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Abstract: The Museo Egizio’s collection contains 200 precious and unique leather artifacts belonging 

to different historical periods. The materials used during the tanning and curing procedures affect 

the chemical and elemental composition of the surface of the samples as well as their preservation 

status, specifically through the hydration level within the bulk. Here we provide an experimental 

characterization of a series of samples from Museo Egizio that document an extensive denaturation 

phenomenon (gelatinization), by combining non-destructive techniques including surface probes 

(X-ray fluorescence, Raman scattering, and scanning electron microscopy enhanced by X-ray energy 

spectroscopy) and neutron-based bulk techniques (inelastic and deep-inelastic neutron scattering). 

Results show partial dehydration of the samples in the bulk, affecting the morphology of their sur-

face, the presence of potassium alum, and iron oxides, as well as phosphates and hydroxides related 

to the tanning and curing procedures. Finally, we briefly discuss the need for a versatile and adapt-

able software package that is capable of combining quantitative analyses with complementary tech-

niques including morphological, elemental, and chemical composition. 

Keywords: cultural heritage; Egyptian leather; vibrational spectroscopy; Deep Inelastic Neutron 

Scattering; Scanning Electron Microscopy; elemental analysis 

 

1. Introduction 

The collection of Museo Egizio (Turin, Italy) [1] includes 200 leather objects of which 

approximately 10 exhibit extensive gelatinization. These leather objects were recovered 

throughout Egypt by various archaeological missions and are dated to different historical 

periods of Egypt, including the Old and New Kingdom, Roman, and Byzantine eras, thus 

ranging in date from ca. 2700 BC-AD 600. Leather is an organic material and therefore 

prone to various forms of deterioration. Through condition monitoring of the collection, 

different forms of degradation have been identified, suggesting a correspondence be-

tween their date and the type of deterioration. Moreover, the differences in degradation 
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may partially be the result of the manufacturing process and, specifically, of the sub-

stances with which the skins were treated. Examples include a sandal (Inv. N° S. 08640) 

from Kha’s funeral equipment (around 1400 B.C.) [2]which is fragmentary and completely 

“gelatinized”(Figure 1). 

Figure 1. Leather artifacts Inv. N° S. 08640: (a) Fragmentary and (b) completely gelatinized. 

Ancient leather presents a heterogeneous composition of organic biomolecules—pri-

marily fibrous proteins and lipids that exhibit reactivity as a function of the type of envi-

ronmental exposure. Effective techniques for preservation remain challenging as some as-

pects of its chemical composition, degradation, and effectiveness of conservation treat-

ments are yet to be fully understood [3]. Of particular concern for the collection at Museo 

Egizio is that skin processing methods (including any coloring treatments) and conserva-

tion treatments at the time of excavation, as well as the substances originally used to turn 

the material into leather, remain unknown. Three types of skin processes are mentioned 

in the literature: Vegetable tanning, which was likely not introduced until the Roman pe-

riod; oil curing, also referred to as lipid tanning or leathering with oil and fat, which was 

the most used technique in pharaonic Egypt; and possibly alum and mineral treatments, 

although their use is uncertain [4–6]. 

Treatment-dependent damages to the artifacts are likely linked to the interaction be-

tween the materials used in the treatment and the collagen [7], the most important fibrous 

protein, constituting a wide variety of connective tissues in animals. The structure of col-

lagen has been investigated extensively by electron microscopy and diffraction techniques 

using X-rays and neutrons [8–10]. From the mid-1970s, experimental and theoretical work 

on collagen was devoted to further the study of the dynamics of globular proteins [11] as 

motivated by the belief that much structural knowledge based on diffraction data needed 

to be complemented by the time domain to fully understand their functional properties. 

In this work, we provide a broad characterization of a series of leather artifacts from 

the New Kingdom of ancient Egypt (1425-1353 B.C.) using a variety of surface and bulk 

techniques to quantify the hydration status of collagen. We also attempt to relate it to the 

methods and materials used during their tanning procedure. In particular, we performed 

experiments using X-ray Fluorescence (XRF), Raman spectroscopy, and Inelastic (INS) 

and Deep Inelastic Neutron Scattering (DINS) at the ISIS Neutron and Muon Source [12] 

complemented with Scanning Electron Microscopy (SEM) measurements. These tech-

niques provide complementary information, allowing the study of a given sample from 

both the elemental and chemical standpoints. While XRF, Raman spectroscopy, and SEM 

instrumentation are available in laboratories of many research centers, neutron spectros-

copies—optimal for studying the degree of hydration of the samples in the bulk—are only 

available at large-scale facilities such as ISIS. Therefore, the present investigation provides 

a worked example of how neutron-based techniques provide enhanced information to 

  

(a) (b) 
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complement that from table-top instrumentation, so as to understand and facilitate the 

preservation of Cultural Heritage artifacts. 

2. Materials and Methods 

A brief description of the samples is provided in Table 1. For all the experiments 

performed, the samples were measured as received without additional chemical or phys-

ical preparation. 

Table 1. Reference number, mass, and description of the samples from Museo Egizio (Turin, Italy) 

used in the present study. 

Sample Reference Number Mass [mg] Description 

S1/S. 08640 403 

Fragment from leather sandal, New Kingdom, 

XVIII Dynasty; Amenhotep II, Thutmose IV, 

Amenhotep III (1425-1353 B.C.) 

S2/S. 14044 117 
Fragment from leather sandal, Old Kingdom, V 

Dynasty (2435-2306 B.C.) 

S3/S. 08369 264 

Fragment from leather bag, New Kingdom, 

XVIII Dynasty, Amenhotep II, Thutmose IV, 

Amenhotep III (1425-1353 B.C.) 

S4/S. 08507 30 

Fragment from leather stool, New Kingdom, 

XVIII Dynasty, Amenhotep II, Thutmose IV, 

Amenhotep III (1425-1353 B.C.) 

S5/S. 05150 8 
Fragment from leather sandal,  

Late Period (722-332 B.C.) 

XRF measurements were collected with a portable “Alpha 4000” analyzer (Innov-X 

system) that allowed the detection of various chemical elements with an atomic number 

(Z) between phosphorus (Z = 15) and lead (Z = 82). The apparatus was equipped with a 

Ta anode, X-ray tube, excitation source, and a high-resolution Si PIN diode detector 

(FWHM < 220 eV at 5.95 keV for Mn Kα line) characterized by an active area of 170 mm2. 

The instrument was operated in “soil” mode, and two sequential tests were carried out on 

each sample. This procedure made the detection of elements possible from levels of ppm 

(parts per million). The working conditions were 40 kV and 7 μA for the first run (60 s 

collection time) and 15 kV and 5 μA for the second one (60 s collection time), for a total 

collection time of 120 s. A Hewlett-Packard iPAQ Pocket PC was employed to manage the 

instrument and as data storage. The calibration was performed by means of soil LEAP 

(Light Element Analysis Program) II and verified using alloy-certified reference materials 

produced by Analytical Reference Materials International. When detected, peaks at ~8.15 

keV and ~9.34 keV have to be ascribed to Lα and Lβ transitions of the Ta anode. 

Raman spectra were collected by means of a portable ‘BTR 111 Mini-RamTM’ (B&W 

Tek, USA) spectrometer. The instrument operated with a 785 nm excitation wavelength 

(diode laser), a 280 mW maximum laser power at the excitation port, and a thermoelectric 

cooled charge-coupled device (CCD) detector. The best signal-to-noise ratio in the mini-

mum integration time was achieved by continuous adjustment of the laser output power. 

The spot size was 85 μm at a working distance of 5.90 mm. For our measurements, the 

maximum power of the samples was ~15 mW. All spectra were recorded in the 62-3153 

cm−1 wavenumber range, with a resolution of 8 cm−1 and an acquisition time of 40 s, adding 

several scans for each spectrum to improve the signal-to-noise ratio. To ensure optimal 

instrument performance, a calibration procedure before each measurement was under-

taken using the peak at 520.6 cm−1 of a silicon chip. The identification of the peaks was 

accomplished by comparing the measured spectra with data from databases and the liter-

ature [13,14]. 
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Inelastic Neutron Scattering (INS) experiments were performed at the TOSCA spec-

trometer [15,16] at the ISIS Neutron and Muon Source (UK). TOSCA is an inverted-geom-

etry spectrometer with final neutron energy fixed at ca. 3.5 meV. Spectra from both for-

ward and backward scattering banks were used, positioned at ca. 42.5 and 137.8 degrees, 

respectively. Samples were wrapped in aluminium foil, inserted into the instrument’s 

closed cycle refrigerator (CCR), and cooled in a He atmosphere (20 mBar) to 20 K, so as to 

maximize the instrument resolution by decreasing the Debye–Waller factor [17]. Measure-

ment times ranged from 2 h for sample S1 to 12 h for sample S5, to collect comparable 

statistics given the much lower mass of the latter. Background measurements of the Al 

foil wrapping in the empty CCR were also collected for data reduction and analysis. 

Deep Inelastic Neutron Scattering (DINS) measurements were performed with the 

VESUVIO spectrometer at ISIS [18–21]. VESUVIO is an indirect geometry spectrometer 

where the final neutron energy is fixed to ca. 4.9 eV by means of the lower-energy nuclear 

resonance in 197Au. Samples were measured at room temperature within the instrument 

tank in the same Al wrapping as the INS experiments on TOSCA and were run for similar 

acquisition times. Spectra were collected with the forward-scattering yttrium-aluminium-

perovskite detectors [22] and the hydrogen neutron Compton profile was analyzed fol-

lowing the procedure described in Ref. [23,24]. The calibration of the concentration of hy-

drogen in the investigated samples from counts of mmol/100 mg was achieved by the 

measurement of a standard low-density polyethylene sample of dimensions 2 cm × 2 cm 

× 0.5 mm, with a known number of moles of hydrogen. The integrated signal from this 

reference sample was corrected by a factor of 0.83 due to self-shielding. 

Scanning Electron Microscopy (SEM) measurements were performed at the 

ISIS@MACH ITALIA Research Infrastructure at the University of Rome “Tor Vergata” 

using a Tescan Vega (4th Series) with a GMU chamber. Back-scattering electron (BSE) and 

secondary electron (SE) images were collected in high-vacuum and environmental (7–20 

Pa, with the Gaseous Secondary Electron Detector, GSD) conditions. To prevent sample 

contamination, the samples were examined without a conducting coating. A relatively 

low-current beam setup was used to avoid charging effects with an accelerating voltage 

of 5–20 kV. Energy Dispersive X-ray Spectroscopy (EDX) analyses were also performed at 

20 keV accelerating voltage with the Xplore 30 EDS detector equipped in the SEM. SEM 

measurements were performed in low-vacuum conditions, to avoid charge effects of the 

sample without using a coating material (e.g., gold) on it, as well as to reduce the degas-

sing and dehydration of the sample. 

3. Results 

3.1. XRF Analysis 

XRF analyses were carried out on the front side and the corresponding leather sub-

strate (back). The obtained elemental composition is reported in Table 2, whereas some 

representative XRF spectra, collected on the front and back sides of samples S1 and S4, 

respectively, are displayed in Figure 2. 

Table 2. List of elements detected using XRF in the investigated samples, in order of abundance. 

Minor and trace elements are reported in parentheses. 

Sample Side Elements 

S1/08640 
Front Ca, Cl, S, K, Fe, Ti, (Ba, Sr, As, Br, Zr) 

Back Ca, Cl, K, Ti, Fe, (Ba, Mn, Zr, Sr, Mo, Br) 

S2/14044 
Front Ca, Cl, Ti, Fe, K, (Ba, Mn, Mo, Zr, Sr, Br, Rb) 

Back Ca, Cl, S, Fe, K, Ti, (Ba, Mn, Cu, Mo, Zr, Sr, Br, Rb) 

S3/08369 Front 
Ca, Fe, K, S, Cl, Ti, (Cu, Mn, Ba, Sr, Pb, Zr, Zn, Mo, As, Br, 

Rb) 
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Back 
Ca, Fe, K, S, Cl, Ti, (Cu, Mn, Ba, Sr, Pb, Zr, Zn, Mo, As, Br, 

Rb) 

S4/08507 
Front Ca, Ti, Cl, Ba, Fe, (Mo, Sr, Zr, Rb, Br) 

Back Ca, Cl, Ti, K, Fe, (Ba, Sr, Mn, Mo, Zr, Br, Rb) 

S5/05150 
Front Ca, Fe, Cl, K, Ti, (Ba, Mn, Sr, Mo, Zr, Br, Rb) 

Back Ca, Cl, Ti, Fe, K, (Ba, Mn, Sr, Mo, Zr, Br, Rb) 

 

Figure 2. Representative XRF spectra, in the 0–14 keV range, collected on the front and back sides 

of samples S1 (a) and S4 (b). 

All the investigated samples revealed the presence of Fe, K, and a large amount of 

Ca (see Table 2). The latter could be related to the depilation procedure during the pre-

tanning process using calcium hydroxide (lime) [25], although it is unlikely that lime was 

used in Egypt for depilation before the 1st millennium AD. On the other hand, the pres-

ence of Fe could be easily ascribed to the use of impure potassium alum (KAl(SO4)2) in the 

tanning process, which contains large quantities of iron sulfate. Alum may have been used 

as a fixative to attach red madder dye to the leather surface (it is used as a mordant in 

dyes and to precipitate dyes in lake pigments). Furthermore, potassium alum obtained from 

natural alunite (KAl3(SO4)2(OH)6) through toasting, cleaning with lye, and crystallization 

can display a brownish color due to the presence of Fe2O3. Taking into account the afore-

mentioned considerations, the presence of iron could likely be linked to the tanning proce-

dure itself. It is worth noting that iron oxides are also contained in raw animal hides [26]. 

For all the investigated fragments, a comparison between the XRF spectra collected 

on the front and back sides evidence variations that testify to a slightly different elemental 

composition. In detail, passing from the back to the front side, an increased amount of Ca, 

along with a reduction in the amount of Fe, can be clearly recognized. Although there is 

no evidence of black colorants on the leather samples, the higher concentration of Ca could 

be due to the presence of an organic pigment brushed onto the topmost layer of the 

leather, such as bone black (Ca3(PO4)2 + C + MgSO4), whose key-element cannot be directly 

identified by XRF due to the low atomic number [25]. Other elements, such as Cl and Ti, 

could partly come from the raw hide or also be due to the leather processing technique. 

Furthermore, the presence of Sr may be correlated with the high intensities observed for 

Ca. In fact, since these elements possess remarkable chemical similarity, Sr atoms can re-

place Ca atoms in the crystal lattices of several substances [27]. Finally, when detected, 

traces of Cu could be related to degradation phenomena caused by copper chlorides, e.g., 

Cu(OH)2Cu(OH)Cl [28]. In this respect, it is worth noting that the green colorant on phar-

aonic period leather is a copper-based organo-metallic colorant (carboxylate green), and 

this could be related to the detection of copper. 

3.2. Raman Spectroscopy Analysis 
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The molecular characterization of the leather fragments was first assessed through 

Raman spectroscopy. Comparable Raman spectra were obtained, as far as both front and 

back sides are concerned, for all the investigated samples, suggesting a similar molecular 

composition. Figure 3 reports two representative Raman spectra, in the 400–2500 cm−1 

wavenumber region, collected on the front and back sides of sample S2, as an example. 

The Raman profile of both sides reveals the presence of iron oxides and hydroxides on the 

surface, through the detection of a band at ~610 cm−1. The observation of a clearly visible 

band at ~940 cm−1 indicates the presence of phosphates, typically revealed in the presence 

of cellular material, which could suggest the application of proteinaceous compounds 

onto the top layer of the sample [29] and applies to the other samples investigated as well. 

The peak at ~1085 cm−1, observed in the Raman profile of the back side only, indicates the 

presence of carbonates within the material. One could speculate that calcium carbonate 

might be used in skin processing, possibly mixed in with fats in the lipid tanning, to help 

the fats enter the fiber structure of the skin and stop the fibers from sticking together as 

the leather dries. Additionally, carbonates are also commonly found in soil with clays. 

Finally, the detection of two large bands centered at ~1400 cm−1 and ~1600 cm−1, assigned 

to the D (disorder) and G (graphitic) bands of amorphous carbon, can be ascribed to either 

the application of bone black as black pigment or to partial carbonization and/or degra-

dation of the sample [30]. The second hypothesis is more likely because of the high pollu-

tion level of Turin’s city center (due to its geographical location between the alps and the 

hills of the Piemonte), the traffic situation until the 1990s (main streets were placed around 

the Museo Egizio), and, finally, the common problems connected to the use of a historical 

building as a place for the storage and conservation of historical artefacts as is in the case 

of Museo Egizio, which is within a 17th-century building (without insulation barriers until 

the beginning of the 21st century). All these factors likely caused, or at least increased, the 

formation of layers of dirt on the surface of objects (pollution). Moreover, a wax layer 

likely used as a consolidant in the early 20th century may be present in the artworks. Con-

sidering the sticky layer of wax and the presence of gas lamps in the building, as well as 

the pollutants mentioned above, there may be also a soot layer adhering to the objects. 

 

Figure 3. Representative Raman spectra, in the 400−2500 cm−1 region, recorded on the front and back 

sides of sample S2. 

3.3. Neutron Scattering Analyses 

3.3.1. Inelastic Neutron Scattering Analysis 

To complement the information provided by XRF and Raman, which are mainly sen-

sitive to medium- and heavy-atomic-weight elements, we performed neutron scattering 

experiments to determine the amount of water and hydrogen. Moreover, while the XRF 

and Raman results mentioned above are mainly related to the surface of the samples, neu-

tron experiments provide information about the sample bulk, owing to the high penetra-

tion power of neutrons. First, samples were investigated using INS, vibrational spectros-

copy allowing the detection of molecular and lattice vibrations involving hydrogen 
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[17,31], The collected spectrum from sample S1 is shown in Figure 4 together with the 

experimental background in the measurement. Spectra are composed of a series of broad 

features: Lattice modes are found below ca. 400 cm−1; the strong peak at 250 cm−1 is the 

methyl torsion; librational modes from both tightly bound and interhelical water contrib-

ute to the region between 450 and 800 cm−1; while modes associated with CH2 and CH3 

bending are found in the region between 1200 and 1500 cm−1. After normalization to the 

sample mass, the spectra from all the samples investigated were found to be overlapping, 

within experimental uncertainties. 

 

Figure 4. INS spectra of S1 and the experimental background from this work, compared to two 

reference spectra for collagen at hydration levels of 25% and 6% from Ref. [32]. 

Information about the level of hydration of the samples was achieved by comparing 

the intensity of the OH librational bands to two reference spectra of collagen hydrated at 

6% and 25% from Ref. [32]. In order to analyze the amount of structural water, all the 

spectra were scaled so as to be overlapping in the energy region between 1200 and 1500 

cm−1, related to the CH2 and CH3 groups in the peptides’ backbone in collagen. By analyz-

ing the intensity of the signal in the OH librational region, the total hydration is estimated 

to be ca. 16%, i.e., 16 g of water per 100 g of dry collagen. This value is found to be constant, 

within uncertainties, amongst all the samples investigated. 

3.3.2. Deep Inelastic Neutron Scattering Analysis 

Additional information on the amount of hydrogen in the samples was obtained by 

DINS measurements [33]. DINS is a technique whereby the signal from each element is 

mass-separated in a series of Neutron Compton Profiles (NCPs). In particular, the hydro-

gen NCP is well-separated from those of higher mass elements, thus providing a quanti-

tative way to assess the amount of hydrogen in bulk materials [34,35]. 

Figure 5a shows how the intensity of the DINS spectra in the time-of-flight domain 

scales with the mass of the sample. From the integrated signal of the spectra in the range 

of 200–300 μs, the amount of hydrogen was found to scale with mass according to the 

equation α(1 − exp(βm)) [34], where α and β are free fitting parameters and m is the sample 

mass. The fitting procedure provided a concentration of 7.1 ± 0.5 mmol of H per 100 mg 

of sample. If one considers a typical collagen chain to be a polypeptide composed of gly-

cine-proline-hydroxyproline [36], the amount of hydrogen in completely dry collagen 

would correspond to 8.1 mmol/100 mg of sample, while it would decrease to 7.8, 7.5, and 

7.2 mmol/100 mg of sample, for collagen hydrated at 6%, 16%, and 25%, respectively. De-

spite the large error bar, due to the non-optimal shape of the samples for a DINS meas-

urement, and the rough approximation of the composition of the leather samples, the 

value from this analysis is compatible with the results from the INS measurement. 
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(a) (b) 

Figure 5. (a) DINS spectra of samples S1, S2, S3, and S4 in the time−of−flight domain. (b) Corrected 

H NCP in sample S1 (green error bar) together with its best fit (red line) and compared to the hy-

drogen NCP in polyethylene. 

DINS allows a direct determination of the nuclear mean kinetic energy (NKE) of at-

oms in condensed matter from the analysis of NCPs [37–39]. Because of their quantum 

nature, the measured values of NKEs can be related to the local chemical potential and 

environment affecting nuclei and molecules in condensed matter. Therefore, DINS from 

sample S1 was analyzed to isolate the hydrogen NCP (see the right panel in Figure 5) 

providing an estimated value of the NKE of 174 ± 10 meV, higher than the value previ-

ously measured for bulk water at the same temperature, 146 ± 3 meV [40,41]. One should 

note that the measured value of the NKE in S1 could be affected by the irregular shape of 

the sample, as opposed to the reference value for room-temperature water, obtained in a 

canonical DINS experiment and suitable sample geometry. To quantify such effects, the 

same figure shows the comparison with the signal from a polyethylene sample, with a 

similar shape and dimensions as S1. We find that the NKE of polyethylene is 149 ± 6 meV, 

lower than the value found for sample S1, as one can appreciate from the narrower shape 

of the former compared to the latter in the right panel of Figure 5. An increased value of 

the NKE for a drier state of collagen is compatible with a scenario whereby the hydrogen 

mean kinetic energy arises mainly from the functional groups of the peptides. The higher 

value of the hydrogen NKE agrees with that found in dried DNA compared to the hy-

drated phase (see Ref. [42]). 

3.4. Scanning Electron Microscopy Analysis 

The amount of water in collagen largely affects its mechanical properties, as intersti-

tial water is responsible for the network of interactions of nearby peptide chains. To obtain 

information on both the degradation state of our samples and the coating on their surface, 

we performed a series of SEM measurements. In vivo, collagen molecules adopt a quasi-

hexagonal configuration in bundles referred to as fibrils [8]which are the first level of the 

collagen structure visible via SEM, and their appearance in the samples investigated is 

discussed below. 

Figure 6a shows SEM images of samples S1 and S3 near fractures in the sample sur-

face or where the surface seemed more degraded. For example, S3 showed a series of lay-

ers slowly detaching from each other. At the 10–20 μm scale, it is possible to observe the 

larger collagen bundles. Possibly due to the hydration level having decreased over the 

millennia, and consequently to a lower amount of interstitial water, which strengthens the 

material by linking adjacent peptides via hydrogen bonding, the material clearly shows a 

frayed surface. 

Figure 6b shows the SEM images using back-scattering electrons (BSE) collected from 

sample S1 on the whole sample (A), magnifying the region delimited by the orange square 
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(B) and two details in the region within the yellow square (C and D). Sample S1 showed 

a broken surface with several fissures and cracks on the larger top and bottom surfaces, 

while the lateral surface was much smoother (see also Figure 1, right). The top surface 

presented a number of crystalline structures (Figure 6C,D) suggesting metal tanning of 

the leather, as already suggested by the XRF results above, or, considering that the frag-

ment was part of a sandal, the inclusion of small stones as the shoe was worn. In addition, 

low magnification SEM images have been produced to obtain representative information 

from the overall sample. More specifically, images of the sample S1 were taken at approx-

imately 90× magnification highlighting a rough surface (bright areas) on the micrometric 

scale, apparently due to a structured layer on the top of the leather surface. The cracking 

visible in panel B of Figure 6b is a clear consequence of the gelatinization phenomenon. 

From the BSE signal, this layer shows a homogeneous average atomic number across dif-

ferent areas of the sample. 

  

(a) (b) 

Figure 6. (a) SEM images of samples S1 (top) and S3 (bottom) obtained from back scattering (left) 

and secondary electrons (right). For each sample, the left and right panels correspond to the same 

region. (b) SEM images collected from sample S1 overall (A), maginification of the region delimited 

by the orange square (B) and two details in the region within the yellow square (C,D). 

Energy Dispersive X-ray Spectroscopy Information 

For a deeper understanding of the composition of the layer on the sample, and to 

complement the information from the XRF measurements, an EDX analysis was per-

formed. This technique allows for the detection of the elements (down to Be) composing 

the sample in a point-by-point way. The results show different kinds of salts. First of all, 

NaCl covers most of the surface of the sample (see Figure 7), as well as salts composed of 

K, Mg, and Al. The point-by-point analysis shows, for example, that Ca salts can be found 

with different compositions such as CaCO3, whose presence was already suggested above, 

as well asCaSO4 and CaCl2. 
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Figure 7. EDX spectrum obtained sample S1 (top left), related to the spatial distribution on a wide 

area of the sample of the different elements contributing to its composition (top right). The yellow 

color assigned to NaCl is due to the RGB superposition of the signals from Cl (in red, bottom left) 

and Na (in green, bottom right). 

4. Discussion 

A comprehensive understanding of the samples investigated in this work requires 

merging information from different, and complementary, experimental techniques. Fig-

ure 8 provides a pictorial view of how the techniques discussed above present a broad 

variety of information spanning the elemental or molecular nature of the signal, as well 

as a broad range of values of the atomic number Z, and therefore over the entire periodic 

table. In particular, 

• Elemental composition: By merging XRF (more effective for elements with atomic 

number higher than 15) and EDS (effective for low atomic number elements), we pro-

vide a description of the substances used for tanning and possible contaminants dur-

ing conservation. In addition, XRF provides information from the overall sample and 

from tens of microns below its surface while EDS gives punctual information from 

the first microns of the surface, allowing us to describe the very superficial layers of 

the sample. Moreover, DINS provides elemental information for Z = 1, which is dif-

ficult to access via photon-based techniques, helping to quantify the amount of water. 

• Chemical composition: Through Raman spectroscopy, the chemical compositions of 

the tanning agents and pigments have been investigated (discovering carbonates and 

phosphates) and by INS, showing the amount of water in the bulk. 

• Morphology characterization: Through SEM, the surface of the samples has been in-

vestigated on different length scales, highlighting the presence of salts, the composi-

tion of fibers, and the occurrence of cracking due to the low hydration and the gelat-

inization of collagen. 
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Figure 8. Schematic describing the kind of information available from each technique (chemical or 

elemental) and the dependence on the atomic number, highlighting the complementarity of the 

techniques involved in the analyses. 

Despite the wealth of information provided by such a range of experimental tech-

niques, it can be difficult to combine the results together to reconstruct a unified picture 

of the sample under investigation. At present, such a combined analysis would suffer 

from experimental differences, such as the volumes of sample probed (either on the sur-

face or in the bulk) or the sensitivity of each technique. Information from these techniques 

can provide valuable details, allowing the reproducibility and comparison of experi-

mental results, and should be collected and stored as metadata of the experiment. 

To move beyond a qualitative description of the sample through its chemical and 

elemental compositions, one would need, in principle, a flexible tool (software) able to 

accept input information from very different techniques-some providing 1D spectra, 2D 

images, and multidimensional data—all based on different observables. However, as it is 

hard to imagine such software open to any technique, from the start, one should establish 

which techniques to consider, especially amongst the non-destructive ones suitable for 

Cultural Heritage objects [43,44], in order to obtain as general a picture as possible by 

using as limited a set of experimental techniques as possible. Through the discussion 

above, and by looking at Figure 8, we have confirmed the usefulness of table-top tech-

niques and instrumentation—including XRF, Raman, and SEM-EDX—while demonstrat-

ing that an important range of complementary information can generally only be accessed 

using neutron-based techniques as well. 

5. Conclusions 

We have presented a multi-technique and multi-scale characterization of a series of 

leather artefacts from the New Kingdom of ancient Egypt (1425-1353 B.C.) using X-ray 

Fluorescence (XRF), Raman spectroscopy, Inelastic (INS) and Deep Inelastic Neutron Scat-

tering (DINS), and Scanning Electron Microscopy (SEM). By combining the information 

gathered from both surface and bulk techniques and being sensitive to both the elemental 

and chemical composition of the samples, we inferred the hydration status of the sample 
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and some of the materials and techniques used for curing and tanning the leather artifacts. 

The amount of water, suggesting partial dehydration of the samples in the bulk, was 

linked to the morphology of their surface, showing partial degradation and gelatinization, 

with collagen layers slowly separating from each other. The analysis also showed the pres-

ence of potassium alum and iron oxides, possibly used for tanning and fixing, as well as 

phosphates and hydroxides, possibly related to oil curing of leather. Finally, traces of soot 

and dirt could be the result of the use of a wax layer as a consolidant at the beginning of 

the 20th century. 
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