MRS), attenuated total reflectance Fourier transform infrared spectroscopy (ATR-FTIR), scanning electron microscopy with energy-dispersive X-ray detection (SEM-EDS) and X-ray fluorescence spectroscopy (XRF) [1–3, 6–11]. These techniques are micro-destructive or non-invasive and are all performed on very small samples or very small areas of the textile.
XRF has been used for many years for the non-destructive analysis of various objects of cultural heritage [12–15]. It is an established technique for the study of inorganic elements due to its non-invasiveness, speed of analysis, and spatial resolution. However, there are also drawbacks. XRF measurements are often single point measurements with spot sizes that range from a few mm to less than 100 µm using poly capillary optics. However, numerous single-point analyses are required to identify the materials used, and the correct interpretation of so many individual spectra can be very time-consuming. Furthermore, inorganic materials present in different layers or in the matrix around the object of investigation all produce secondary X-rays, which complicates the interpretation of results, as signal from all layers are obtained in one measurement. In addition, only local point information is obtained, which may not be representative of the entire object. This is especially disadvantageous for textiles in highly degraded or fragile condition or for archaeological textiles, for which the visual selection of points for analysis can be very limited or difficult.
The addition of MA-XRF, developed for and used mainly in painting research over the last decade, resolves some of the previously described drawbacks [16–21]. With MA-XRF, the X-ray beam scans areas of interest or even the entire object, and thousands and sometimes millions of data points are produced. In this way, the data are plotted as elemental distribution maps. These plots facilitate interpretation by revealing the localization and relative intensity of elements in a single map. Since the analysed points cover a large area, it is also easier to estimate to what extent they are representative or occur in the entire object. In addition, these images help to decipher original motifs that are no longer visible, underlying structures, or materials that are partially lost or difficult to trace visually. This technique has already proven useful for the material analysis of heritage objects including illuminated manuscripts, stained-glass windows, embroidered leather, paintings and dyes [22–27]. Although stratigraphic analyses are usually complex or sometimes not possible in cultural heritage objects, MA-XRF, in combination with other analytical techniques, can be used for the study of pigments in multi-layered structures by visual assessment of the suppression or transmission of signals from different elements [26–29]. Furthermore, the intuitive nature of element maps offers added value compared to data from point analyses in an interdisciplinary setting, enabling archaeologists, historians, conservators and others not specialized in X-ray techniques to participate more easily in discussions of results. Finally, MA-XRF mapping can be of particular interest to minimize sampling for further micro-destructive analyses.
This paper focuses on new possibilities offered by MA-XRF mapping for non-invasive, in-situ material identification in complex heritage textiles. The potential of this technique is explored and discussed through its application to two case studies of important Belgian heritage objects: two thirteenth century Episcopal mitres, ascribed to Bishop Jacques de Vitry and belonging to the Relic Treasure of Oignies, and two extremely fine and fragile medieval reliquary purses, part of an ensemble of seven purses preserved in the Provincial Museum of Ancient Art, Namur, Belgium.

Materials and methods
Heritage textiles under investigation
Episcopal mitres
The two Episcopal mitres with skeletal remains are part of the reliquary ascribed to Bishop Jacques de Vitry, who was born in Champagne in approximately 1165–1170 and died in Rome in 1240. After his death, the mitres were transferred along with the remains to the St. Nicolas Church in Oignies, Belgium. In 1818, the treasure was donated to the Congregation of the Sisters of the Notre-Dame, who ceded it to the King Baudouin Foundation in 2010. Since then, it has been exhibited at the Museum of Ancient Art in Namur (TreM.a) under the scientific responsibility of the Archaeological Society of Namur. The Relic Treasure of Oignies includes multiple objects listed as exceptional moveable cultural heritage by the Brussels-Walloon Federation and was assigned as one of the Seven Wonders of Belgium [30–32].
The illuminated parchment mitre is unique because it is the only one known to feature parchment decorations, which are richly embellished with miniatures. It was made in a workshop in Paris and was likely only used for important ceremonies [30]. The embroidered mitre is made of textile with metal thread embroidery in opus anglicanum, likely manufactured in an English workshop [30, 33]. The two mitres are multi-layered structures composed of a complex combination of materials that exhibit diverse degradation phenomena.
The illuminated parchment mitre (Fig. 1b–d) has a primary structure of white leather covered with an ecru silk fabric, on which bands of parchment with polychrome decorations are applied. The silk fabric itself has painted decorations including a star and a moon and is currently in a very degraded state. Holes and tears are visible in many places. The mitre is fitted with two long fanons covered at the outer side with painted parchment decorations and lined with a red fabric at the back. At the front of the fanons, the attachment of the red lining is visible, as well as remnants of a black galloon. The fanons originally had fringes, of which some remnants of green and brown threads are preserved. Furthermore, the back of the mitre contains a wide braided band in the middle, made with a combination of metal threads and ochre/green textile threads. This wide braid was probably an intermediate piece added to customise the head circumference of the mitre.[image: ]
Fig. 1The mitre with metal thread embroidery, front and reverse side (a–c), and the illuminated parchment mitre, front and reverse side (b–d) (reduced image resolution; images©KIK-IRPA, Brussels)


The textile mitre is completely different. It is made of textile and contains representations embroidered with metal threads (Fig. 1a–c). The front side of the mitre head has large gaps and depicts the martyrdom of St Laurentius. It shows two torturers holding forks and whips turning the body of Saint Lawrence on a grate above the flames. The inscription S[AN]C[TV]S LAVREN-CIVS confirms the martyr's identity. The back of the mitre depicts Thomas Becket falling before an altar, with his back to the three knights who took part in his murder on 29 December, one of whom is striking his head with a sword. An embroidered inscription mentions the name of Saint Thomas Becket (S[AN]C[TV]S THOMAS) [30]. The embroidered mitre is composed of a coarse textile fabric in linen as the primary structure. This textile is completely covered with a fine white silk samite in twill weave which is in very poor condition. This mitre has no painted decorations but is richly decorated by embroidery in metal thread. The two fanons have the same textile composition and are also decorated with metal thread embroidery. On the edges of the fanons, remnants of a red silk tabby fabric are visible, dyed with the precious red from kermes, which was attached under a gallon consisting of metal threads and black stripes. The red silk is not present at the back of the fanons. These are instead lined with a yellow silk lining, suggesting that the original red lining was replaced with the yellow during an earlier restoration. The fanons contain fringes of different colours [30].[image: ]
Fig. 2Reliquary purse 229d (a), measuring 119 mm × 124 mm; reliquary purse 229f (b), measuring 165 mm × 165 mm  (reduced image resolution; images©KIK-IRPA, Brussels)



Medieval reliquary purses
Seven reliquary pouches belong to the Provincial Museum of Ancient Arts of Namur (TreM.a) in Belgium. According to the visitor guide Les peintures à l'aiguille, five reliquary purses were preserved by the former keeper of the relics of the canon of Hautregard in Namur, while two came from Hastière [34]. Except for one purse made of leather, they are all made of silk and/or linen, and several are embroidered with silk and metal threads. The objects, dating between the eleventh and fifteenth century have been exhibited in the museum for many years and have become extremely fragile. Between 2019 and 2020, they were studied at the occasion of their conservation at the Royal Institute of Cultural Heritage (KIK-IRPA) in Brussels, Belgium. Two of these exceptional reliquary pieces are discussed in this paper.
The purse 229d is a small pouch made of silk woven in very fine tapestry technique (dimensions 119 mm × 124 mm). It has five bands on both sides alternating between green and pink on which four different coats of arms have been woven in metal threads. The repetitive decorative pattern refers to a Spanish origin from the thirteenth century onwards. The pouch was radiocarbon dated to a period between 1150 and 1250 AD (80% confidence interval). It is very small and fragile. The cords are broken in several places and have been tied back together. The purse has no lining, although there likely was one originally (Fig. 2a) [35].
The second purse 229f is a small, fringed purse (dimensions 165 mm × 165 mm) possibly from Hastière. It was radiocarbon dated to between 1260 and 1310 AD (77.4% confidence interval). This purse is made in needlework technique and is bordered with a decoration of Turk's head knots made of metal threads. Along the bottom there are alternating large and small knots, and the five large ones have fringes. On one side, the purse contains a cedula, a small parchment banner with a possible inscription. At the top, the two ends of the suspension cord have been attached. The purse is lined with a silk taffeta divided into two compartments. Several remains of bone were found inside (Fig. 2b) [35].


Method
The MA-XRF mapping measurements were performed using the M6 Jetstream large-area scanner (Bruker Nano Analytics) with a rhodium-target microfocus X-ray tube, operating at 600 µA current and 50 kV, and a 30 mm2 X-Flash silicon drift detector (Fig. 3). The measuring head is mounted on an XY-motorized stage with maximum travelling range of 80 × 60 cm in steps as small as 10 μm. The beam spot size is adjustable between 50 and 500 µm based on the selection of one of five predefined steps (50, 150, 250, 400 or 500 µm). The instrument is operated in open atmosphere and provides qualitative data for elements whose atomic number is equal to or greater than that of aluminium (Z = 13). The XRF spectra of the mitres were collected, deconvoluted, and examined with the Bruker M6 Jetstream software, while the spectra of the more recently analysed purses were treated with Datamuncher in combination with PyMCA. Datamuncher is an open-source tool for fast qualitative XRF imaging data processing [36] that operates in conjunction with PyMCA, which is a collection of open-source Python tools for spectral data analysis with a focus on XRF [37]. Chemical elements were identified by fitting the summed spectrum and maximum pixel spectrum [38]. Due to software incompatibility, it was not possible to also use the Datamuncher and PyMCA software for deconvolution of the spectra of the mitres. For these maps spectra were deconvoluted with the M6 software and specific emission lines were used as mentioned in the results. The results were qualitatively interpreted based on the distribution maps. Each distribution map obtained for a given element in the measured area is a plot in greyscale, where a black colour represents the absence of the element, white represents its abundance, and the intermediate greyscale represents quantities in between.[image: ]
Fig. 3MA-XRF mapping with the Bruker M6 Jetstream large area scanner (images©KIK-IRPA, Brussels)


The multi-layered structure and the undulated surfaces of the mitres (Fig. 4) present complications for the possibilities of MA-XRF mapping. Therefore, analysis locations were restricted to more-or-less flat areas and was thus the determining factor for the size of the scans performed. Depending on the object, the mapping measurements were performed in several smaller zones (maximum area of 58 cm2) and the working distance was adjusted for each scan to avoid any contact with the object. The lateral resolution is determined by the beam spot size chosen and the pixel size (i.e. the distance between two measurement points). These parameters and the dwell time (time per pixel) are chosen partly as a function of the size of the area to be scanned, to achieve a balance between resolution and a realistic total measurement time. For the mitres, the scans were taken using a 150 µm X-ray beam spot size, 100 µm pixel size, and 10 ms per pixel. The overlap created by using an incident beam spot size of 150 µm and 100 µm distance between two measurement points improves the signal and image resolution. For the analysis of the purses, the scans were made with 150 µm beam spot size, a pixel size of 125 µm, and 20 ms pixel time, which resulted in a total analysis time of 5h53 min.[image: ]
Fig. 4The undulated mitre surface (images©KIK-IRPA, Brussels)


The scan of a small surface of the parchment banner on the purse 229f was analysed at higher resolution. Here, the beam spot size was 50 µm, pixel size was 45 µm, and scan time was 30 ms per pixel.


Results and discussion
The parchment mitre
MA-XRF mappings were made to identify the composition of a fragment of polychrome parchment positioned centrally on the band on the front side of the parchment mitre. An area of 105.0 × 54.8 mm2 with the depiction of two seated apostles was scanned. The results of the MA-XRF mapping for the main elements detected are given as element distribution maps in Fig. 5.[image: ]
Fig. 5Depiction of a painted parchment decoration with two seated apostles on the front side of the parchment mitre, with full-size and detail images of the scanned area (a, b) and elemental distribution maps of gold (c), iron (d), calcium (e), lead (f), copper (g), and potassium (h) from a scanned area of 105.0 × 54.8 mm2 (reduced image resolution; images©KIK-IRPA, Brussels)


The signal from incident X-rays is typically detectable across all layers from an object due to their high energy, allowing for analysis of materials present from in various pictorial layers. The distribution plot of gold shows its use in the background of the depictions. It is applied as leaf and not as shell gold. The difference in grey value illustrates the ‘overlap’ of the gold leaf. Heavy elements block X-rays more efficiently than lighter elements, preventing the incident X-rays from reaching underlying layers when there is a high concentration of a heavy element. Hence, a high concentration of gold in one layer may prevent the incident X-ray from reaching underlying layers. This can be seen on the distribution plots of gold, iron, and calcium. In the elemental distribution maps, areas of intense gold signal correlate with areas of less intense calcium and iron, which indicate that both calcium and iron are present under the gold leaf layer. This suggests that the gold was applied over a calcium-containing ground layer (possibly gesso), tentatively coloured by iron oxides, similar as is done for illuminations in manuscripts.
The map with the distribution of lead shows its presence both in the white and in the red coloured areas. This indicates the use of lead white (2PbCO3.Pb(OH)2) as the white pigment. For the red coloured areas, it suggests the use of red lead (Pb3O4), which was confirmed by the molecular characterization of this pigment with micro-Raman measurements (see Additional file 1). Copper is present in the green areas, while the blue areas contain almost no copper. The distribution map of potassium can be interpreted as a possible indication for the use of ultramarine in the blue areas. Although ultramarine ((Na,Ca)4(Al,SiO4)3(SO4,S,Cl)) is difficult to map using MA-XRF because of the low atomic number and the low energy of the constituent elements sodium, silicon, sulfur and aluminum, the presence of potassium in a blue area can indicate a potassium-containing mineral associated with lapis lazuli, originating for over 6000 years from mines in Afghanistan [22, 39–41]. Complementary analysis with micro-Raman spectroscopy allowed the use of ultramarine to be confirmed (see Additional file 1).
A second MA-XRF mapping was performed on a 45.4 × 70.7 mm2 area on the front side of the mitre, on an angel figure painted directly on the silk, which is highly degraded (Fig. 6). The distribution of gold shows that gold leaf was also used in this region. It also indicates certain areas from the figure where gold is more abundant. The gold leaf was applied to a calcium-containing underlayer but did not coincide with iron here. However, iron was detected in the upper left corner of the analysed area, corresponding to a gold-painted oval decoration and gold-painted border of a small parchment band, suggesting the use of a calcium-iron based ground layer, as with the previous scan.[image: ]
Fig. 6Depiction of an angel painted on the degraded silk samite on the front side of the mitre with full-size and detail images of the scanned area in red (a, b) and elemental distribution plots of gold (c), calcium (d), and iron (e) from a scanned area 45.4 × 70.7 mm2 (reduced image resolution; images©KIK-IRPA, Brussels)


A third area of interest for MA-XRF mapping was an area at the back side of the parchment mitre where adjustments were made by means of a metal thread braided band, tentatively to adjust the circumference of the mitre to the head circumference of the individual for whom it is intended. Since the surface of interest has quite a lot of relief, it was not an ideal location for a mapping. However, it was possible to take a MA-XRF mapping on a squared area of 50.0 × 49.5 mm2 (Fig. 7). The iron and gold distribution maps show that the vertical band of polychrome parchment decoration continues underneath the horizontal one, hence revealing the way in which the mitre was constructed or adapted at a later stage. The distribution maps also give information about the composition of the metal threads used for the braided band. The distribution maps indicate that the braid consists mainly of metal threads made of silver. In addition, the gold distribution map shows that gilded silver threads were used, the gilding of which may have partially disappeared. Alternatively, the lower intensity of the gold signal is possibly partly due to the overlapping of the metal threads among themselves in the "braid" construction, which may result in a more diffuse signal of the measured induced X-ray fluorescence. The presence of one-sided gilded silver threads was confirmed by SEM-EDS analysis.[image: ]
Fig. 7Scanned area of 50.0 x 49.5 mm2 of the construction with the braided band at the back side of the mitre (a) with elemental distribution plots of iron (b), gold (c), and silver (d) (reduced image resolution; images©KIK-IRPA, Brussels)


Further MA-XRF mapping of the vertical band with illuminated parchment decorations at the back side of the mitre (43.8 × 95.9 mm2) revealed the presence of several silver threads not visible to the eye, as shown in Fig. 8a–b. Detaching the back and front piece of the mitre revealed the completely hidden interior of the original three-dimensional shape of the mitre head. Inside, there is a very damaged ecru silk samite fabric decorated with painted motifs of stars and moons enriched with silver threads (Fig. 8c). The original three-dimensional shape of the mitre corresponds to the model in use in the thirteenth century, with reduced height and fanons. Since the tenth century, mitres have been traditionally associated with popes, cardinals, and bishops and are generally classified according to the decoration. A mitre decorated with precious metals and gemstones is called mitra pretiosa. This parchment mitre, for which the precious gems are only suggested by the illumination, can be considered a lighter and less expensive ‘travel’ version of a mitra pretiosa [30, 42]. A reconstruction was made by the textile restorers of the original 3-dimensional shape of the mitre head (Fig. 8d).[image: ]
Fig. 8Measured area of 43.8 × 95.9 mm2 of the vertical band at the back side of the mitre with illuminated parchment decoration with selection of the scanned area (a); MA-XRF video image together with the element distribution of silver shown in blue (b); Image of the interior of the mitre head after opening (c) and a 3D-reconstruction of the mitre head (d) (reduced image resolution; images©KIK-IRPA, Brussels)



The embroidered mitre
From the textile mitre, a MA-XRF mapping was made of the metal thread embroidery of the depiction of the assassination of Saint Thomas Becket in the centre of the reverse side of the mitre head. A rectangular area of 38.7 × 57.4 mm2 of the central metal thread embroidery was analysed (Fig. 9a, b). The distribution plots for silver and gold (Fig. 9c, d) visualize the use and distribution of silver and gilded silver threads in the scanned decoration. The sword only contains silver while the persons are depicted in the silver and gold distribution plots, indicative for the use of gilded silver threads. The scene presented was made exclusively by embroidery in silver and gilded silver threads.[image: ]
Fig. 9Depiction of the assassination of Saint Thomas Becket on the reverse side of the embroidery mitre, with full-size and detail images of the mapping area (a, b), and element distribution of silver (Ag) (c), gold (Au) (d), and iron (Fe) (e) from a scanned area of 38.7 × 57.4 mm2 (reduced image resolution; images©KIK-IRPA, Brussels)


In addition, iron was also measured. The distribution plot of iron indicates that it completely coincides with a black thread which was used to frame the figures. The presence of iron can be related to the dyeing of the textile thread. As with black ink for manuscripts [43], iron salts are well-known ingredients in the black dyeing of wool and silk yarns [44]. Dyeing threads black with iron sulphates (vitriol) and tannins was the most common way of obtaining a saturated black colour on silk in the Middle Ages and until the end of the eighteenth century [45, 46]. Micro-destructive analysis with HPLC–DAD of a loose end of a black thread confirmed the use of tannin derived from galls or sumac by the detection of ellagic acid (see Additional file 1). The MA-XRF distribution plot maps where this dyed yarn was used throughout the scanned area. The identification of the iron in the single black contour yarn also demonstrates that MA-XRF could be used to identify other metallic mordants in dyed wool or silk yarns, such as tin- and copper-containing mordants. This was confirmed by testing with reference samples but has not been encountered thus far in heritage textiles.

The Spanish reliquary purse
MA-XRF mapping was performed of the medieval purse of Spanish origin 229d. The front and back of the purse were scanned in entirety, measuring an area of 119 mm × 124 mm. The distribution maps of gold, silver, and copper measured on both sides of the purse are shown in Fig. 10. Scanning one side of the purse identified not only the elemental distribution on that side, but also that of the reverse side, making the scans more difficult to interpret. Ideally, the MA-XRF mapping would be performed by placing a lead plate inside the purse to avoid measuring elements in the underlying textile. However, this was not an option in this case due to the fragility of the object. The distribution maps of gold and silver show that both elements overlap significantly. An additional analysis was performed with SEM-EDS on a sample of a metal thread end taken from a degraded section in the central part of the purse. The analyses from both sides of the lamella indicate that a one-sided gilded silver lamella was used (see Additional file 1), with a Ag/Cu ratio of 96/4 (weight %). The lamella was wrapped in an s-twist around a core yarn of undyed silk. This type of gilded silver thread was made by using gilded sheets of silver which were hammered into a very thin sheet and then cut into fine strips for making the spun thread. Such metal threads were used all over Europe during the twelfth and thirteenth century mainly for embroidery [47]. Superposition of the gold and silver plots (Fig. 11b) revealed the presence of a fine gold thread at the top edge of the purse, which continues along the left side of the purse and likely along the right side as well. This thread is not visible on the outside of the purse (Fig. 11a).[image: ]
Fig. 10Image of front (a) and reverse (e) side of the Spanish purse 229d, with elemental distribution plots of silver (b–f), gold (c–g) and copper (d–h) measured for both sides, scanned area of 119.1 × 123.9 mm2 (reduced image resolution; images©KIK-IRPA, Brussels)

[image: ]
Fig. 11Detail of the opening at the top of the purse (a) with the superposition of the silver (yellow) and the gold (red) distribution plots showing the golden thread at the top and left side of the purse (b) (reduced image resolution; images©KIK-IRPA, Brussels)



The reliquary purse in needlework
MA-XRF mapping was performed on an area of 100.0 × 81.5 mm2 of a reliquary purse (229f) including needlework, Turk’s head knots, and a very small parchment banner. The distribution plots of gold and silver show that the knots were made with gilded silver threads which are connected to each other, as can be seen at the right side of the purse. Copper and iron were found on the parchment (Fig. 12). Therefore, an additional MA-XRF mapping was made at higher resolution of the entire (outstretched) banner, with a scanned area of 20.4 × 11.9 mm2. A lead plate covered with paper was used to stretch the banner during the analysis. The distribution plots of iron, copper, and sulphur reveal the presence of writing (Fig. 13), most likely written with iron gall ink. The vitriol used for the preparation of the ink contains not only iron sulphate but also copper [43]. Unfortunately, the inscription remains illegible.[image: ]
Fig. 12Image of the front side of the purse in needlework 229f with indication of the area of measurement (a) and elemental distribution plots of silver (b), gold (c), copper (d), and iron (e) from a scanned area of 100.0 × 81.5 mm2 (reduced image resolution; images©KIK-IRPA, Brussels)

[image: ]
Fig. 13Small parchment band with indication of the scanned area of 20.4 × 11.9 mm2 (a), with MA-XRF distribution plots of copper (b), iron (c), and sulphur (d) (reduced image resolution; images©KIK-IRPA, Brussels)




Conclusion
MA-XRF mapping analyses were successfully applied for the non-invasive examination of the Episcopal mitres and the medieval reliquary purses from Namur. The technique proved to be very useful for identification of inorganic elements, although complementary analytical techniques were sometimes needed to confirm the elemental observations. MA-XRF identified elements of materials used in painted and embroidered textiles and in parchment illuminations, such as the gilded silver and silver threads, iron-based dyes and inks, gold leaf, lead and copper pigments, and calcium- and/or iron-containing underlayers.
In addition to material identification, the MA-XRF maps provided a clear visualization of the distribution of each element over the scanned area, making it possible to identify which elements coincide and where. This was very useful for obtaining stratigraphic information in multi-layered structures, such as the use of gold leaf on a calcium and iron-containing underlayer, or to reveal the presence of elements associated with materials not visible on the surface. In this way, hidden materials were detected, and manufacturing details revealed.
While MA-XRF is well-established for the analysis of objects with a flat surface, it is less straightforward in the case of multi-layered textile objects or textiles with relief. This was the case with the mitres, for which MA-XRF analyses were limited by the undulated surface. The problem was partially resolved by performing measurements on smaller areas and adjusting the working distance for each scan separately to the upper part of the measurement area to avoid any contact with the surrounding areas. However, this also meant that only lower resolutions could be obtained for those sections.
Finally, in situations where it is very difficult to sample or where a sample cannot be taken accurately based on visual selection, instrumental techniques that make material or structural details visible across a larger area add significant value. In addition to material identification, MA-XRF element distribution maps of the mitres and purses also helped to ensure that sampling was carried out at a more informative and representative location, thus minimizing sampling.
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